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ABSTRACT 
 

 

Use of a Paramagnetic Spin Label for Determination of Long-Range Distance 

Constraints in Solid-State NMR 
 

Matthew OôHalloran      Advisor: Professor V. Ladizhansky  

University of Guelph, 2014         Professor L. Brown 

 

Solid-State Nuclear Magnetic Resonance (SSNMR), with paramagnetic relaxation 

enhancement (PRE), is used to investigate the protein Proteorhodopsin (PR).  PRE allows for the 

acquisition of long-range distance constraints not accessible through standard NMR experiments.  

Four mutant versions of PR, created to have only one cysteine residue in each, were investigated.  

The S215C mutant did not purify well and appeared to retain a large amount of detergent.  The S55C 

variant was found to differ significantly from the wild-type structure.  The C107 mutant experienced 

delocalized PRE effects originally thought to be due to proton spin diffusion, when this interaction 

was removed to the first order using Lee-Goldburg cross-polarization (CP), the delocalized effect 

was still observed.  The C175 mutant produced long-range distance restraints that can be used to 

restrain three of the helices in the bundle on the cytoplasmic side.  Future studies are required to 

better understand the structure of this membrane protein. 
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Chapter 1 

Introduction 
 

1.1 Membrane Proteins 

Membrane proteins account for between 20% and 30% of all open reading frames in the 

genomes of bacteria, archaea and eukaryotic organisms [1,2], and are the target of over half of all 

drugs.  This class of proteins is essential for the survival of all cells.  As receptors, they are 

responsible for performing almost all the interactions a cell has with the exterior environment 

through direct interactions and signal transduction pathways.  They also act as ion channels and 

transporters to move materials across the lipid bilayer allowing for everything from nutrient 

uptake [3] to generation of the action potential in neural impulses [4].  Like soluble globular 

proteins, membrane proteins also have enzymatic action and are capable of acting as catalysts in 

cellular processes [5]. 

Membrane proteins can be divided into two main groups, integral membrane proteins and 

peripheral membrane proteins.  Peripheral membrane proteins do not contain a section that 

completely spans the membrane and instead have regions that penetrate into the membrane, or are 

covalently anchored to the membrane.  Integral membrane proteins contain at least one membrane 

spanning section of hydrophobic amino acid residues.  The two most common forms of membrane 

spanning proteins are Ŭ-helical bundles and ɓ-barrels.  Helical bundles are found in all types of 

biological membranes whereas beta barrels are only found in the outer membranes of Gram-negative 

bacteria [6], and the outer membrane of mitochondria [7] and chloroplasts [8].  The ɓ-barrel 

membrane proteins function mainly as channels for specific molecules to passively diffuse through 

the membrane and will not be discussed further.  In comparison, helical bundle integral membrane 
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proteins function as receptors, channels, passive and active transporters, and enzymes.  One such 

class of helical bundle integral membrane proteins is the rhodopsin class. 

 

1.2 Rhodopsins 

Rhodopsins make up a large group of integral membrane proteins found throughout all three 

domains.  Rhodopsins consist of a seven transmembrane Ŭ-helical membrane apoprotein (opsin) that 

is made functional by the covalent attachment of a retinal molecule to a Schiff base forming Lys 

which acts as a chromophore, allowing for the absorption of photons with certain energies [9].  When 

the protein absorbs a photon, the retinal molecule undergoes a photo-isomerization.  This change in 

conformation of retinal is the mechanism through which information from the exterior environment 

is transmitted to the interior of the cell by these proteins. 

Rhodopsins play a wide range of roles in organisms.  In archaea (type I rhodopsins) they act 

as light dependent ion pumps, channels and sensors.  In animals (type II rhodopsins) they have been 

finely tuned for vision, light sensation for nonvisual reasons such as circadian rhythms, pupillary 

constriction, body color changes, determining the horizon, seasonal reproduction, and direct 

utilization for the isomerization of retinal [10ï14].  Only relatively recently were rhodopsins found in 

eubacteria as well.  Some of these rhodopsins are very similar to archaeal homologs, but some are 

unique.  Anabaena sensory rhodopsin (ASR) is a unique rhodopsin found in eubacteria as well as in 

archaea and is the first sensory rhodopsin to be identified in eubacteria.  It activates a soluble 

transducer that is thought to affect gene expression [15].  Proteorhodopsin (PR) is another eubacterial 

rhodopsin that acts as a proton pump, much like bacteriorhodopsin (BR) in haloarchaea.  BR is one 

of the best studied membrane proteins and a lot is known about both its structure and its function.  In 

contrast, PR has very little known about it.  Only recently have structural studies been completed on 
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PR type proteins, and  high resolution  structures are still not available for green light absorbing PR, 

the protein studied here [16,17]. 

   

1.3 Proteorhodopsin 

Proteorhodopsins were first discovered through genomic analysis of marine bacterioplankton 

in 2000.  The gene encoding the protein was successfully expressed in Escherichia coli and the 

expressed protein was able to bind retinal and act as a light driven proton pump.  It was later 

demonstrated that this function is also observable in native marine bacterial membranes [18,19].  

Since the original discovery of the first PR genes they have been found in many microorganisms 

from all over the world [20ï25].  In fact, PRs have been found not just in marine environments but 

also in fresh water [26ï29], sea ice [30], Siberian permafrost samples [31], and even on top of high 

mountains [32].  PR host organisms are as varied as the environments they are found in.  PRs have 

been found in giant viruses [33], bacteria, archaea [34,35], and certain marine protists [36,37]. 

Members of this protein family share up to 80% sequence homology and yet demonstrate a 

wide range of absorption maxima [38].  It is possible that this has to do with a tuning of the protein to 

absorb the most abundant wavelength of light available to the organism expressing the protein.  The 

first discovered members of the family had maximum absorbance at around 525 nm; this led them to 

be classified as green-absorbing PR (GPR).  These proteins were found in organisms in surface 

waters of oceans and seas all around the world and this wavelength of light is abundant at the depths 

these samples were discovered [18].  More recently, PR has been found in the Antarctic and in deep 

ocean plankton from the Hawaiian Ocean Time Station.  When these PR variants are expressed in E. 

coli they demonstrate a blue shifted absorption maximum at around 490 nm [38] and have been 

classified as blue-absorbing PR (BPR).  This again makes sense with the protein being tuned to 

absorb the most readily available wavelength of light as blue light has a higher penetrating power and 
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would be more abundant at deeper ocean levels (~75 m).  The focus of this study is on GPR 

(henceforth referred to simply as PR). 

Although PRs have been found in such a wide variety of environments and host organisms, 

the exact function of the protein still remains somewhat of a mystery.  It is known that the protein 

acts as a light driven proton pump [39,40], but what the actual effect the protein has on the host cell 

is still unclear.  Even the directionality of the proton pumping is a topic of discussion [39ï41].  The 

PR-induced proton motive force in host cells has led to increased generation of ATP [42], and direct 

increase in flagellar motility [43], but whether or not these are significant to the survival of the host 

cell is unknown.  A number of studies have suggested that the PR proton pumping action may be of 

importance when the host is under conditions of stress [44ï48], but other studies have shown no 

effect of light on the growth of host cells with or without PR [49].  

1.3.1 Proteorhodopsin proton pumping 

There are many similarities between the photocycle of PR and that of BR but key differences 

do exist (Figure 1-1).  Like BR, the first step in the photocycle is the photoisomerization of retinal 

from all-trans to 13-cis with rotation about the double bond between C13 and C14.  The 

isomerization of retinal leads to a proton transfer from the Schiff base (Lys 231) to the primary 

proton acceptor (Asp 97) on the extracellular side and a second proton from the primary proton donor 

(Glu 108) is transferred to the Schiff base from the intracellular side.  The primary proton acceptor is 

eventually deprotonated, releasing the proton to the extracellular media, and Glu 108 takes up a third 

proton from the cytoplasm [50].  During these last steps retinal undergoes a conformational change 

back to the all-trans state.  This is all very homologous to the proton transfer pathway in BR; 

however there are large differences in the proton release mechanism between PR and BR.  It is 

known that BRôs primary proton acceptor passes its proton onto a secondary proton acceptor pair 



5 

 

formed by Glu 194 and Glu 204 after it releases a proton.  There is no homologous pair of residues in 

PR, and therefore the proton release mechanism is not fully understood in PR. 

 

Figure 1-1: Structural model of bacteriorhodopsin [A] and proteorhodopsin [B] showing the proton transfer chain and 

the chromophore, retinal [C].  The extracellular side of both proteins is at the top.  The PR structure is a homology model 

created from the blue PR x-ray structure (PDB ID: 4KNF).  Homology modelling done using SWISS-MODEL workspace 

[51,52]. 

 

A second noteworthy difference between the amino acid residues involved in the proton 

transport pathways of BR and PR is the large difference in the pKa of the primary proton acceptor.  In 

BR the pKa of the primary proton acceptor has been found to be between 2 and 3 [53].  In PR, the 

primary proton acceptor is thought to have a much higher pKa (~7).  It is thought that a highly 

conserved histidine residue may be responsible for this shift in pKa.  His 75 is found in the vicinity of 

the Schiff base and is thought to form a hydrogen bond with Asp 97, increasing the pKa of Asp 97 

[54].  This histidine residue is not found in BR, but is found in a distantly related homolog of PR, 
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xanthorhodopsin (XR).  XR also has a primary proton acceptor with a higher than normal pKa. The 

pKa of XR is still lower than that of PR (~6) [55] and while mutant versions of PR with this histidine 

removed do show a decrease in pKa values, they are still much larger than that of BR.  XR also does 

not have the secondary proton acceptor pair that is found in BR [56].  Instead, the crystallographic 

structure suggests that there is a deep cavity on the extracellular side of the protein that may reach 

halfway to the Schiff base.  The cavity is formed by the displacement of the B-C and F-G inter-

helical loop regions of XR compared to BR.  It is possible that the proton is simply released from the 

primary proton acceptor to the extracellular media.  A similar cavity may be present in PR that 

facilitates proton release [16,56].  Through the use of H/D exchange experiments in PR it has been 

found that large portions of the extracellular section of helix G exchange readily, this supports the 

idea of a deep cavity on the extracellular side of the protein [57].  While all this knowledge hints at 

the way PR functions, it is not possible to fully understand how this protein works without a much 

better understanding of its structure. 

1.3.2 Proteorhodopsin Structural Studies 

Due to the wide dispersion of organisms in which PR proteins are found, many studies have 

attempted to elucidate the 3D structure of these proteins.  The two most common techniques for 

protein structure determination are x-ray crystallography and solution NMR.  These two techniques, 

if they are going to be applied to membrane proteins, require that the protein be prepared in a very 

unnatural state which may result in changes to the structure of the protein.   

X-ray crystallography requires the formation of a very pure crystal with high regularity to 

allow for accurate structure calculations and to date has not been successfully applied to green-

absorbing PR [58].  This technique has been more successfully applied to BPR, with structures 

determined for three different BPR mutants [16].  The application of x-ray crystallography to 

membrane proteins faces a number of challenges: the amphipathic nature of membrane proteins 
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makes it very difficult to identify conditions in which well-diffracting crystals are formed, crystals 

are usually very fragile and suffer from radiation damage during diffraction experiments, and the 

crystalline state is very far removed from the native lipid membrane environment proteins are 

normally found in [59]. 

Solution NMR is the second most common technique used for uncovering protein structures.  

Much like x-ray crystallography, solution NMR has been applied to membrane proteins and has 

resulted in a number of protein structures [17,60ï71].  In fact, there is a solution NMR structure of 

PR (Figure 1-2)  [17]. 

 

Figure 1-2: Solution NMR structure of PR (PDB ID:2L6X).  [A,B] A 20 conformer bundle of structures placed in the 

protein data bank.  [A] Overall view of the bundle of structures with the cytoplasmic side on top.  [B] View from 

cytoplasmic side of protein.  It appears as though in the majority of conformations E108, the primary proton donor, faces 

away from the retinal and towards the hydrophobic environment of the membrane. [C] Solution NMR structure of PR 

(red) compared to BR crystal structure (Green) and blue proteorhodopsin crystal structure (blue), alignment done using 

Pymol. 
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There are a number of interesting features present in the solution NMR structure of PR that 

deserve consideration when using this structure.  Firstly, the primary proton donor, E108, in all but 

three of the 20 conformers faces what should be the hydrophobic core of the membrane.  This is 

unexpected, as in all other rhodopsins, the primary proton donor faces the protein interior, not the 

bilayer.  Also, the polarity of Glu 108 means it is energetically unfavorable for this residue to face 

the hydrophobic interior of the lipid bilayer.  When the overall structure is compared to the known 

structures of BR and blue proteorhodopsin some obvious differences are present.  The blue 

proteorhodopsin structure has a RMS difference of 1.150 Å when compared to the BR structure.  The 

solution NMR structure of PR has a RMS difference of 4.219 Å.  There are obviously large 

differences between the solution structure and the other two.  It is unclear if these differences are 

actual features of PR, or if they are due to the difference between the protein structure in crystals vs. 

the structure in short-tailed lipid micelles.  Determining the structure of PR in a native lipid bilayer 

would be very helpful in identifying which characteristics of PR displayed in the solution structure 

are true structural features. 

Solid-State NMR (SSNMR) is a method capable of investigating the structure of membrane 

proteins in much more native-like lipid bilayer environments.  This technique may be used to answer 

the questions raised by the solution NMR structure of PR.  SSNMR has already been applied to PR 

and residue assignments have been obtained for approximately two thirds of the 238 residues in the 

protein.  Secondary structure has also been uncovered using SSNMR, including transmembrane Ŭ-

helices as well as secondary structure elements in the loop regions.  A small Ŭ-helical structure has 

been found in the E-F loop, as well as a short ɓ-turn in the B-C loop [72,73].  When compared to the 

same regions in BR, the E-F loop has a shorter helical structure and the B-C loop contains a much 

longer ɓ hairpin.  The conformation of the retinal chromophore has also been confirmed with 

SSNMR showing an all-trans configuration in the ground state [74].  SSNMR has also been used to 

identify the cause of a 20nm redshift of GPR when a mutation is made in the E-F loop, a region far 
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removed from the chromophore [75].  Through the investigation of changes in the chemical shift 

values associated with specific residues, the effect this single mutation has on the structure of the 

protein as well on the interactions present in the protein were observed. 

SSNMR not only allows for the probing of the structure of a protein, but also its dynamics.  

Previous work has elucidated information pertaining to the mobility of PRôs termini and of the A-B, 

C-D and F-G loops [72].  This loop mobility might be coupled to ion transport.  As mentioned 

previously, H/D exchange experiments have also been performed to determine chemical exchange 

rates and solvent accessibility [57].  SSNR has also been used to determine the influence 

temperature, hydration and membrane elasticity have on PR [76].  Hydration has a larger effect on 

the dynamics of residues in the loop regions of the protein while membrane elasticity affects the 

transmembrane helices and the E-F loop.  The helices whose dynamics are altered the most by 

changes in membrane elasticity are C, F and G.  These regions are all relevant to the photocycle of 

PR. 

 

1.4 Principles of NMR Spectroscopy 

The purpose of this section is to introduce the basic concepts needed to understand SSNMR 

theory.  There are a number of excellent references that the reader can consult for a much more in-

depth consideration of these concepts [77ï80]. 

All particles have an intrinsic property known as spin, which is a type of angular momentum 

in quantum mechanics.  The nuclei that are of most interest in biological NMR samples are 1H, 13C, 

and 15N, all of which have a spin of ½.  Spin ½ energy levels are normally doubly degenerate, but the 

degeneracy is broken when the sample is placed in a static external magnetic field.  It is possible to 

drive transitions between these energy levels when a time-dependent magnetic field with frequency 



10 

 

equal to the energy difference between the levels (the Larmor frequency) is applied to the sample 

(Figure 1-3).   

 
Figure 1-3: Energy level of spin ½ particle when placed in an external magnetic field. 

 

When an ensemble of spins is placed in a magnetic field there are a number of internal 

interactions that they experience due to the static magnetic field, as well as any applied time-

dependent magnetic fields.  It is, therefore, helpful to split the Hamiltonian into two parts: an internal 

Hamiltonian that consists of all the internal interactions that are governed by the static external 

magnetic field and the local chemical environment of the spins, and the external Hamiltonian which 

consists of the applied time-dependent magnetic fields.    

 Ὄ Ὄ Ὄ  (1.1) 

The Internal Hamiltonian can be further divided into four interactions for spin ½ particles: 

Zeeman interaction, chemical shift, dipolar couplings, and J couplings. 

 Ὄ Ὄ Ὄ Ὄ Ὄ (1.2) 
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In systems that contain particles with spins greater than ½ there is also a quadrupolar 

coupling term.  This interaction will not be addressed further as this study is only concerned with 

spin ½ particles. 

1.4.1 Zeeman Interaction 

As was mentioned previously, nuclear spin is a form of angular momentum, and associated 

with this angular momentum is a magnetic moment. 

 ‘ ‎Ὅ (1.3) 

where Ὅ is the spin angular momentum operator and ‎ is referred to as the gyromagnetic ratio which 

is a property that is unique to each type of nucleus.   

The interaction of the nuclear magnetic moment with the applied magnetic field is known as 

the Zeeman interaction.  The Hamiltonian describing this is simply the Hamiltonian describing a 

magnetic moment interacting with a magnetic field. 

 Ὄ ‘Ͻὄ ‎ὍϽὄ (1.4) 

It is standard convention to take the external magnetic field to be along the z-axis of the lab frame, 

ὄ πȟπȟὄπ .  Using this convention it is possible to simplify the expression for the Zeeman 

interaction.  

 Ὄ ‎ὄὍ (1.5) 

A spin İ particle has only two possible eigenstates for this Hamiltonian, a ñspin upò or ȿ‌ἃ 

state and a ñspin downò or ȿ‍ἃ sate.  These correspond to the projection of the spin angular 

momentum in the direction of the external magnetic field being parallel or antiparallel to the field.  

The eigenvalues that correspond to the two eigenfunctions of the Hamiltonian give the energies of 

the two states. 
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Ὁ
ρ

ς
‎ὄ 

Ὁ
ρ

ς
‎ὄ 

(1.6) 

The energy difference of the two energy levels formed by the Zeeman interaction is then 

given by the Larmor frequency.  This is the precession frequency of the magnetic moments due to the 

torque applied by the magnetic field. 

 ‫ ‎ὄ  (1.7) 

The Larmor frequency is unique to each nucleus due to its dependence on the gyromagnetic 

ratio of the nucleus.  This is the key feature of all NMR experiments.  It is so fundamental that the 

Larmor frequency of protons is used to report magnetic field strengths of magnets used in NMR.  For 

example, an 18.8 T magnetic is referred to as an 800 MHz magnet since that is the Larmor frequency 

of 1H nuclei when placed in an 18.8 T magnetic field. 

When an ensemble of spins is placed in a magnetic field the population difference between 

ȿ‌ἃ and ȿ‍ἃ states is given by a Boltzmann distribution. 

 
ὔ

ὔ
Ὡ ρ

ᴐ‫

ὯὝ
 (1.8) 

where Ὧis Boltzmannôs constant, T is the temperature in Kelvin and ᴐ is the reduced Planckôs 

constant.  The magnetic moments of nuclear spins are very weak; this leads to a very small difference 

between energy levels which is easily met by thermal energy in the sample.  Nevertheless, the slight 

population difference leads to a net magnetization aligned with the applied magnetic field. 

 ὓ πȟπȟὓ  (1.9) 

 ὓ
‎

ς
ὔ ὔ  (1.10) 

which at high temperature is approximated as: 
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 ὓ
ὔ‎ὄ

τὯὝ
 (1.11) 

This means the net magnetization is dependent on total number of atoms N, the gyromagnetic ratio of 

the nuclei, the strength of the applied field, and the temperature of the sample.  The population 

difference between states is extremely small (on the order of 1 in 105 for 1H nuclei at physiological 

temperatures and high magnetic fields [79]).  This means that the net magnetization is also very small 

and has led to research in creating very stable strong magnets to increase the sensitivity of NMR 

experiments. 

The Zeeman interaction is orders of magnitude larger than any other interaction present in the 

system.  This means that all interactions that do not commute with the Zeeman interaction can 

generally be neglected; this is known as the secular approximation.  Secular, or commuting terms, 

must be considered and because they commute with the Zeeman Hamiltonian they have simultaneous 

eigenstates.  This means the only interactions that need be considered are only capable of changing 

the eigenvalues of the Zeeman Hamiltonian, not its eigenstates.  Or, more simply, the interactions 

will add corrections to the Zeeman Hamiltonian energy levels, without perturbing the energy 

eigenstates. 

1.4.2 Chemical Shift Interaction 

When the NMR sample is placed inside the large static external magnetic field motions are 

induced in the electrons in the sample.  These moving electrons generate their own local weak 

magnetic fields which must be added to the external magnetic field to determine the local field 

experienced by individual nuclear spins.  The total magnetic field experienced by the nuclear spin is 

what determines the Larmor frequency of the nuclear spin.  Since each nuclear spin experiences a 

unique local magnetic field dependent on the chemical environment the spin is located in, spins of 

the same type will have slightly different Larmor frequencies.  The amount an individual spinôs 
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Larmor frequency differs from the expected value for the spin is referred to as the chemical shift and 

is what allows for otherwise identical nuclei to be identified in a NMR spectrum. 

The extent to which electron motions affect the magnetic field experienced by a nucleus 

depends partially on the shape of the electron density surrounding the nucleus.  This means that the 

chemical shift interaction is anisotropic, or has orientation dependence.  It can be shown that in the 

most general case the chemical shift Hamiltonian has the following form: 

 Ὄ ‎Ὅ„ὄ (1.12) 

where Ὅ and ὄ are the spin angular momentum and external magnetic field vectors respectively and „ 

is the chemical shielding tensor. 

 „

„ „ „
„ „ „
„ „ „

 (1.13) 

The chemical shielding tensor acting on the external magnetic field gives the effective field 

experienced by the nucleus.  When the magnetic field is taken to be along the z-axis this gives: 

 

ὄȟ
ὄȟ
ὄȟ

„ „ „
„ „ „
„ „ „

π
π
ὄ

„ ὄ
„ ὄ

„ ὄ
 (1.14) 

This means the chemical shift Hamiltonian becomes: 

 Ὄ ‎Ὅ„ ὄ ‎Ὅ„ ὄ ‎Ὅ„ ὄ (1.15) 

When the secular approximation is applied to the chemical shift Hamiltonian only the last 

term survives, as it is the only term that commutes with the Zeeman interaction.  All that remains is 

to determine what „  is.  To do this one considers the principal axis system (PAS) of the chemical 

shift interaction.  In the PAS the tensor describing the interaction is diagonal. 

 „

„ π π
π „ π
π π „

 (1.16) 
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The three non-zero components of the tensor in the PAS are referred to as the principal 

components and correspond to three axes of symmetry in the interaction.  It is possible to determine 

„  in terms of these principal components by rotating the PAS interaction tensor into the lab frame.  

This is accomplished by rotations around three Euler angles, ɱ ‌ȟ‍ȟ‎ (Figure 1-4). 

 

Figure 1-4: Definiti on of Euler angles ♪ȟ♫ȟ♬ used for performing rotations.  The first rotation is by angle ♪ around 

the z axis, followed by rotation by angle ♫ around the newly formed ◐ axis, and finally the third rotation by angle ♬ 

around the ◑ axis transforming xyz to XYZ. 

 

The transformation is done mathematically through the use of rotation matrices.  A rotation 

about the z-axis is given by: 

 Ὑ ‌
ÃÏÓ‌ ÓÉÎ‌ π
ÓÉÎ‌ ÃÏÓ‌ π
π π ρ

 (1.17) 

and a rotation about the y-axis is given by: 

 Ὑ ‍
ÃÏÓ‍ π ÓÉÎ‍
π ρ π
ÓÉÎ‍ π ÃÏÓ‍

 (1.18) 
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To rotate the chemical shift interaction tensor from the PAS to the lab frame one must 

compute: 

 „ Ὑ ‎Ὑ ‍Ὑ ‌„ Ὑ ‌Ὑ ‍Ὑ ‎ (1.19) 

This gives the expression for the chemical shift Hamiltonian in terms of the three principal 

components of the chemical shift interaction as: 

 Ὄ  ‎Ὅὄ „ ÃÏÓ‌ÓÉÎ‍ „ ÓÉÎ‌ÓÉÎ‍ „ ÃÏÓ‍ (1.20) 

It is possible to express this interaction as an orientation independent isotropic component 

and an orientation dependent anisotropic component. 

 

Ὄ  ‎Ὅὄ „
ρ

ς
‍σÃÏÓ‏ ρ –ÓÉÎ‍ÃÏÓς‌  

„
ρ

σ
„ „ „  

‏          „ „  

–
„ „

‏
 

(1.21) 

where ‏ is referred to as the anisotropy parameter and – is the asymmetry parameter. 

The isotropic component of the chemical shift interaction is what is normally referred to 

simply as the chemical shift and is what allows for site-specific resolution in NMR.  Due to the 

magnetic field strength dependence of this Hamiltonian, isotropic chemical shifts are usually reported 

compared to a standard to allow for direct comparison of experiments performed at different field 

strengths as well as in different labs.  Values are reported in parts per million (ppm): 

 ‡ ὴὴά
‡ ‡

‡
ρπ (1.22) 

The anisotropic component of the interaction contains information on the local electronic 

environment of the nucleus but leads to line broadening in the spectra.  This component is usually 
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averaged out of NMR experiments to improve resolution.  This is accomplished through the use of 

magic angle spinning which will be discussed shortly. 

1.4.3 Dipolar Coupling 

Dipolar couplings are the direct through space interaction of the magnetic moments of spins 

in close proximity to each other.  The interaction can be between two spins of the same type 

(homonuclear dipolar couplings) or between two spins of different species (heteronuclear dipolar 

couplings).  The general form of the Hamiltonian describing this interaction is given by: 

 Ὄ
‘‎‎

τ“ὶ
ὍϽὛ σ

ὍϽὶ ὛϽὶ

ὶ
 (1.23) 

When the secular approximation is employed this interaction simplifies to the truncated 

dipolar coupling Hamiltonian: 

 

Ὄȟ

‘‎‎

τ“ὶ
ȟ

ρ σÃÏÓ— ὍὛ  

Ὄȟ

‘‎

τ“ὶ

ρ

ς
ρ σÃÏÓ— ςὍὍ

ρ

ς
ὍὍ ὍὍ  

(1.24) 

for the heteronuclear and homonuclear cases respectively.  In these expressions ὶ is the internuclear 

vector between the nuclei at Ὦ and Ὧ, and —  is the angle between this vector and the external 

magnetic field.  In the homonuclear expression Ὅ are the standard ladder operators.   

 Due to the dependence on the distance between the two interacting spins, the dipolar 

coupling interaction contains very important information for determining the structure of the NMR 

sample.  Unfortunately, because this is purely an anisotropic interaction, it leads to broadening of 

spectral lines.  This completely removes the site-specific resolution of SSNMR; unless it is averaged 

out by magic angle spinning. 
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1.4.4 J-Couplings 

J-couplings, or scalar couplings, are weaker than all the other interactions discussed so far.  

This interaction is the indirect dipole-dipole coupling between nuclei that is mediated by the bonding 

electrons.  The Hamiltonian for the J-coupling interaction is given by: 

 Ὄ ς“ὐὍϽὛ (1.25) 

When the secular approximation is applied the J-coupling simplifies to: 

 

Ὄ ς“ὐὍὍ  

Ὄ ς“ὐὍὛ  
(1.26) 

for homonuclear and heteronuclear interactions respectfully.  This interaction leads to spectral line 

splitting.  In the case of solids, each of the singlets can be broad leading to line broadening in the 

spectrum.  The J-coupling can be neglected from further discussion presented here as its average 

interaction strength is on the order of hertz to tens of hertz. 

1.4.5 Applied Radio Frequency (RF) Fields and the Rotating Reference Frame 

To manipulate the static spin states generated by placing the sample in a magnetic field time-

dependent magnetic fields are applied.  Due to the weak energies associated with nuclear spins, 

magnetic fields with frequencies in the radio range are needed to effect change in the sample.  These 

fields are applied by running a time-dependent current through a solenoid that is wrapped around the 

sample in the static external magnetic field.  This alternating current generates a time-dependent 

magnetic field in the sample along the axis of the solenoid.  The strength of the applied field is 

determined by the size of the current, and its time dependence is caused by the time dependence of 

the current.  The RF Hamiltonian is written in terms of the strength of the applied field, ὄ its 

frequency, ‫  and the axis along which it is applied. 

 Ὄ ς‎ὄÃÏÓ‫ ὸὍ (1.27) 
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Any linear polarized field can be viewed as the sum of two rotations of equal magnitude in 

opposite directions about an axis perpendicular to the oscillation.  It is convenient to consider the RF 

Hamiltonian in this way. 

 Ὄ ‎ὄὍὩ Ὡ  (1.28) 

The component of the Hamiltonian that rotates in the same direction as the nuclear magnetic 

moment has a much stronger interaction with the magnetic moment than the component that rotates 

in the opposite direction as the nuclear magnetic moment.  The effect that the component rotating in 

the opposite direction has is called the Bloch-Siegert Shift and is proportional to ὄ ςὄϳ .  In 

normal SSNMR experiments, the external magnetic field is three or more orders of magnitude larger 

than the RF field.  The component of the RF Hamiltonian that corresponds to a rotation in the 

opposite direction is therefore neglected in what is known as the rotating wave approximation. 

The form of the RF Hamiltonian can be further simplified by considering the interaction in a 

rotating reference frame.  The frame of interest rotates at the RF field frequency in the direction of 

the nuclear magnetic moment precession, so the RF field appears to be time independent in the 

rotating frame: 

 Ὄ ȟ ‎ὄὍ ‫Ὅ (1.29) 

The transformation to the rotating reference frame is useful in that it changes the precession 

frequencies of the nuclei from the Larmor frequency.  In the rotating reference frame it is clear that 

the precession frequency will be given by ‫ȟ ‫ ‫ .  If the radio frequency pulse is applied 

exactly on resonance then the Larmor frequency in the rotating frame will be zero.  In other words, in 

the rotating reference frame, it appears as if there is no external magnetic field.  This means that, for 

the duration of the RF pulse, the Hamiltonian for the system simplifies to only the RF component.  

Anisotropic interactions are still present, but can be neglected on the time scale of the RF pulse. 

 Ὄ ‫Ὅ (1.30) 
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This situation is analogous to the one in which a single magnetic moment is placed in an 

external magnetic field.  The spin will experience a torque due to the applied field and will rotate 

about the axis of the field (the y-axis in this case) at a frequency equal to ‫ .  By correctly choosing 

the length of the applied RF pulse it is possible to control the angle through which the magnetic 

moment will rotate.  If the time is chosen such that ‫ὸϳ
“
ς, then the magnetic moment will 

rotate by 90° (Figure 1-5). 

 

Figure 1-5: Effect of RF pulse on net magnetization.  Pulse applied along y-axis for time of ◄▬◊■ and strength ⱷ , results in 

a rotation of the magnetization about the y-axis by an amount equal to Ŭ. 

 

If the RF field is applied off resonance then the Hamiltonian in the rotating frame contains 

contributions from the external magnetic fields effect on the system.  Two cases are important for 

consideration.  If the difference between the Larmor frequency and the RF field frequency is small 

‫ ‫ Ḻ‫  then the total Hamiltonian is dominated by the RF term and all others are 

neglected.  This is known as the strong pulse approximation.  If, on the other hand, the difference 
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between the Larmor frequency and the RF frequency is very large  ‫ ‫ ḻ‫  then the RF 

field contribution is considered negligible and ignored.  This is known as the weak pulse 

approximation (Figure 1-6). 

 

Figure 1-6: Strong (A) and Weak (B) pulse approximation. 

 

 

1.5 Magic Angle Spinning 

In solution NMR the fast random tumbling of samples leads to the averaging of anisotropic 

interactions that would otherwise broaden spectral lines and cause a decrease in spectral resolution.  

This means that solution NMR is capable of generating very high resolution spectra.  In the solid 

phase this fast molecular tumbling is not present and the anisotropic components of the chemical 

shift and dipolar couplings persist.  This leads to much broader lines in SSNMR spectra and very 

poor spectral resolution with very complicated line shapes.  Fortunately, a technique has been 

developed to allow for the averaging of these interactions in the solid phase.  By physically spinning 

the sample about an axis tilted 54.74° (the magic angle) with respect to the external magnetic field, 


























































































































