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Principios Basicos de RMN en solidos destinado a usuarios

In general NMR is a good diagnostic technique that provide information about
the chemical nature of solids, particularly on amorphous materials being not
useful difraction techniques. We will try in this discussion to present the NMR
of solids as a complementary technique to diffraction techniques when the aim
is the detemination of crystalline structure. This is what we call “NMR
crystallography” and it is an emergent and evaluating topic nowadays.

Principios Basicos de RMN en sélidos destinado a usuarios: 24-28 de noviembre 2014



p»r— - Introduction

At the begining, since about 50 years, NMR on solids materials, was limited to study relaxation effects
and line shapes of nuclear spins (mainly protons) in wide lines. During the last 20 years, have had a
considerable intrerest in the application of NMR high resolution techniques of solids, to get information of
chemical nature of a wide variety of solids materials.

NMR of solids: structural and molecular packing determination
molecular dynamic studies.

NMR of solids (SSNMR) can give useful information about the number of molecules in the asymmetric unit
or on the symmetry of the molecular site in the lattice, to help in the powder X Ray refinement data when
proper single crystals are no available. Alternatively it can be used to measure internuclear distances in a
direct way, many times with high accurracy. For amorphous and desordered solids, NMR provides an
invaluable structural information, that can not be obtained by any other method.

NMR can give information about molecular dynamic. Even the most simple molecules undergo
conformational interchange at room temperature, these changes can not be ignored at the moment to
determine the properties of solids materials.

NMR is an excellent method to determine chemical composition. The “chemical shifts” are different for
each distintic chemical site, this able us to differentiate them, and, in principle NMR intensity signal is
proportional to the number of sites in the sample. Form this we get another hability of NMR that is to
distinguish different polymorhs.
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The vector model of pulsed NMR

The net magnetization arising from the nuclei in a sample is M and is the vectorial sum of all the individual
magnetic moments associated with all the nuclei

—

M:Zﬁi

I
U ;  magnetic moment of the ith nucleus

I_’ nuclear spin
i

g, =ylI,

—_— —_—

M

|l
R
<

}/ giromagnetic ratio, a constant different for each type of nuclei

—

J net spin angular momemt of the sample
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If the nuclel are

—

B

as in the NMR experiment , a torque

—

T

is exerted on the magnetization vector

—

d_.
T = —J
dt

where the torque is given by

—_ —

T = M X B

and combining the last two equations we obtain

d - - -
— M = M B
dt v %

This equation predicts that the magnetization precesses about a fixed
magnetic field at a constant rate

o = ¥y B
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B, =1(0,0,B,)

@, : Larmor frequency

Radio frequency pulses

To observe the properties of the nuclear spins in NMR is neccesary to get the system out of equilibrium. We
can do this applying oscilating magnetic fields, electromagnetic waves.

We use radi frequency waves (rf) with frequencies from tens of megahertz up to 1 GHz.
These fields interact with nuclei in addition to the interaction with the static magnetic field.

The rf wave is set up in a way that the oscilating field is perpendicular to the z axis, i.e. to the field

—

B
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Cl e AU =L 1[0 e d
h of amplitud B1, one rotating clockwise and the

rotating in the same sense of the spins. y

Rotating System

To describe more easily the effects of the rf fields is convenient to view the problem form a system rotating
around the z axis oftthe laboratory frame, at the frequency of the rf field.

Laboratory frame Rotating frame

Principios Basicos de RMN en sélidos destinado a usuarios: 24-28 de noviembre 2014



where Q = w — @

rf 0
d — —
an B, B,(l-w, /o)
If the field El is applied out of resonance: @0, ., ~ 0O,

The magnetization precesses in the rotating frame around a remaining field (effective field)
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=—=0-the_magnetiza

0 eff G

If we apply an on resonance rf pulse (pulse = rf field aplied during certain time), the only field in the
rotating frame wil be B, , the magnetization precesses around B, atthe frequency @, = 7.B,

If we keep the field “on” during time t, S0

yBit, = oty = 6, = W2

the magnetization is turned without chaging its magnitude, and the pulse produce the condition
M,=0; M, =0; My,= M

A (w/2), pulse was applied.

Similarly if the final situation is

M, =-M; M,=0;M,=0

a m, pulse was applied
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Phase of the pulse: is the angle between the rf field and the x axis of the rotating frame.

/2 pulse with a 90° phase
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Quantum mechanical picture

NMR of condense matter involves a hughe number of magnetic nuclei (> 109)

The quantum mechanical picture beings with isolated spins and from this we cosntruct the descripction
of the whole spin system. Is waht we call “ensemble average”.

Spin system is a gropu of spins that interact one with each other in a certain way and in the presence of
a specific enviroment, for example a static magnetic field

The state of a spin system in equilibrium is one between a number of possible states or eingensates.

The specific form of the state depends on the nature of the spins system.

The sample contains many of that spin systems .

The proportion of the spin systems in the sample in a certain eigenstate is given by the Boltzmann
distribution for a sample in thermal equilibrium. We must describe the state of each spin system in

the sample as a superposition of posible eigenstate of the spin system

The superposition of eigenstate is the same for spin systems taht are identical and take into account the
probability of ocurrence of each eigenstate
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Hamiltonian for a single isolated spin in the presence of a magnetic filed
H = _ﬂ°Bo (1.2.1)
Hamiltonian: energy operator of the system.

H =-yhi,B, (122

laS

Static magnetic field in the z direction z

A

The eigenstates of H are the eigenstates of [/ 2

1)
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A

Eigenfunctions: H |I,m )= —(VhBo)fz|1,m Y= ~(rhBy)m |I,m )

I: quantum number of nuclear spins

m: quantum magnetic number, eigenvalue of

m has 2/+1 posible values: [, I-1, I-2,...., -1.
Energies of the eingenstatesof H : E o = =Y h B oM
For one /= "2 spin there are two eigenstates m = + 1., with energies

E5_,J_r%_= FyVYhBy=F yho,



ry + 9o  m=-12
B, —— @, h

=)

Energy levels for nuclei with spin /I=1/2 . Zeeman states

m= +1/2

Energy difference between levels AE = w
in frequency units corresponds to w

Clasical picture: rotation frequency around static magnetic field

Quantum picture: frequency of the trasition between the energy levels.
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—_— @ ,h
B, ~ 0

=)

rm= +1/2

w2 pulse means equal populations of the energy levels
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exp(—E, /kyT)

Py = > exp(-E, /[k,T)
X

| = 12 results

exp(—FE, k,T)=

Each spin system belongs to a superposition state
= ZV/: NI
Py

Probability for the spin system to be in the eigenstate w.
NMR mesure only properties of the ensemble average, for example z magnetization will be

(oy=rn e |1 ¥ )y=70% py @ | lv )= sri(py - ry) (124
where yhly [T, |w)

is the expectation value of the z magnetization for a spin in the state .
Z magnetization correpond to the population difference between the two spin states.

Principios Basicos de RMN en sdélidos destinado a usuarios: 24-28 de noviembre 2014



An alternating magnetic field mix the Zeemman leves

B, (1) i : o
' oscilating in the x direction. The total magnetic field acting on the spin is

B = Blcos(a)rft)f+ BOI$

The Hamiltonian becomes

H = -yh(l,B, + fxBlcos(a),ft))

Transforming to the rotating system. Time dependence of the hamiltonian is eliminated

H'=-h((yBy-o )I +yBI,) (1.2.7)

w,t=x12, t=7xn/(2w,) =1,

Applying a 90° pulse, i.e.

We obtain
py(t,) = 2(p (0)+ p_ (0))

p_oy(t,) = 2(p_ (0)+ p (0))
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From the classical vectorial picture we know that a pulse on the x axis generates a magnetization on the y
axis, if we calculates the expectation value of the magnetization on the y axis we obtain

(i ()= yh (D) y=yn (¥ |1, [¥ )= - é—yh[p%w)— p_%<0>jsen<w1z>

The same result form the vectorial picture, if w,t=7x12
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How we do spectroscopy ?

RF Pulse

FID. Time domain Spectrum. Frequencies domain

FT

) T T T T T T T T 1 T 1
o 1000 2000 3000 4000 50 40 30 20
C
t(us) 3'°%(ppm)
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) Spectra of liquids are much more simples than the solids
Molecular motions average out many orientationally dependent interactions
Advantages: high resolution
Disadvantages: lack of information

Solid state spectra may have comparable resolution to liquids
We need to understand the nature of the interactions in NMR
External and internal interactions to the moelcualr system.

External: Zeeman interaction (By)
RF interaction (B,)

Internals interactions involve nuclear and magnetics quantities of intrerest

Nuclear: chemical shift and cehmical shift anisotropy
dipole-dipole coupling
Indirect scalar coupling
Qudrupole coupling

In NMR experiments the magnitude of the interactions whith the external magnetic field are order of
magnitude stronger that the internal interactions with local magnetics fields or than the internal nuclear
interactions

The effect of the internal interactions are considered as perturbations to the total system Hamiltonian.
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Chemical shift and chemical shift anisotropy

Electrons shield the nucleus from the effect of the external magnetic field. Usually decreace the field
on the nucleus so the resonance frequency dcreases also.

The magnitud of the shielding depends on the electronic enviroment of the observed nuclei
Enviroments are linked to the chemical behaviour, the effect is known as “chemical shift”

Two electronic contributions:
Diamagnetic and paramagnetic

Diamagnética is the most important (electrons rounding around the magnetic field applied to the
sample) 1/rF dependence with the distance between electrons and nucleus. Disminish the
magnetic field on the nuclear site

Paramagnetic: arise because external magnetic filelds can mix excited electron state (paramegentic
states) with the fundamental electron state. This contribution unshields the nuclear spin

Solution NMR: each chemical distintic nucleus has its own chemical shift value.
Solids NMR: the shielding change with the molecular orientation so we will get a very broad dispersion

of frequencies, i.e. a very broad line
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cs _yhfzo-éabBO

%

o is a second rank tensor called chemical shielding tensor

The diagonal part of o affect the NMR spectrum

We can chose and reference system fixed to the molecule where o is diagonal : principal axis system
(PAS)

Three quantities represent this tensor
Isotropic value o,

anisotropy A

symmetry n.

In the pas system

1 as as as
2 iso — 3_(0- xPx + O }{)y + 0 sz
— pas _
A = O-ZZ O-iso
n = (O.xpxas _ O.){JyaS)/O.szas
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dercontribution to the energy of the spin system-co!

E., = —7h0'l“bB0<I,m |IAZ|I,m>= —~yho “"B m

ZZ ZZ

For 2 spins the contribution to the resonance frequency is

_ lab _ lab
wcs__yo-zg BO__CUOO-ZZ
It can be shown that in the pas system
®,,(0,0)=®,06,, - ~w,A(3c0s’>0 —1+nsen26cos2g)

LS o 2

Chemical shift value in ppm independent
on the strength of B,

PAS system
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From a classical point of view this term is equivalent to the interaction between two macroscopic
magnets. For a couple of spins /and S separated by a distance r, this interaction is represented by
the following Hamiltonian (in units of angular frequency, rad / s)

T [+8 L (IT+F)(S+7F)
HIS_ 4 1 YiVsh . 3 » 3

The isotropic average odf the dipolar interaction is zero, so that the dipolar couplings do not influence
the resonance frequencies in solution NMR. However in solids the dipolar effects are
considerable. The values of the dipolar coupling constant

d,g = (p,l4x)y, v (hil2x)r?

Because its dependence 1 / r 3 range from zero up to 80 kHz aproximately.

The alphabetic expansion of the dipolar Hamiltonian is

po_ M 1
HIS_—47;’y,yshr—3(A+B+C+D+E+F)
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c =-3% r.s, + I+SAZ}SCHQCOSGC_i¢

single quantum

A A

D = _g_[fZSA_+ I_Sz}senecosé’e”"’

% double quantum

Principios Basicos de RMN en sélidos destinado a usuarios: 24-28 de noviembre 2014



ye€ consider a system of N uncoup esence of a stat
'-‘—-e-r operator of the system is the sum-ofthe-en: orgy operators

A .

s
ZBO

T,
I
|
<
]
~

[ / works on the spin coordinates of the spin |.

The eigenfunctions of i) are |I;m ;)

¥ = |11m1;12m2;--- Dl g >
The eigenfunctions of the Hamiltonian operator are the products of
[15m )

Is a complete set for a system of N spins. Is a good choice to describe a spin system with dipolar
interaction.

The interactions that can produce a significant effect on the spin system at equlibrium have the form
—yh(f Blc(t)y+ T ,Bloc(t)+ T Bl°) (1.4.1)

B éo c
May represent a static fileld parallel to g that affect the energy levels of the spins.

The other terms are magnetic fields perpendicular to B ,, that affect the system only if their
frequencies are near to the Larmor frequencies of the nuclear spins
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- 8 \
A B¢ =8 _(3cos?8 —-1)

oc _ 3 loc _ J 2 _
Term B Bloc(t)y=—-L1L85,(3cos?6 —1) and Bloc(ty=—-+85,(3cos?6 —1)

The cross terms are only effective if the local field produced by the spin S at the site
of spin | precesses around B ,about the Larmor frequency of spin I.

More formally stated the terms that commute with the Zeeman Hamiltonian are those that have a
significant effect on energy levels of a spin system IS.

In the case of homonuclear dipolar coupling (like spins) the Hamiltonian can be reduced to (main
contributions)

W= -y eGeosto - n[1s. - 4[5+ 1,8, ]]

I
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BB

/

energy

The energy levels and wavefunctions in a homonuclear two-spin system, before dipolar coupling is considered, i.e. the
Zeeman states. The off and Ba levels are degenerate in a homonuclear spin system and are mixed by dipolar coupling.

A term: change at first order all the energy levels. B term: mix the degenerated states and split their
energies producing very wide lines in proton resonances for example.

degeneracy

T ) t

energy @y

Effect of applied Term A Term B
field B,

In an N-spin, homonuclear, system, there may be many Zeeman levels with the same M quantum number (M =m1 + m2 +
...+ mN); these are degenerate in the absence of dipolar coupling. Dipolar coupling has the effect of mixing these
degenerate states and splitting their energy.
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Energy levels and alowed transitions for a system with heteronuclear coupling

In this case there are no mixing of the spin states, the product

|I,m1>|S,ms>= |I,mI;S,mS>

are eigenfunctions of the Heteronuclear dipolar Hamiltonian

—

EIhSetero:_dh(3cosze—l)mlms, d=f7g Vi7Vs

r3
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ransitions frequencies for spin / are

The powder lineshape for the [ spin in a heteronuclear two-spin system. The shape is due to the 6 dependence of the
frequency. The splitting of the ‘horns’ is equal to the dipolar coupling constant d. The horns are created by crystallites in which
the /=S internuclear vector is perpendicular to the applied field

Ay
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Heteronuclear 13C-1H dipolar coupling

static, not 'H decoupled
* CSA and hetero dipole w

e 1000 Hz line width

static, 1H decoupled - ___,,/q\\/’\__w_\ -
e (CSA, no hetero dipole

e 500 Hz line width A l A -
MAS, not 'H decoupled
* no CSA, hetero dipole

* 50 Hz line width
MAS, 1H decoupled
* no CSA, no hetero dipole | |

e 5 Hz line width

60 55 50 45 40 35 30 25 20 15 ppm



Indirect coupling or scalar coupling J

This occurs via the electronic path that connects the coupled nuclei. There is
a isotropic value Jyx,, which produces the known splittings in NMR of solutions. These
isotropic values are between Hertz and less than a few hundred Hertz. Therefore this
coupling is rarely observed in solids.

The scalar coupling Hamiltonian is of the form:

3C {'H} CP/MAS spectrum with H — 2 hie J . S .
homonuclear proton decoupling during J 13C {!H} CP/MAS spectrum with
acqusition. It can be observe the heteronuclear proton-carbon decoupling
heteronuclear 'H-'3C coupling during acqusition

p N T

T L T L T L T L T L T l 1 T T T T T L 1
50 45 40 35 30 25 20 50 40 30 20

13C 13C

3 (ppm) 5"°(ppm)
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This coupling occurs only for nuclei with spin quantum number I> 2. Relates
the electric quadrupole coupling of an electric field gradient produced by electrons in the vicinity of
the nucleus. The isotropic value is zero, so that does not affect the spectra of solutions. However,
for solids can be very important because the interaction may have values ranging from zero
to hundreds of MHz More than 79% of the nuclei have spin greater than 2. Important, in what
follows, we will assume that the quantiz&tion axis is defined by the direction of the external field,
ie Zeeman interaction is still dominant and so / and m denote the total spin and total spin projection
on the axis quantization. This is not true for all quadrupolar nuclei and all fields.

Quadrupole interaction Hamiltonian

_— eQ r L7
Ho =ty ea!

eq is the electric field gradiente tensor; i.e. eq,s (a, B = X,y ,2) is the a gradiente component of the
electric field in the P direction. The eq tensor has null trace, i.e. there is no isotropic contribution. In

the PAS system of the molecule we define two parameters, the quadrupolar constant coupling x
and the asymmetry parameter n.
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H = 37 (3cos20—1+é—77sen26’cos2¢)(3f22—f2)

0 T 8721 -1)

6 and @ polar angles, define the orientation of de magnetic field 5 ,in the pas system of the EFG
tensor.
Fora axial symetry, ¢ 7'* = ¢ {)"° # q 2.“* we have

3 2m — 1
a)Q(H):a)O— (

2 - = = =
S—WJZ(:;COS 9 1), m I,I 1, s I

For I=3/2, m = +1/2 to m = -1/2 transition is not 6 dependent, i.e. narrow line (see figure below)

Principios Basicos de RMN en sélidos destinado a usuarios: 24-28 de noviembre 2014



MAS at21.1 T Staticat21.1 T Staticat94 T
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Figure 5: 35Cl SSNMR spectra (bottom) and simulations (top) of monohydrated bupivacaine HCI (BH) and its polymorphs:
(a) commercial BH; (b) BH1; (c) BH2. Hamaed, H., et al., Journal of the American Chemical Society, 2008. 130(33): p. 11056-11065..



Common facts..
-all intearctions invole tensorial quantities (a tensor is a property that link two vectors).
-all depend on the orientation of the molecule reelative to de external magnetic field.

-all have the same dependence with orientation, (3cos?4-1), @ is the angle between B, and the direction
of the molecular axis.

-all terms can be written as

A

H = C +] <R Y

C is aconstant, ; is a nuclear spin operator , R is a geometric quantity (tensor), Y can be an operator
or other quantity.

In conclusion, the appearance of NMR spectra in solids depend on the molecular

orientations range involved. For samples of microcrystalline powder or amorphous materials, there will be
a full range of orientations and therefore very broad resonance lines will be observed.
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NMR signals of 13C nuclei or (in general Y2 spin nuclei) bond to quadrupolar nuclei present
particular line shapes. This phenomenum involves the transference of the quadrupolar effects to the
nucleus with %2 spin being observed. This effects are transmited via dipolar magnetic interaction
between the nuclear species, and therefore depends on the internuclear distance.

The zeeman interaction for a pair of spins | and S (I has spin 2, S has spin 1) is,

Hz = le + HSz
E//
Vil 24V | L — e |-4.-1)
v, /2 T < P ‘——;.0>
LT D |-2)
—v, I 24vg | R A S R R ARV B A i R i SR s oA P ‘é,—1>
—v, /2 o : : - e e e e ‘%o>
O R i i S ‘%1>

Zeeman energy levels for a system | = 72, S = 1
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ve-consider now the dipolar interaction, the transition-

V,,.,=v,—-b,, (1 —3cos’8)
Vaos s = Vg
Vy,¢=v, —b,, (1 =—3cos’8)

Where b|g is the magnitude of the heteronuclear dipolar interaction and 6 the angle between the

internuclear vector and the external magnetic field

Finally taken into account also the quadrupolar interaction, we will have

E/h
V1/2+Vs e
9 b 1S Z V1/2 - -
Vis g vV, — —
4 v CFC S SEE—— _—
9 b, x
Vol s v, + —
2 vy
9 by x
Vi, e = Vi — —
4 v
L T s I
—v, /2 — T ) 2

—t

|
—

|
-

—

T
B[ b3 D
~Z-. 2
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! |
1éo 1éo 140
5" (ppm)
the broadening of the peaks for the 11-carbonyl carbon (163.0 ppm) and C-14 (160.4

ppm) can be attributed to residual dipolar interaction with quadrupolar 14N atoms.
Bruno et al. Journal of Molecular Structure, 984, 51-57 (2010)
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