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Solid State NMR: Theoretical and Experimental Investigations

Paolo Rossi, Ph.D.

University of Nebraska, 2001

Adviser: Gerard S. Harbison

Solid-state NMR is a valuable tool for structural studies since it provides the
means to acquire spectra that correspond to single conformations, in contrast to the
conformational averages seen by solution NMR methods. In this thesis, the observables
NMR properties are correlated to structure and dynamics of molecules in the solid state.
The chemical shift and quadrupolar interactions are measured and calculated for the 1*C,

the *H, and the 2°’Pb nuclei in a variety of biological and inorganic systems.
A correlation between the isotropic '>C chemical shift and the conformation is
found in RNA nucleotides and nucleosides. The distinct effects of sugar puckering on the

Cl1, C4, and CS' resonances of C2' endo (S type) and C3' endo (N type) furanoid

conformations allow us to separate them into two groups. Further analysis of each group
reveals an additional dependence of the C1' and CS' resonances on the glycosidic and C4'

- C5' exocyclic torsion angles respectively.

The asymmetry parameters and quadrupole coupling constants of the H-bonded
deuteron in sodium hydrogen bis(4-nitrophenoxide) dihydrate are analyzed as a function
of temperature. The electric field gradient of the strongly hydrogen-bonded deuteron is

highly unusual, with a quadrupole coupling constant of less than 100 kHz over the range
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213 K and 333 K. This anomalous decrease is attributed to a shortening of the O---O
distance as the temperature of the crystal is lowered, resulting in a lengthening of the

nominal O-D single bond.

Structural changes of PbZrOs; have been monitored using the 207pp chemical shift.
The two distinct lead sites show rather different behavior as a function of temperature.
The less shielded lead maintains an almost constant asymmetry parameter 1 = 0.2 from
173 K to 503 K while the more shielded lead resonance becomes more axially symmetric
as the temperature is raised going from n = 0.199 at 173K to 1 = 0 at 443 K. Powder
pattern singularities remain distinct near the phase transitions, and the temperature
dependence of the chemical shift tensor principal values remains continuous. That is

evidence that a first order transition to a higher-symmetry phase is not present.
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Chapter 1

Survey and Synopsis

The discovery of nuclear magnetism' in the 1920s marked the beginning of a new
era in spectroscopy. Once considered a scientific curiosity, nuclear magnetic resonance,
or NMR, has undergone a remarkable evolution into one of the most widely used
analytical technique in science.” The range of applicability of NMR techniques in the
broad fields of chemistry, physics, and medicine is virtually limitless. The progress has
been such that NMR and X-ray diffraction are now the only techniques available to obtain

3 Unlike X-ray, where a crystal must be

atomically resolved structures of biomolecules.
obtained, NMR has great flexibility in terms of sample requirements and is an invaluable

tool for the study of interfacial systems such as membrane proteins and surface
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2
interactions.* These latter systems in particular can be studied by solid state NMR. The
principal experimental technique used for this thesis, solid state NMR is a versatile tool
for the investigation of basic physical properties, structural and dynamic information in a
wide range of organic, inorganic and biological materials in both the crystalline and the

amorphous forms.

Unlike liquid state NMR where only the isotropic interactions remain in the
spectrum, the intrinsic anisotropic nature of solids is such that a wider range of nuclear-
electron and nuclear-nuclear coupling interactions are maintained. While that, at times,
complicates the spectrum beyond what is considered interpretable, the presence of all the
anisotropic information can furnish much greater detail about the system under study.
With the aid of many clever techniques the shortcomings of solid state NMR can be
resolved, the resolution can be improved, and specific interactions can be isolated and

studied.’

A brief introduction on the fundamental interactions in NMR that are applicable to
the work done in this thesis will be given in this chapter together with the general
literature references. Following that a short summary of the techniques that were
employed and finally a brief description of the contents of each chapter and the
underlying motivations for the work. Specific literature references will be given in each

chapter of the thesis.
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3

In quantum mechanics the observables interactions in NMR are the eigenvalues of
the total nuclear Hamiltonian (H).%” The total Hamiltonian can be separated into the sum

of the dominant Zeeman Hamiltonian (H7) and the fine interaction terms as follows:
H=H,+H+H,+H,+H, (1)

where Hcs, Hp, H), and Hp are the chemical shift, dipolar, J-coupling, and quadrupolar
Hamiltonian, respectively. The Zeeman Hamiltonian is the most basic nuclear
Hamiltonian, and is the result of the coupling of the intrinsic magnetic dipole moment of
nuclei with non zero spin quantum number (I > 1/2) with an external magnetic field By.

This dipole moment is given by:

where v is another intrinsic property of the nucleus called the gyromagnetic ratio, and [ is
the spin operator, a 2 x 2 and 3 x 3 matrix for the spin 1/2 and spin 1 nucleus,

respectively.

By convention the By field is oriented in the z direction and the Zeeman Hamiltonian

takes the form:

H,

—u-B, = —yhB,I, 3)

The number of allowed energy transitions for the Zeeman Hamiltonian again depends
upon the value of I. For I = 1/2 there is one energy transition between two levels at

angular frequency:

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o, =27 f, =yB, (C))

The resonance frequency wo which is also called the Larmor frequency is characteristic

for each nucleus.

The chemical shift (or chemical shielding) Hamiltonian accounts for what
happens to nuclei that are surrounded by elecirons when under the influence of an
external field. The distribution of electric currents around the nuclei causes additional
magnetic fields to be created. The intensity of these fields is generally much lower than
the external field Bg and they produce small shifts in the resonance frequencies. The sign
of this shift may be positive or negative depending on whether the field has the same sign

or opposite sign to Bg. The chemical shift Hamiltonian has the expression:
H, =10,B, 6)

The chemical shift tensor of the j spin, Gj, is a rank 2 tensor that expresses the
coupling of the spin to the local induced magnetic environment. In the secular form this

local magnetic field is given by:

B, =c4eB, ©

(o3

The laboratory frame and the principal axis system (PAS) frame, that is the frame of the

diagonalized tensor, are related by a set of rotations about the Euler angles o and [ that

define a rotation in 3D space. So 6, becomes:
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_ __AE -~ 2o 2 2o 2
G.=0,,+ 3 I:(.:cos B 1)+nsm B -cos a} @)

where G, is the trace of the chemical shift tensor, Ac is the chemical shift anisotropy and

1 is the asymmetry parameter. The definitions for the latter two quantities are:
AG =%(G: —o-i.fo) a‘nd 77 =(ny _o-.:x)/(o-:: —o-isa) (8)

The shielding is proportional to the strength of By. It is generally measured in parts per
million (ppm) relative to a standard reference rather than as an absolute quantity. The
shielding tensor can be decomposed into the sum of an axially symmetric and an axially
asymmetric tensor. The symmetric part can be diagonalized to give the three principal
values that are observable in solid state NMR but that collapse into a single isotropic

(average) value in liquid state NMR.

The dipolar Hamiltonian represents the coupling between the magnetic dipole
moments of two nuclei in space. The interaction of the spin j and k separated by a
distance r is:

YYeh 1 2 1
H,, =5 ——(3c0s’0, -1)[21131‘: —-2—(1:,,1_,( +I1, )} )
The form of Eq. 9 is important because it contains the 0 angle which is the angle

between the magnetic field Bg and the vector connecting the j and & spins. As a result, the

dipolar Hamiltonian can be averaged out by tilting the axis of the sample with respect to
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6
Bo by an angle equal to arccos(l/ NE) )=54.7° and by simultaneously spinning the

sample about this tilted axis. This is the basis of the technique called magic angle
spinning (MAS).? Eq. 9 can be simplified by removing the terms that do not commute

with the Zeeman Hamiltonian:
HD,Jk=2}'ﬂ’kth'D'Ik (10)

In this form the dipolar tensor D is displayed. Unlike the chemical shift tensor
(CS), this tensor is axially symmetric and traceless with principal values that are
functions of r>. As stated above dipolar interactions are an important source of line

braodening in the solid state but they average out in liquid state NMR.

An additional type of interaction between two spins is the J-coupling or scalar
coupling interaction. This type of coupling is generated by two nuclei interacting through
their bonding electrons, and therefore the interaction is purely intramolecular. This
definition has to be somewhat revised after the recent measurement of through H-bond J-
coupling.’ Thus, intermolecular interactions that include a degree of covalent bond

character should be included. The Hamiltonian for this interaction is as follows:
H,, =2rl,-J-I, (11)

An insignificant source of broadening in the solid state, J-coupling is very
important in liquid state NMR. For this reason an expression that contains only a scalar

term is more convenient:
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H,, =21J,1,-I,

The coupling constant Jj is expressed in Hz.

The last interaction that will be discussed here is the quadrupolar interaction. The
quadrupolar interaction pertains to the quadrupolar nuclei with spin # 1/2. These nuclei
have a nonspherical nuclear charge distribution. Quadrupolar nuclei possess an intrinsic
quadrupole moment Q that can either be positive or negative. The magnitude and sign of
O measure the extent of the nonspherical distortion and the direction of distortion either
toward a prolate or oblate ellipsoid charge distribution, respectively. Shifting the focus
on the nuclear surroundings another very important entity needs to be defined: the electric
field gradient (EFG) tensor VE. The electric field gradient quantifies the non-uniform
charge density around the nucleus as a result of chemical environment. The quadrupole
coupling is therefore the coupling between the non-spherical nuclear charge and the

surrounding electrostatic environment. A more in-depth disussion on EFG will be given

(12)

in Chapter 5. The Hamiltonian for the quadrupolar interaction is written as follows:

__ 9 ,vE.
o _61(21-1)h[ vEL
61(21 1)ha,§y- [ (Lds +1,1,)- aaﬁ1(1+1)J

where Q is the intrinsic quadrupole moment for the nucleus, e is the proton charge, and I

is the nuclear spin. The Kronecker delta, d.p, equals to 1 for a = B, and to 0 for o # B.
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8
The electric field gradient is a symmetric and traceless rank two tensor

(VE,+VE_ +VE_ =0) in which the principal components are ordered as follows:
IVE,|< |VEW| <|VE_| (14)

In the PAS the asymmetry parameter can be defined:

o VE,_-VE,, 1s)
VE_

The 1 value is a measure of the axial asymmetry of the tensor. The general expression for

the quadrupole coupling constant is:

o, =Z%qugi)—5 (16)
In this expression eq is the VE.. component of the field gradient tensor in the PAS. The
quadrupole coupling has the same angular dependence as the dipole-dipole and the
chemical shift interactions; the relevant expressions will be shown in Chapter S for the
case of deuterium. Quadrupolar interactions are very important in NMR since most
nuclei in the periodic table have spin greater than 1/2. Although the most popular NMR

nuclei, 'H, *C, N, F, 3'P that are all spin 1/2 are not directly subject to quadrupolar

interactions, coupling to a quadrupolar nucleus can dramatically affect their spectrum.

If all the elements of the total Hamiltonian were present simultaneously, the NMR

spectrum would be broad and entirely useless. Most of the time in modern pulsed Fourier
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9
transform NMR, only the effects of two or three interactions will be present in the
spectrum. By working in the rotating frame, the Zeeman frequency is initially set in the
instrument and has no other consequence. In liquid samples isotropic averaging nulls-out
all the anisotropic interactions leaving only chemical shift, and J-coupling interactions.
In the case of quadrupolar nuclei the predominant interaction is the large quadrupole
splitting with all other interactions contributing to minor broadening of the spectrum. In
the solid state, all the traceless coupling tensors disappear at (3cos’8 = 1) (with spinning),
so the chemical shift anisotropy (CSA), the dipole-dipole, and the quadrupole interactions
can be removed by magic angle spinning. Heteronuclear spin couplings can be removed
by decoupling techniques. Nuclei with low y and low isotope abundance pose a
sensitivity problem. Techniques were developed that employ magnetization transfer from
the most sensitive nucleus (‘H) to the less sensitive. Cross-polarization (CP) techniques

are based on this underlying principle.'°

Static and MAS NMR were the two main techniques used for the data acquisition
in this thesis. The pulse sequences ranged from the simple one-pulse, to the Hahn echo
sequence, and the solid echo or quadrupole echo. While the MAS technique is very
general and can be used with a variety of pulse sequences, the acronym CP MAS refers to
a very specific technique in which the pulse is applied to the abundant spin and
transferred to the rare spin, which is subsequently observed. This pulse sequence is

discussed in detail in Chapter 4.

The one pulse (/2-Acq) is the simplest possible pulse sequence in which a single

90° pulse is applied to a nuclear spin and the time dependent magnetization decay is
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