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High resolution in solids for 2 spins

In solid state NMR, usually we deal with powder samples, ie samples
that consist of many crystallites oriented at random.

The interactions we have seen all depend on the crystallite orientation, ie
they are anisotropic.

As a result, the NMR spectrum of a powdered sample consists
of broad lines or patterns of powders, since all other molecular
orientation gives rise to different spectral frequencies.
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ifferent parts of an experiment and interactions are affected:

Choosing a diluted nucleus: for example 13C, 1.1%
abundant which effectively removes homonuclear interactions (13C, 13C).

Homonuclear decoupling: remove homonuclear interactions in the case of abundant spins, for
example (1H, 1H)

Rotation the magic angle: (Magic angle spinning, MAS) which averages the anisotropy

of chemical shielding to the isotropic value as in solution and also helps

reduce heteronuclear dipolar coupling.

Proton dipolar decoupling: This removes the interactions (1H, 13C).

Cross polarization (CP): Additionally, the signal to noise ratio (s/ n) of a spectrum can be greatly

increased by using a pulse technique which transfers magnetization from protons to carbons and other
diluted nuclei.
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Magic angle rotation (MAS: magic angle spinning)

The largest interaction for dilute nuclei (besides heteronuclear coupling with abundant nuclei such
as protons) is the chemical shift anisotropy.

In solution, the anisotropy is averaged to its isotropic value by rapid random motion of molecules.
This same averaging net can be obtained in a polycrystalline sample by rotating it rapidly (up to 60
kHz, usually 10-15 kHz) about an axis tilted at an angle of 54°44 ‘ with respect to the external

magnetic field direction, this is called "magic angle".

The reason for the success of this technique is the term 3cos?6-1, where 6 is the angle between
a specific fixed molecular axis and the direction of static magnetic field

Chemical Shift Interaction
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Homonuclear Dipolar Hamiltonian
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Heteronuclear Dipolar Hamiltonian
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The sample is rotated in a cylindric rotor;
7  direction of the z axis of the chemical shift anisotropy pas.
§ direction of the rotor rotation, f—y < < S+y.
Average over all of microcrystalites of the sample:
<1-3c0s26> = (1/2)(1-3cos?f)<3cos?y-1>, para =54°44’, <1-3c0s?6> = 0.

Thus, if the frequency of rotation is fast enough compared to the anisotropy
of the interaction , the anisotropic interaction is averaged to zero.

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



TAT—WeE

oo the |sotrop|c chemlcal shlft I|ne Their positions—on—frequency, respect to the |sotrop|c
~——line, are +nv, (Nn=1,2,..), so that their positions change W|th the speed of rotation of the sample, but
not the |sotrop|c line

Static . ﬂﬁw L/\ )

0.7 kHz MAS

5.0 kHz MAS

J--WM

8.0 kHz MAS | ‘

250 200 150 100 50 ppm
Principios Basicos de RMN en sélidos destinado a usuarios: 24-28 de noviembre 2014




High power decoupling

For high resolution in solids is necessary to eliminate nuclear couplings, in particular those of dipole type.

Homonuclear decoupling, for example (1H, 1H), requires special techniques of pulse sequences or very
fast rotations at the magic angle (> 20 kHz). Heteronuclear decoupling is easier to achieve.

In most systems containing carbon there are many hydrogen atoms and dipolar interactions (13C, 1H)
are very large. To remove these interactions we use double resonance. That is, while detecting the
signal of 13C, the protons are irradiated simultaneously in resonance with radio frequency for which
they require very high power (100 to 1000 watts, in frequency units of magnetic field strengths of
irradiation yB, / 2 to 100 kHz may be required).
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High power decoupling. This eliminates the effects of 1H dipolar coupling in the spectrum of the
nucleus to observe, X in this case. Of course, this technique can beapplied to
any heavy nucleus rather than protons. Irradiation with high power is applied to the spins of the
protons while the signal is acquired simultaneously for X spins Here we use a single pulse to
create transverse magnetization of spin X. More complicated pulse sequences can also be used to
prepare the spin system X.
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The magic angle rotation can remove homonuclear dipolar coupling effects if the rotation speed is greater
than the dipolar interaction.

For protons this is not always possible since these usually have homonucleardipolar interactions of tens
of kilohertz.

In these cases then are used pulse sequences to achieve homonuclear dipolar decoupling.

Most of these sequences are arranged so that, in certain windows within the pulse sequence, the effect
of the dipolar Hamiltonian on the magnetization is zero. If the magnetization is detected in these windows
the homonuclear dipolar coupling effect in the NMR spectrum is removed

Unlike MAS, which averages to zero the geometric terms of the interaction, these sequences averaged to
zero the spin terms of the interaction.
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WAHUHA sequence. All pulses are 90 ° to the phases are shown in the figure. The points of signal detection are
indicated by an arrow. The four pulses are repeated periodically until the signal has decayed completely in the xy

plane.
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The effect of WAHUHA sequence (and any other) on the spin system can be treated by
the average Hamiltonian theory.

Briefly we give some indication of how it works in this description.

One can show that at the end of one cycle of the sequence the spin system has evolved under the action
of "average Hamiltonian"

~

H =(H_,+H +2H ,+H ,+H,)/6

y y

As during the free evolution of spin system is under the action of the interactions of chemical shift
and homonuclear dipolar coupling the average Hamiltonian is
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One can show that dipolarterm (# /* + H# !/ + H [') = o vanishes, so that the sequence eliminates the effect
of this interaction.
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DUMBO is a homonuclear decoupling multipulse sequence, here combined
with MAS (CRAMPS) at high speed
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There is an additional problem not connected to the line broadening. To explain itis necessary to
understand the phenomenon of relaxation. For relaxation we understand the processes that the
magnetization back to equiliborium when it hasbeen disturbed by an rf pulse.

We consider three types of processes.

First type: spin-lattice relaxation or longitudinal relaxation, is the recovery of the magnetization
component along the external field. The characteristic time of this process is called 7, and governs
the speed at which the rf pulses can be repeated in a simple experiment
of a single pulse and acquisition.

[Mo - M(1)] = [My - M,(0)] exp(-t/T,)

Second type: transverse relaxation or spin-spin. Is the decay of the transverse component of
magnetization related to the “dephasing of spins in the xy plane."The characteristic time is called 7, and
related to the line width of the NMR signal.

M,,(t) = M,(0) exp(-t/T5)

Third type: spin-lattice relaxation in the rotating system, governs the equilibrium of the
magnetization perpendicular to z axis in the presence of rf. The time that characterizes this process is
called T,

M(t) = M, exp(-t/T;,)
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13C SL

13C T,, measurement

M s along the rf magnetic field 5, we say taht it is “spin-locked”. Since B, >> B, the magnitude of » ,is far away bigger
than expected at room temperature. In this way will be relaxation while the spins get “hoter”. SL: spin-lock. DD: dipolar
decoupling.
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For solids the following relation between these three relaxation times holds
Th<< T, << T4

T, being the order of tens of microseconds, T,, the order of tens of milliseconds, T, from several seconds

to hours. The spin relaxation times for diluted nuclei as 13C in solids are often substantially longer than
for 1H (they can be around one hour). Due to get a reasonable s/n ratio, the experiment must be
repeated thousands of times, and the repetition rate must be greater than 5T,, the experiment of a single
pulse with proton decoupling is totally inefficient. This situation can be remedied with a pulse
sequence called cross-polarization
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energy level matching: Hartmann-Hahn matching

laboratory rotating laboratory

frame, I s frame frame, S spin

A

Wy = 7130

\— W, =B,

/ Hartmann-Hahn match: 7131,1 = 7531,5
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contact decoupling

Diagram of the cross-polarization 'H —13C pulse sequence .
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The sequence consists of a spin-locking of the protons and the beginning of a period of double
resonance known as contact time, where the g rf fields are set according to the Hartmann-

Hahn condition:

1

7%Bic = 1By

During the contact time the proton transverse magnetization along B, ,, is transferred to the carbon
nuclei (along B, .) mainly via flip-flop transitions via the dipole interaction term. The contact times are of
the order of milliseconds, the 13C magnetization value increases over the Boltzman value by a
factor vy / v ~ 4. Additionally, the repetition rate depends on T, rather than T, (T4 <<T;¢) SO you can
use shorter repetition rates than in an experiment of a single pulse.
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90°  contact proton magnetization decays with T,
'H
~Ti,
cross polarization builds up with Tg
~ Tis
13C

signal follows combined effect of buildup and decay
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CP is not quantitaive
 short T,g (~500 ms): directly attached protons
(-CH5, -CH,-, >CH-)
long T (>1 -2 ms): quaternary carbons
(>C<, -COO-, substituted aromatic systems, ...), high mobility

short T, ,: paramagnetic systems/impurities (e.g. in coal),
high mobility
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s symmetrlc unit cell has four acetates groups.
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Calcium acetate '3C spectrum. 2Ca(CH;CO,),.2H,0.
a) static without proton decoupling,
b) static wiht high power proton decoupling,
c) with decoupling and MAS
d) detail of c)

{d)
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