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Statement Regarding New Facts

• Improved sensitivity enhancement scheme

1. An improved sensitivity enhancement scheme for half-integer spin quadrupo-

lar nuclei was developed under both magic angle spinning (MAS) and static

condition.

2. The new scheme shows very little dependence on experimental parameters

such as spinning frequency and the nutation radio frequency of the pulses

making it a highly robust method.

• Characterization of different polymorphs of Alq3

1. Solid-state NMR methods were used to distinguish between all the different

polymorphs of Alq3 and their quadrupolar parameters were also extracted.

2. It was also shown that all the different polymorphs contain 27Al in single

unique crystallographic site.

3. It was also demonstrated that by using Isodensity Polarisable Continuum

Model (IPCM) for Density Functional Theory (DFT) based quantum chemi-

cal calculation one can more accurately predict the quadrupolar parameters

for these kinds of systems.

4. Solid-state NMR also revealed that the solvated form of Alq3 has completely

different quadrupolar parameters from all the other polymorphs of Alq3.

5. It was further revealed by temperature dependent study on the solvated Alq3

that the presence of ethanol in the crystal matrix is the sole reason for the

difference in the quadrupolar parameters.

• Application of symmetry based recoupling method and high-resolution solid-state

NMR methods for quadrupolar nuclei for simultaneous extraction of dipolar and

quadrupolar information.

xiii



xiv Statement regarding new facts

1. Two dimensional quadrupolar-dipolar correlation spectra was obtained by

combining symmetry based recoupling sequence R185
2 on 1H and spin-echo

on 17O. From this correlation spectra one can obtain the information about

the dipolar coupling constant at any point of the quadrupolar powder pattern.

2. High-resolution solid-state NMR methods such as Satellite Transition Magic

Angle Spinning (STMAS) technique was combined with R185
2 symmetry se-

quence in three dimensional fashions to simultaneously extract dipolar and

quadrupolar information.

3. Two dimensional numerical simulations were done to ascertain the relative

orientation of dipolar tensor with respect to the quadrupolar tensor.

• Sensitivity enhancement of 29Si double-quantum spectroscopy and its application

1. An enhancement in the detection sensitivity of dipolar recoupled 29Si double-

quantum magic-angle spinning experiment was shown with a Carr-Purcell-

Meiboom-Gill (CPMG) train ofπ pulses during the acquisition period of symmetry-

adapted pulse schemes, such as POST-C7 and SR26.

2. Application of POST-C7-CPMG method for framework characterization was

demonstrated in the disordered and catalytically important ZSM-5 molecular

sieve.

3. Based on the observed double-quantum dipole-dipole correlation and the

known T-site Si connectivity, the assignment of all the signals was made.
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Introduction

Spatial proximity and/or a chemical bond between two atoms can give rise to inter-

actions between nuclei. In general, these interactions are orientation dependent. In

media with no or little mobility (e.g. crystals, powders, large membrane vesicles, molec-

ular aggregates), anisotropic interactions have a substantial influence on the behaviour

of a system of nuclear spins. In contrast, in a classical liquid-state NMR experiment,

Brownian motion leads to an averaging of anisotropic interactions. In such cases, these

interactions can be neglected on the time-scale of the NMR experiment. Anisotropic in-

teractions modify the nuclear spin energy levels (and hence the resonance frequency) of

all sites in a molecule, and often contribute to a line-broadening effect in NMR spectra.

However, there is a range of situations when their presence can either not be avoided,

or is even particularly desired, as they encode structural parameters, such as orientation

information, on the molecule of interest.

High-resolution conditions in solids (in a wider sense) can be established using magic

angle spinning (MAS), and a variety of radio frequency (RF) irradiation patterns. While

the latter allows decoupling of interactions in spin space, the former facilitates averag-

ing of interactions in real space. In addition, line-broadening effects from microscopic

inhomogeneities can be reduced by appropriate methods of sample preparation. Under

decoupling conditions, isotropic interactions can report on the local structure, e.g. by

the isotropic chemical shift. In addition, decoupled interactions can be selectively re-

introduced ("recoupling"), and used, for example, in controlled de-phasing or transfer of

polarization, which allows to derive a number of structural parameters. Hence the pres-

ence of line broadening in solid-state NMR, once thought to be a hindrance can actually

provide much information about the chemistry, structure and dynamics in solid state.

Solid-state NMR has developed rapidly in the past few years and is finding ever

increasing application in substances of chemical, material and biological importance.

The standard nuclei, such as 11B, 13C, 23Na, 27Al, 29Si and 31P have been supplemented
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with ever increasing range of other nuclei. The wider availability of higher magnetic

fields has encouraged the greater coverage of periodic table. There are also now a

range of techniques to enhance the signal intensity, especially by the manipulation of

the population of the satellite transitions of quadrupolar nuclei. Compared to the past,

the proliferation of solid-state NMR as a characterization tool for organic, inorganic and

biological samples has meant that the technique is more often used and data reported in

papers concerning such materials.

This thesis addresses the development of methods for sensitivity enhancements in

solid-state NMR and also their applications in the structural characterizations of sub-

stances which are chemically important. This thesis demonstrates the design of an im-

proved sensitivity enhancement scheme for half-integer spin quadrupolar nuclei which

not only gives high sensitivity enhancement but also quite robust to the change of ex-

perimental parameters. Work has also been done to use high-resolution solid-state NMR

techniques for quadrupolar nuclei to characterize Alq3 which is one of the most impor-

tant organic light emitting diodes. Further the present work demonstrates the use of

IPC model [110] for more accurate prediction of quadrupolar parameters using quan-

tum chemical calculations. Current work also deals with the technique to easily char-

acterize zeolites using 29Si NMR. Attempts were also made to combine recoupling tech-

nique to reintroduce heteronuclear dipolar coupling and high-resolution NMR schemes

for quadrupolar nuclei in three dimensional form to simultaneously extract dipolar and

quadrupolar informations.

Development of New Sensitivity Enhancement Scheme for

Quadrupolar Nuclei

The potential application of NMR in the study of quadrupolar nuclei in the materials

of inorganic, catalytic and biological importance is well documented. However, the
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study of quadrupolar nuclei using NMR is often hindered due to one or many of the

following factors such as, low natural abundance, small value of gyromagnetic ratio and

large quadrupolar interaction constant. As a result the observable central-transition (CT)

single-quantum (SQ) signal in one-dimensional (1D) experiments is often besieged with

sensitivity problems even under magic-angle spinning (MAS). These become more acute

when spectra need to be acquired under static conditions. Hence, sensitivity enhance-

ment of the NMR spectra of half-integer spin quadrupolar nuclei is of utmost importance.

Since the seminal work by Vega and Naor [28] which showed that the application

of amplitude modulated pulse lead to the population inversion of satellite transition

thereby creating enhanced population difference across the observable central transition

resulting in signal enhancement, several new sensitivity enhancement techniques have

been developed. Some of the notable among them are "dual Q-probe" and frequency-

swept adiabatic passage schemes [43, 44], double-frequency sweeps (DFS) [33], fast

amplitude-modulated (FAM) pulses [31], Gaussian pulse trains [37], and hyperbolic

secant pulses [38]. Variants of FAM which generate a frequency sweep by modulating the

pulse duration in either a linear or non-linear way, notated as SW(τ)-FAM and SW(1/τ)-

FAM, were found to give good signal enhancement in the case of static samples [77].

We developed a new scheme, m-FAM for signal enhancement where we applied mul-

tiple rotor assisted population transfers with FAM pulse pairs. The idea was to repeat

FAM pulses along with the acquisition multiple times before the spin system returns to

thermal equilibrium. This was found to be beneficial as always there is a considerable

amount of spin polarisation left in the satellite transitions that are not transferred to the

central transitions. By repeating the whole sequence several times within the relaxation

time it is ensured that a substantial fraction of the population in the satellite transitions

is converted to central transition.

We applied m-FAM under both MAS and static condition on spin-3/2 and spin-5/2

systems. We denote the m-FAM scheme as FI
n:m (τ), where n corresponds to the total
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number of pulse pairs in the FAM scheme and τ is the duration of one FAM block in

µs and m in the subscript indicates the number of times FAM and acquisition are re-

peated. The Roman numeral in the superscript suggests that FAM-I is used here. For

23Na (I=3/2) we used m-FAM of the type FI
18:10 (2.8) and for 27Al (I=5/2) we used m-

FAM of the form FI
10:12(6)FI

20:12(7). For rotor synchronised m-FAM experiments on 27Al

we made use of m-FAM of the form FI
10:12(6)FI

20:12(6) to obtain maximum enhancement.

When m-FAM was applied to 23Na (I=3/2) in Na2SO4 under MAS condition we obtained

an enhancement of 3.3 times whereas normal FAM gave an enhancement of 1.66 com-

pared to single 900 pulse. Further when m-FAM was applied under static condition we

obtained an enhancement by a factor of 2 while normal FAM did not give any appreciable

enhancement. We also applied m-FAM to 27Al (I=5/2) in Gibbsite sample again under

MAS and static condition. Under MAS we get an enhancement of 6.85 times while nor-

mal FAM gave enhancement of 2.05 times. We further observed that the m-FAM scheme

is quite robust with respect to the experimental parameters such as MAS rate and nuta-

tion radio frequency of the FAM pulses (ν FAM
nut ). Variation of both the parameters cause

minor changes in the total enhancement factors for both spin-3/2 and spin-5/2 systems.

We also demonstarted that if SW(1/τ)-FAM which performs much better in static

condition than normal FAM is repeated in a similar fashion to that of m-FAM one can get

higher enhancements. When SW(1/τ)-FAM was applied multiple times (m-SW(1/τ)-

FAM) in case of 27Al (I=5/2) in Gibbsite under static condition we obtained an enhance-

ment of 6.64 while normal SW(1/τ)-FAM gave an enhancement of 2.1. Here also we

observed that m-SW(1/τ)-FAM is quite robust with respect to the experimental parame-

ter ν FAM
nut .

Structural Characterization of Different Polymorphs of Alq3

After the initial demonstration by Tang and Van Slyke [84] Tris(8-hydroxyquinolinato)-

aluminium(III), known as Alq3, has become a workhorse material for organic light emit-
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ting devices (OLED) and/or electron transporting material in OLED. Alq3 is an octahe-

dral chelate complex with Al3+ ion in the center and three 8-hydroxyquinolinate ions

octahedrally coordinated around it. Alq3 has two geometric isomers, meridional and

facial. X-ray diffraction studies showed that two polymorphs of Alq3, α and β contain

meridional isomers [85] which show green photoluminescence. Another polymorph δ-

Alq3 on the other hand contains facial form [87] which shows blue photoluminescence.

These results suggest that there is a clear correspondence between the crystal structure

of Alq3 and the photoluminescence property. Also, it has been a practice to use different

dopants in Alq3 emitting layers to obtain desired colours [83]. Such Alq3 systems are in

general known as solvated Alq3.

Considering the above stated facts, it becomes important to have insight about the

structure of Alq3 in both the solvated and the unsolvated form and about the intra molec-

ular and intermolecular interactions. Since Alq3 has an Al3+ ion in the centre, one can

make use of it as a probe to monitor the electronic distribution in the molecule. 27Al is

well suited for solid-state NMR because of its high natural abundance (100%) and rel-

atively large gyromagnetic ratio. The study of quadrupolar parameters with solid-state

NMR can provide a wealth of information about the local environment around quadrupo-

lar nuclei, as the quadrupolar parameters show strong dependence on the neighbouring

electronic environment.

We investigated three types of Alq3 samples: (a) α phase (containing the meridional

isomer), (b) δ phase (containing the facial isomer), and (c) solvated phase (contain-

ing ethanol in the crystal lattice) using solid-state NMR combined with density func-

tional theory (DFT) based quantum chemical calculation. We showed with the two-

dimensional (2D) Multiple Quantum Magic Angle Spinning (MQMAS) [14] experiments

that in all the polymorphs, 27Al is present in a single crystallographic site which was

clearly suggested by the presence of single ridges along the indirect dimensions of the

spectra. We further demonstrated that although the fluorescence emission spectra of that
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of the α phase and the solvated phase are almost identical the local environment around

27Al in solvated phase is completely different from that in the α phase with the use of

both 1D MAS and 2D MQMAS experiments. We also made use of DMFIT [135] program

to model the 1D MAS spectra of all the polymorphs to extract the quadrupolar parame-

ters. In addition, the anisotropic slices of the peaks in 2D MQMAS spectra were modelled

using the DMFIT program to extract the quadrupolar parameters and isotropic chemi-

cal shifts. We further showed the result obtained from DFT based quantum-chemical

calculation done on isolated molecule and show that the correspondence with the ex-

perimental results improve when the calculation is done under the solvation model (IPC

model).

We also showed by the use of both 1D MAS and 2D MQMAS that if the ethanol is

removed from the solvated Alq3 crystal matrix its crystal structure becomes similar to

that of the α phase of Alq3 which is evident from their similar quadrupolar parameters.

X-ray diffraction studies also showed similar results. It was also observed that the change

of phase occurs exactly at the temperature at which ethanol is known to come out of the

solvated Alq3 crystal matrix.

Application of Symmetry-Sequence and High-Resolution

NMR Techniques for Simultaneous Extraction of Dipolar

and Quadrupolar Parameters

Interest in 17O (I=5/2) NMR has increased markedly in the last few years, particularly

for characterizing amorphous inorganic oxide gels and in the measurement of hydroxyl

groups and water molecules in peptides and biological samples. The study of 1H-17O

pairs is of particular interest for the investigation of hydrogen bonded systems since the

17O quadrupolar interaction is sensitive to any perturbation in the local environment.

Further one can obtain the magnitude of the 1H-17O dipole coupling and also the relative
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orientation of dipolar coupling tensor with respect to the quadrupolar coupling tensor.

Although the magnitude of 1H-17O dipolar coupling of directly bonded hydroxyl

groups is quite large (of the order of 15 kHz) it is difficult to observe them direcly

because of the presence of 1H- 1H dipolar coupling. This difficulty can be removed by

the use of symmetry based recoupling sequences. By choosing suitable symmetry num-

bers it is possible to selectively recouple only 1H-17O dipolar coupling while decoupling

the 1H- 1H dipolar coupling.

We demonstrated quadrupolar-dipolar (QD) correlation spectra on 17O enriched Brucite

sample. We exploited symmetry based recoupling sequence of the type RNνn [?] at pro-

ton Larmor frequency. One can choose suitable values for ν , N, and n using the selection

theorem for symmetry sequences to simultaneously recouple 1H-17O dipolar coupling

and decoupling the homonuclear dipolar coupling between 1H- 1H. We used recoupling

sequence of the type R185
2. The R185

2 sequence consists of a repetetion of two pulse

element 18050180−50 where the subscript denotes phase angle. The nutation rf of the

pulses is 4.5 times of the MAS rate.

We showed that two-dimensional QD correlation spectra can be obtained by apply-

ing spin-echo sequence on 17O while applying R185
2 symmetry sequence on 1H. The QD

correlation spectra show strikingly unique shape which clearly reflects the fact that dipo-

lar coupling constant varies across the quadrupolar pattern. Hence from the correlation

spectra one can obtain the magnitude of the dipolar coupling constant at any point of

the quadrupolar powder pattern. We also obtained similar correlation spectra by com-

bining Satellite Transition Magic Angle Spinning (STMAS) [?] pulse sequence on 17O

and symmetry sequence on 1H. We further combined the symmetry sequence with the

Triple Quantum Magic Angle Spinning (3QMAS) sequence, and as expected we obtained

similar QD correlation spectra but the magnitude of the dipolar coupling constant at any

point of the quadrupolar powder pattern is scaled by almost 3 times from that obtained

using STMAS or spin-echo on 17O.
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We then combined STMAS and R185
2 sequence in three dimensional fashion to si-

multaneously obtain the information about the quadrupolar parameters and dipolar in-

teraction. From the 3D experiment as expected we simultaneously obtained the QD

correlation spectrum and the high-resolution two dimensional STMAS spectrum from

which we extracted the quadrupolar parameters such as isotropic quadrupolar shifts,

quadrupolar coupling constant and asymmetry parameter. We then did a series of 2D

numerical simulations by varying the relative orientation of dipolar coupling tensor with

respect to the quadrupolar coupling tensor using the quadrupolar parameters obtained

from the 3D experiment to match the experimental QD correlation spectrum. From the

simulation we concluded that the dipolar tensor and quadrupolar tensor in our system

is coaxial.

Structural Characterization of Zeolite ZSM-5 Using Sensi-

tivity Enhanced 29Si Double-Quantum Spectroscopy

The study of 29Si for structural elucidation of zeolites is often hindered by the poor

sensitivity of 29Si due to its low gyromagnetic ratio and low natural abundance. The de-

tection sensitivity becomes even poor for systems which lack long range orders resulting

in a distribution of isotropic chemical shifts which causes line broadening. Therefore,

29Si observation is often beset with very poor detection sensitivity due to the disordered

nature of the samples. Thus, in many cases of practical relevance, it is a prerequisite for

the analysis to have double-quantum (2Q) recoupling experiments with enhanced 29Si

observation sensitivity.

Implementation of Carr-Purcell-Meiboom-Gill (CPMG) [51,52] sequence has proved

to be highly successful method for sensitivity enhancement of second order broadened

lines of quadrupolar nuclei. Similarly, in our present case also the sensitivity problem

can be alleviated to a great extent by implementing a CPMG train of π pulses within
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the acquisition period of the dipolar recoupling experiment. The multiple-pulse CPMG

sequence refocuses the inhomogeneously broadened MAS spectral lines and entails re-

peated generation of spin echoes, which can be co-added to enhance the signal intensity.

In our study we used POST-C7 [152] double quantum dipolar recoupling sequence

for 1Q-2Q correaltion experiment to establish the 29Si-29Si connectivity within the zeolite

ZSM-5 framework. The effectiveness of the POST-C7 for double-quantum excitation can

be attributed to the low chemical shift anisotropy (CSA) associated with the 29Si in our

system and also the fact that in our system 1H-29Si heteronuclear dipolar coupling is also

relatively small. We further demonstrated that 29Si dipolar coupled 1Q-2Q correlation

spectra can be obtained under magic angle spinning with 3.5 fold enhanced sensitivity

achieved by the acquisition of successive spin-echos created by CPMG train of π pulses

applied at the 29Si larmor frequency. We observed that maximum enhancement was

obtained by the application of 14 CPMG train of π pulses with 16 ms of inter pulse

delays. The sensitivity enhancement provided in the as-synthesized ZSM-5 high silica

zeolite has enabled the identification of the dipolar correlations at each resolved silicon

sites and has led to the resonance assignments in the MAS spectra.
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Chapter 1

Introduction

1.1 General Introduction

Nuclear magnetic resonance, or NMR [1,2] as it is abbreviated, is a phenomenon which

occurs when the nuclei of certain atoms are immersed in a static magnetic field and

exposed to a second oscillating magnetic field causing transition between energy levels

of a nucleus arising from its spin angular momentum.

Nuclear magnetic resonance was first described and measured in molecular beams

by Isidor Rabi in 1938 [3] and in 1946, Felix Bloch and Edward Mills Purcell expanded

the technique for use on liquids and solids, for which they shared the Nobel Prize in

physics in 1952. Since then NMR has become an invaluable tool for investigation of

matter. NMR which was initially only viewed as a physical phenomena has spread out

to the fields of Chemistry, Biology, and Medicine. It has been applied in diverse areas

such as brains, bones, ceramics, liquid crystal, protein folding, superconductors, zeolites,

catalysis, organic light emitting diodes, polymers, and quantum computing. Application

of NMR in such diversified fields proves its range and power. Perhaps no other field can

boast of applications in such incredibly large range of areas. The field is still diversifying

and new methodologies and techniques are being introduced to open up new areas of

study.
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Along with the various application of NMR, huge efforts are being put in, in the de-

velopment of new techniques and methodologies of NMR for its successful applications.

New techniques are being developed for the sensitivity enhancement of the NMR signal

and the improvement of signal resolution to address the existing problems and also to

pave the way for new avenues.

NMR generally consists of two realms: liquid state NMR and solid state NMR. In

solution NMR, the molecules in the sample tumble randomly at rates fast enough (∼

GHz in frequency) to average out anisotropic couplings. The advantage of this inherent

isotropy (same in all directions) is that the NMR spectrum appears as a set of narrow,

well defined lines with sharp transitions. The disadvantage of this is that orientation-

dependent (anisotropic) information is lost. However in solution state NMR, some of

this information can be regained by orienting the molecules partially, for example by

adding phage particles that line up in the magnetic field [4].

In solids, on the other hand all of the anisotropic features are present in their full

measure resulting in a broad lines. The presence of broad NMR lineshapes, once thought

to be a hindrance for obtaining high resolution NMR spectroscopy, actually provides

much information on chemistry, structure and dynamics in the solid state. Since the

conception of it, the "Holy Grail" of solid state NMR is to get liquid like spectra while

retaining the anisotropic informations. A host of techniques have been developed to

this effect like Magic Angle Spinning (MAS) [5], Cross Polarization methods to transfer

polarization from abundant nuclei to rare nuclei [6,7], and multipulse techniques [8].

This thesis addresses the work done on sensitivity enhancement schemes for both

spin-1/2 and spin>1/2 or quadrupolar nuclei. It also includes the application of high

resolution NMR techniques for quadrupolar nuclei together with quantum chemical cal-

culations as a tool for the characterization of a organic light emitting diode. It further

includes attempts which were made to combine high resolution NMR techniques for

quadrupolar nuclei with dipolar recoupling schemes in such way to simultaneously pre-
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dict both dipolar information between a 1H-17O pair and also quadrupolar information

of 17O. Current work also introduces methods to easily characterize zeolites using 29Si

NMR.

In this chapter discussions will be made over the different NMR interactions with

special emphasis on the quadrupolar interaction. A basic outline is given next about the

high resolution NMR techniques for quadrupolar nuclei. A brief description about sensi-

tivity enhancement schemes for both spin-1/2 and spin>1/2 is considered next following

which dipolar recoupling techniques involving symmetry principles is highlighted.

1.2 Interactions in NMR

A theoretical description of a single spin system or a collection of spin systems begins

with the spin Hamiltonians [9]. The total Hamiltonian, H , for a spin system is a sum-

mation of all the individual Hamiltonians that describes particular interactions,Hλ.

H =
∑

λ

Hλ (1.1)

Here the summation is over all interactions.

The spin interaction Hamiltonians can be divided into two classes,

• Hex t : This Hamiltonian describes the interaction between the spin and the ex-

ternal fields such as the static magnetic field (HZ) or the time dependent radio

frequency field (HRF).

• Hint : This Hamiltonian describes all the direct and indirect interactions of the

spins with internal fields. These include the dipolar (HDD), scaler (HJ), chemical

shift (HCS), and quadrupolar (HQ) Hamiltonians.

One of the most interesting feature of NMR is that the external interactions are usu-

ally much larger than the internal interactions which means that the spins are more
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strongly coupled to the external apparatus than with their own molecular environment.

Total internal nuclear spin Hamiltonian, Hint can be described as the summation of

the different nuclear spin interactions as,

Hint =HJ +HCS +HIS +HI I +HQ (1.2)

• HJ : Indirect magnetic interactions of nuclear spins with each other, through the

involvement of the electrons.

• HCS: Indirect magnetic interaction of the external magnetic field with the nuclear

spin through the involvement of electrons.

• HIS: Heteronuclear direct dipolar coupling interactions between spin-I and spin-S.

• HI I : Homonuclear direct dipolar coupling interactions between a pair of spin-I.

• HQ: Quadrupolar interactions for I and S spins.

In the solid state, all of these interactions can make contributions causing spin state

energies to shift resulting in direct manifestation of these interactions in the NMR spec-

tra. For most cases, we can assume the high-field approximation; that is, the Zeeman

interaction and other external magnetic fields are much greater than internal NMR in-

teractions. Correspondingly, these internal interactions can be treated as perturbations

on the Zeeman Hamiltonian,HZ .

All NMR interactions are anisotropic and their three dimensional nature can be de-

scribed by second-rank Cartesian tensors, which are 3 × 3 matrices.

H = I .A.S =

�

Ix I y Iz

�

.
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
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
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
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





(1.3)
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Here Ix , Iy , and Iz refers to the spin angular angular momentum components of spin I

and Sx , Sy , and Sz represent the spin angular momentum components of coupled spin S

for two spin interactions. A is a 3 × 3 matrix representing nuclear spin interactions.

The NMR interaction tensor describes the orientation of an NMR interaction with

respect to the Cartesian axis system of the molecule. These tensors can be diagonalized

to yield tensors that have three principal components which describe the interaction in

its own principal axis system (PAS):

HPAS =

�

Ix I y Iz

�

.
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
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











(1.4)

Such interaction tensors are commonly pictured as ellipsoids or ovaloids, with the

Azz component assigned to the largest principal component.

B0

Azz

Axx

Ayy

B0

Azz

Axx

Ayy

Figure 1.1: Ellipsoid representation of an interaction tensor. The principle axes of the
ellipsoid coincides with the principle axes frame of the interaction tensor.
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Using Cartesian tensors, the spin part of the Hamiltonian (which is the same as in

solution NMR) is separated from the spatial anisotropic dependence, which is described

by the second-rank Cartesian tensor.

All anisotropic NMR interaction Hamiltonians can be expressed by using Eq. 1.3,

where the orientation dependence of the interactions are represented by the second-

rank Cartesian tensors often referred to as coupling tensors.

The scaler coupling Hamiltonian, HJ , that carries the information between spins by

bonded electrons can be represented as,

HJ =
∑

i 6= j

Ii.J .I j (1.5)

Although the magnitude of HJ is small compared to other nuclear spin interactions it

causes the spin-spin splitting in high resolution NMR spectra. Here J represent the scaler

coupling tensor.

Similarly the chemical shift Hamiltonian,HCS, can be described as

HCS = γI .σ.B0 (1.6)

in frequency units, where σ is the chemical shift tensor . This provides the frequency

shift measured in high resolution spectra. γ is the gyromagnetic ratio of the spin I and

B0 represent the externally applied magnetic field.

The dipolar Hamiltonian,HD, again in frequency units can be written as

HD =
∑

i< j

µ0

4π

}hγiγ j

r3
i j

n−→
Ii .
−→
I j − 3(

−→
Ii .êi j)(

−→
I j .êi j)

o

=
∑

i= j

Ii.D.I j (1.7)

where r3
i j is the distance between the two spins i and j and êi j is the unit vector along

−→ri j . D represent the dipolar coupling tensor which describes the strength and orientation

dependence of the dipolar interaction between two coupled spins.

The quadrupolar interaction is slightly different than other nuclear spin interactions
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since it is an interaction between a nuclear electric quadrupole moment and an electric

field gradient rather than an interaction between nuclear dipole moment and a magnetic

field. Nevertheless, the quadrupolar Hamiltonian,HQ, can be expressed in a similar form

to those for the chemical shift or dipolar coupling as

HQ =
eQ

2I(2I − 1)ħh

∑

i

I .V .I (1.8)

where V is the electric field gradient tensor and eQ is the nuclear electric quadrupole

moment.

1.2.1 Quadrupolar Interaction

Quadrupolar nuclei have a spin> 1/2, and an asymmetric distribution of nucleons giving

rise to a non-spherical positive electric charge distribution; this is in contrast to spin-1/2

nuclei, which have a spherical distribution of positive electric charge [10].

Electric field

gradient

Figure 1.2: Comparison of charge distribution between spin-1/2 and spin> 1/2 systems.

The asymmetric charge distribution in the nucleus is described by the nuclear electric
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quadrupole moment, eQ, which is measured in barn [11]. eQ is an instrinsic property of

the nucleus, and is the same regardless of the environment.

Quadrupolar nuclei interact with electric field gradients (EFGs) in the molecule:

EFGs are spatial changes in electric field in the molecule. Like the dipolar interaction,

the quadrupolar interaction is a ground state interaction, but is dependent upon the

distribution of electric point charges in the molecule and resulting EFGs.

Prolate

nucleus

eQ > 0

Oblate

nucleus

eQ < 0

Figure 1.3: Dependence of nuclear electric quadrupolar moment, eQ on the shape of
nucleus.

The electric field gradient (EFG) tensors at the quadrupolar nucleus can be described

by a symmetric traceless tensor, V, which can also be diagonalized:

V =


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




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
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V PAS =


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
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0 Vy y 0

0 0 Vzz


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











(1.9)

where VPAS represent the EFG tensor in its principle axis and Vx x , Vy y and Vzz are the

principal components of the EFG tensors.

The principal components of the EFG tensor are defined such that | Vx x | ¶| Vy y | ¶|

Vzz|. Since the EFG tensor is traceless, isotropic tumbling in solution averages it to zero

(unlike J and σ), i.e. it has no isotropic component. Thus Vzz (= eq) is the anisotropy

of the EFG tensor.

The magnitude of the quadrupolar interaction is given by the nuclear quadrupole

coupling constant:

χQ = eQ.Vzz/h (1.10)

The asymmetry of the quadrupolar interaction is given by the asymmetry parameter,

η = (Vx x - Vy y)/Vzz, where 0 ¶ η ¶ 1 and Vzz= eq. If η = 0, the EFG tensor is axially

symmetric.

For a quadrupolar nucleus in the centre of a spherically symmetric molecule, the

EFGs cancel one another resulting in very small EFGs at the quadrupolar nucleus. As the

spherical symmetry breaks down, the EFGs at the quadrupolar nucleus grow in magni-

tude.

The magnitude of quadrupolar Hamiltonian, HQ, besides being larger than all other

anisotropic NMR Hamiltonians, is often stronger than the radio frequency (rf) fields used

in NMR. Hence for an analysis of quadrupolar spectra, the first two terms in the expan-

sion of HQ are considered: the first-order, H (1)
Q , and second-order, H (2)

Q , following

standard perturbation theory.

The first order quadrupolar interaction, H (1)
Q affects only the satellite transitions (m

−→ m±1, where |m|= 1/2, 3/2, 5/2 etc) causing huge shifts ( of the order of MHz) in
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�

� �
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� � �
�
� Q SQ- (2)

� �
� CQ- (2)

� � �
�
- Q SQ- (2)

m = 3/2

m = 1/2

m = -1/2

m = -3/2

Zeeman Zeeman + quadrupolar

interaction, first order

Zeeman + quadrupolar

interaction, first order and

second order

Figure 1.4: Energy level diagram of spin-3/2 system in presence of zeeman field, first
order quadrupolar interaction and second order quadrupolar interaction.

the energy levels. As a result in the case of integer spins, the observable satellite transi-

tions are broadened extensively making their observations very hard. However the sym-

metric transitions (m −→ -m) are only affected by much smaller second order quadrupo-

lar interactions, H (2)
Q , as a result the observable single quantum transition (+1/2 −→

-1/2) for half integer spin quadrupolar nuclei provides with relatively narrower powder

line shape. Fig 1.3 shows the energy level diagram of spin-3/2 system in presence of

zeeman field, first order quadrupolar interaction and second order quadrupolar interac-

tion with ν (2)CQ and ν (2)SQ denoting the second order quadrupolar frequency of the central

and satellite transitions, respectively.

The quadrupolar frequency νQ in units of Hz or ωQ in units of rad s−1, is given by [9]

νQ =
ωQ

2π
=

3χ

2I(2I − 1)
(1.11)

Hence for I=3/2, νQ= 1/2χ and for I=5/2, νQ= 3/20χ. The first order quadrupolar

interaction scale as νQ whereas the second order quadrupolar interaction scale as
ν2

Q

ν0
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where ν0 represents the Larmor frequency. As a result higher the static magnetic field

higher will be the resolution.

The quadrupolar Hamiltonian described in Eq. (1.5) can be rewritten in terms of

irreducible spherical tensor operators [9,12] is given in Eq. (1.9) as

HQ =
νQ

3

2
∑

k=−2

(−1)kT (2)q V (2)−q (1.12)

where

T (2)0 =

r

1

6
[3I2

z − I(I − 1)]

T (±1)
(2) = Iz I± = I±Iz

T (±2)
(2) = I2

± (1.13)

The quadrupolar coupling tensor in the laboratory frame, V(2)q and in the principle

axis frame, ρ(2)m is related via the Euler angles α,β ,γ as

V (2)q =
k
∑

q′=−k

ρ
(2)

q′
D(2)

q′q
(α,β ,γ) (1.14)

Where D(k)
q′q
(α,β ,γ) represents the Wigner matrix elements [13].

In laboratory frame the quadrupolar interaction can be treated as perturbation to

the external Zeeman field and can be treated as summation of first and second order

quadrupolar terms,

HQ =H
(1)

Q +H (2)
Q

H (1)
Q =

νQ

3
T (2)0 V (2)0 =

hν
′

Q

6
[3I2

z − I(I + 1)]

H (2)
Q =

hν2
Q

9ν0
{2Iz[2I2

z − I(I + 1) +
1

4
]V (2)−1 V (2)1 + Iz[I

2
z − I(I + 1) +

1

2
]V (2)−2 V (2)2 } (1.15)
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Where ν
′

Q is represented as,

ν
′

Q = νQ

�

3 cos2β − 1

2
+
η

2
sin2β cos 2α

�

(1.16)

When in MAS, to transform the PAS of a quadrupolar system to the lab frame, first

one needs to transform the PAS to the rotor frame using proper Wigner matrix D(α,β ,γ)

where the angles α,β ,γ represents the angles relating the PAS to the rotor frame. Then

it is transformed to lab frame using Wigner matrix of the form D(ωrt, θMA, 0) where

ωrt represents the phase obtained by the rotor when spinning at a frequency of ωr at

an angle of θMA (magic angle) with the static magnetic field. Hence the quadrupolar

coupling tensor in laboratory frame, V(2)q may be described as the product of two Wigner

matrices as follows,

V (2)q =
2
∑

m=−2

D(2)mq(ωr t,θMA, 0)
2
∑

n=−2

D(2)nm(α,β ,γ)ρ(2)n . (1.17)

Hence by putting the values of V(2)q in Eq. (1.12) one may obtain the expression for

the symmetric transitions as

νm,−m =
∑

l=0,2,4

ν l
Q(α,β ,γ)Cl(I , m)Pl(cosθMA) (1.18)

Here Pl(cosθMA) is the Legendre polynomial of rank l, and Cl (I, m) are zero-, second-

and fourth-rank (spin) coefficients depending on the spin quantum number I and order

2m of the transition. The expressions for Cl (I, m) can be found in [14] and ν l
Q represent

the orientation dependent second rank and fourth rank frequencies responsible for line

broadening. Eq. (1.18) forms the basis of high resolution Multiple Quantum Magic

Angle Spinning (MQMAS) [14] experiment of which we shall discuss about in the next

section.
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1.3 High Resolution NMR Spectroscopy for Quadrupolar

Nuclei

The MAS spectra of central transitions are only affected by second order quadrupolar in-

teractions. However they still show a significant line broadening as it is evident from Fig.

1.5 and can hardly be considered as high resolution spectra. The reason for line broaden-

ing is clear from Eq. (1.18). The product of the orientation dependent terms containing

both second and fourth rank Legendre polynomials is the source of line broadening.

P2(cosθ) = (3 cos2 θ − 1)

P4(cosθ) = (35cos4 θ − 30cos2 θ + 3) (1.19)

It is evident from above equations and also from Fig. 1.6 that there is no common

root for both of them. Hence a rotor spinning at magic angle ( θMA= 54.740) will only

make P2(cosθ) terms to vanish while the anisotropic contributions of terms containing

P4(cosθ) will remain. This is the reason behind the line broadening of central transition

under MAS.

To achieve high resolution spectra of quadrupolar nuclei one needs to come up with

a method which will make all the anisotropic contributions to go to zero. The first high

resolution spectra for quadrupolar nuclei were achieved by two methods, namely Double

Rotation (DOR) [15] and Dynamic Angle spinning (DAS) [16,17].

1.3.1 Double Rotation

DOR is a one dimensional experiment which involves two rotors, one outer rotor inclined

at an angle of θ1 with respect to the static magnetic field and an inner rotor containing

the sample making an angle of θ2 with the static magnetic field, this allows the simulta-

neous rotation of the sample about two different axes.. The high resolution condition in
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Frequency (kHz)
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� = 0

� = 0.2
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� = 0.6
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Figure 1.5: Powder simulation of central transitions under MAS of a spin-5/2 system
with different asymmetry, η, parameter.
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Figure 1.6: Plot of second and fourth rank Legendre polynomials.

the DOR experiment can be described as follows,

P2(cosθ1)P2(cosθ2) = 0

P4(cosθ1)P4(cosθ2) = 0, (1.20)

and their solutions are either,

{θ1,θ2}= {54.730, 30.560}or

{θ1,θ2}= {54.730, 70.120}. (1.21)

Eq. (1.21) shows the two set of angles at which two rotors must be inclined to

remove the P2(cosθ) and P4(cosθ) spatial terms of second order quadrupolar interac-

tions and achieve a high resolution spectra. Under DOR conditions, all the second-order

quadrupolar coupling is removed, except for its isotropic component, thus leaving a

sharp isotropic peak flanked by a series of sidebands spaced at integer multiples of the



16 Introduction

outer rotor frequency. The isotropic quadrupolar shift (l = 0) is given explicitly as,

ν
(2)
iso =

1

30

ν2
Q

ν0

�

I(I + 1)−
3

4

��

1+
1

3
η2

�

(1.22)

1.3.2 Dynamic Angle Spinning

Dynamic-angle spinning (DAS) is an alternative technique for removing the second-order

quadrupolar coupling. Like DOR, DAS seeks to remove the second-order quadrupolar

coupling by spinning the sample at multiple angles. However, DAS spins sequentially at

two different angles rather than simultaneously. DAS is a two-dimensional (2D) exper-

iment in which the rotor is spun for a time t1 at an angle θ1, then the magnetisation is

stored along the z-axis while the spinner angle is chenged (∼ 30 ms), and finally coher-

ence is transferred back to the central transition with rotor spinning at an angle θ2. The

two rotor axis angles are chosen in such a way that the conditions,

P2(cosθ1) + P2(cosθ2) = 0

P4(cosθ1) + P4(cosθ2) = 0, (1.23)

are satisfied.

One of the simple solutions of the above equation is {θ1,θ2} = { 37.380, 79.190 }.

In fact, there are an infinite number of so-called DAS angle pairs. It is no coincidence

that the angles 37.380, 79.190 correspond to the symmetry of an icosahedron (dodecahe-

dron). Just as MAS corresponds to the dynamic implementation of cubic symmetry [18],

DAS is the dynamic realization of icosahedral symmetry [20].

1.3.3 Multiple Quantum Magic Angle Spinning

Both DAS and DOR are very good techniques for removing the effects of the second-order

quadrupolar coupling in half-integer-spin quadrupolar nuclei. However these methods
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are technically very demanding and are limited by several factors, such as in DOR experi-

ments relatively low spinning rate of the outer rotor produces large number of sidebands.

Similarly DAS experiments are limited by the fact that T1 of the quadrupolar nuclei needs

to be longer than the time taken by the rotor to change its angle. A technically simpler

approach, known as multiple-quantum MAS (MQMAS) [14] capitalizes ingeniously on

multiple-quantum coherence and coherence transfer with a standard MAS probe to re-

moveH (2)
Q .

MQMAS is a 2D experiment where a high-resolution spectrum along the indirect di-

mension is correlated with its corresponding MAS spectrum in the detection dimension.

This is achieved by simultaneously manipulating spin and spatial parts of the quadrupo-

lar Hamiltonian. MAS takes the role of spatial averaging and removes the chemical shift

anisotropy, CSA, the heteronuclear dipolar interactions, and the second rank elements

of the second-order quadrupolar interaction, H (2)
Q . Radiofrequency pulses are used to

manipulate the spin part of the H (2)
Q and remove the anisotropic contributions of the

fourth rank terms. An echo is formed by correlating the symmetric multiple quantum

transitions with central transitions of all the crystallites in a powder simultaneously.

Using Eq. (1.18) the evolution undergone by a -m −→ +m spin coherence after

excitation can be described by a multirank expansion of its phase φ,

φ(m,θ ,α,β , t) = νCS2mt+ν (0)Q C0(I , m)t+ν (2)Q (α,β)C2(I , m)P2(cosθ)t+ν (4)Q (α,β)C2(I , m)P4(cosθ)t.

(1.24)

where θ is the angle of rotation axis with respect to the static magnetic field, B0.

Now in a 2D experiment spin coherences evolve during time t1 and then t2. To

remove all the anisotropic contributions from the phase φ and to obtain high resolution

isotropic peaks following relations need to be satisfied,

ν
(2)
Q (α,β)C2(I , m1)P2(cosθ1)t1+ ν

(2)
Q (α,β)C2(I , m2)P2(cosθ2)t2 = 0
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ν
(2)
Q (α,β)C4(I , m1)P4(cosθ1)t1+ ν

(2)
Q (α,β)C4(I , m2)P4(cosθ2)t2 = 0. (1.25)

Setting θ1 = θ1 = θMA and leaving m1,2 as parameters, the above constraints reduce to

C4(I , m1)t1+ C4(I , m2)t2 = 0 (1.26)

Hence at a time t2 = - C4(I ,m1)
C4(I ,m2)

t1 all the anisotropy are removed and quadrupolar echo is

achieved for all the crystallites. Fig. 1.7 shows the typical two pulse MQMAS sequence

with coherence pathways.

t1 t2

� 1 2 � rec

3QMAS: 1 = 0, 60, 120, 180, 240, 300

2 = 0

rec = 0, 180

+3

+2

+1

0

-3

-2

-1

�

�

�

�

Figure 1.7: Pulse sequence diagram of 2D 3QMAS experiment with the phase cycling.
φ1 and φ2 represent the phases of the excitation and conversion pulses.

Fig. 1.8 is a typical 2D spectrum of 23Na in tri sodium citrate sample using split-t1

variant of MQMAS [21]. The spectrum contains three ridges along the indirect or F1 or

isotropic dimensions indicating three crystallographically non equivalent sites.

1.3.4 Satellite Transition Magic Angle Spinning

In 2000, Gan proposed a new MAS-based method for obtaining high-resolution quadrupo-

lar NMR spectra of solids [19]. This satellite-transition (ST) MAS experiment is similar
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Figure 1.8: 2D 3QMAS spectrum of tri sodium citrate with isotropic projection and cor-
responding anisotropic slices.
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to MQMAS in many ways, yet often yields significantly enhanced sensitivity. Yet so far

it has not attracted the same level of interest as that of MQMAS. The reason behind

that may be its reputation of being a more difficult experiment to perform than MQMAS

since it requires precise setting of magic angle and rotor synchronized data acquisition.

However MQMAS has a very poor sensitivity and the problem often accentuates in real

systems. In such scenarios a method such as STMAS offers significantly improved sensi-

tivity.

The satellite transitions in the spin manifold of quadrupolar nuclei can be efficiently

excited using short radio frequency pulses and directly observed under MAS. At high

magnetic field the effect of first and second order quadrupolar interaction can be ex-

pressed as,

EQ(1)
I ,m =−ωQ

�

I(I + 1)− 3m2
�

m
∑

m=−2

a(1)2,mY2,m(θ ,φ)

EQ(2)
I ,m =

ω2
Q

ωL

∑

l=0,2,4

Cl(I , m)
l
∑

m=−l

a(2)l,mYl,m(θ ,φ) (1.27)

where ωQ is quadrupolar frequency as given in Eq. 1.8 and ωL is the Larmor frequency.

The terms a(1)2,m and a(2)l,m have dependence on the asymmetry factor of the EFG tensor

where as (θ ,φ) denotes the polar angle between the magnetic field and the principle axis

of the EFG tensor. As we have seen the central transition in any half integer quadrupolar

nuclei is independent of the first order quadrupolar interaction where as the satellite

transitions are affected by both EQ(1)
I ,m and EQ(2)

I ,m . Spinning the sample at exactly magic

angle will get rid of the anisotropic effects of the first order quadrupolar interaction

as its anisotropic part has only second rank dependence, Y2,m(θ ,φ). The second order

effect EQ(2)
I ,m contains the isotropic l = 0 and the anisotropic l = 2, 4 terms with the

expansion coefficients
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Cl(I , m) = C (22l, 1− 1) [4I(I + 1)− 8m2− 1]m+ C(22l, 2− 2)[2I(I + 1)− 2m2− 1]m

(1.28)

where C(22l, 1 - 1) and C(22l, 2 - 2) are the Clebsh-Gordon coefficients.

The ratios between the ±3/2 −→ ±1/2 and the central transition frequencies for l

= 0, 2, 4 are given in Ref. [19]. As we have seen in the case of MQMAS that under MAS

the second rank l = 2 terms get averaged out but the fourth rank terms are scaled by

P4(cosθMA) which result in causing line broadening to the central transition lines and the

spinning sidebands from satellite transitions. Again similar to the MQMAS technique the

line broadening can be completely removed by doing the experiment in 2D fashion. The

l = 4 terms between the satellite and central transitions are different only by a scaling

factor, R [19]. Thus the dephasing of time-domain signals is refocused at t2 = Rt1 and

the refocusing leads to an averaging of the remaining l = 4 terms for isotropic spectra.

1.4 Sensitivity Enhancement of NMR Signal

The most pressing problem faced by any solid state NMR spectroscopist is the low sen-

sititvity of the NMR signal. Hence it is of paramount importance to design methods to

manipulate spins within a system in such a way to obtain higher sensitivity. This is more

important in case of quadrupolar systems which more often then not have very poor

intrinsic sensitivity owing to their large quadrupolar moments. Low natural abundance

and low gyromagnetic ratio often add to the problem.

For dilute-spin nuclei, S, in solids, cross-polarization (CP) [6,7] with abundant spins,

I, has become a standard technique for improving the quality of NMR spectra for the S

spins. In this case, the CP experiment involves a transfer of magnetization from the

abundant spins to the dilute spins. To be successful, this experiment requires that the I

and S spins are spin-spin coupled to one another. As well, conventional Hartmann-Hahn
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CP is technically demanding, particularly when the dilute spins have gyromagnetic ratios

that are an order of magnitude or more smaller than the abundant spins. If the dilute

spin is a half-integer quadrupolar nucleus, the lineshape of the central transition also

depends on the contact time used in the CP experiment [22,23].

A different class of experiments that are designed to improve the signal-to-noise

(S/N) of NMR spectra is based on modifying the Boltzmann thermal equilibrium pop-

ulations, by so-called population transfer experiments [24, 25]. Probably, the most im-

portant of these is the insensitive nuclear enhancement by polarization transfer (INEPT)

experiment [24,26] and related experiments that enhance the intensity of the S spins in

isotropic liquids and solids by a factor of up to γI/γS.

In this section we primarily focus on population transfer techniques that have been

used recently to enhance the central NMR transition, 1/2 to -1/2, of half integer spin

quadrupolar nuclei in solids. Enhancement of the signal can be achieved by manipulating

the equilibrium population of different energy levels. According to Boltzmann law the

equilibrium population, at high temperature limit, of a spin state mI of a nucleus I can

be expressed as:

pmI
≈ 1+ 2mI

�

hν0

2kT

�

, (1.29)

where h is Planck’s constant, k is the Boltzmann constant, T is the absolute temperature,

and mI = -I, -I + 1,...., I. This may be rewritten as

pmI
≈ 1+ 2mIδ. (1.30)

The manipulation of nuclear spin population by selective excitation was first intro-

duced by Pound in 1950 [27]. He described the effect of partially saturating one of the

23Na signal in NaNO3 on other transitions. Later Vega and Naor [28] selectively inverted

the populations of the 23Na satellite NMR energy levels in a single crystal of NaNO3 using

amplitude-modulated pulses.
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Figure 1.9: Population distribution of different energy levels of a spin-5/2 system (a)at
equilibrium and (b), (c), (d) under different population altering methods.

There are two methods for altering the population of energy levels. One is to saturate

or to invert the population of two or more energy levels. A schematic representation of

energy levels of a spin-5/2 system with thermal equilibrium population is shown in Fig.

1.9(a). Simultaneous saturation of the satellite transitions equalizes the populations of

all the lower and upper energy levels and, as represented in Fig. 1.9(b), enhances the

signal intensity of the central transition by a factor of (I + 1/2); i.e., 3.0. Differential

signal enhancements of the central transition may result depending on which popula-

tions are inverted and the order in which they are inverted. To achieve the maximum

signal enhancement, 2I, for the central transition of a spin-5/2 nucleus, the populations

associated with the ±5/2 and ±3/2 transitions must be inverted first, followed by those

associated with the ±3/2 and the ±1/2 transitions, as shown in Fig. 1.9(c). Inversion

of the ±3/2 populations with the ±1/2 populations first, followed by an inversion of the

±5/2 and ±3/2 populations will only result in an enhancement of 3.0, as indicated in

Fig. 1.9(d).
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There are many methods for achieving either saturation or inversion of energy lev-

els thereby increasing the sensitivity of the NMR signal. These include Fast Amplitude

Modulated pulses (FAM) [30–32], Double Frequency Sweep (DFS) [33–36], Gaussian

pulses [37], Hyperbolic Secant pulses (HS) [38–41].

1.4.1 Fast Amplitude Modulation

In 1999, Madhu et al. [29] developed a method of using a phase alternating pulse trains

to enhance the transfer of multiple quantum coherence to single quantum coherence

in a MQMAS experiment. They denoted this method as Fast Amplitude Modulation.

Later in 2000, Yao et al. [30] used the same method to enhance the signal of central

transition of 23Na and 87Rb in MAS condition and they obtained an enhancement of 1.7

and 1.9, respectively. This method is also known as Rotor Assisted Population Transfer

(RAPT) since spinning powder samples at magic angle has the effect of sweeping the

satellite transition frequencies to the resonant condition. As shown in Fig. 1.10(b)

FAM pulses can roughly be considered as cosine modulation with ωm as the modulation

frequency. Modulation of this kind is well known to results in side bands at ±ωm again

symmetrically around the carrier frequency. In 2003, Madhu et al. [31] explored the

idea of using two different FAM blocks with two different modulation frequencies for

spin-5/2 systems. A first block with higher modulation frequency and later a second

block with lower modulation frequency. The idea was to first saturate the outer satellites

with FAM of higher modulation frequency then saturate the inner satellites with FAM

block of lower modulation frequency. With this method they reported enhancements of

2.5 and 2.3 for the 27Al and 17O central transition, respectively. We will discuss about

another variant of FAM known as mul tiple FAM or m - FAM in next chapter.
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Figure 1.10: (a) Schematic representation of FAM pulse sequence with a single FAM
block for spin-3/2 system, (b) Cosine modulation of the FAM sequence.

1.4.2 Double Frequency Sweep

It was Kentgens [42] who first applied frequency sweep in modern FT-NMR spectrome-

ters to observe spectra of half-integer quadrupolar nuclei in the solid state. Later Haase

et al. [43–45] used an adiabatic frequency sweep to alter the thermal equilibrium popu-

lations and enhance the central transition of 27Al (I= 5/2) in a single crystal of sapphire.

In 1999 Kentgens applied a time dependent amplitude modulated pulse scheme of the

type depicted in Fig. 1.11 to invert the population of the satellites simultaneously and

named the method as Double Frequency Sweep (DFS). If the rf field strength be ω1 of

the DFS pulses then ω1 will be amplitude modulated within DFS as

ω1 =ω1,max cos

∫
�

ωs +
ω f −ωs

τ
t
�

d t (1.31)

where 0 ¶ t ¶ τ and ω1,max is the amplitude of the modulation. This kind of modu-

lation results in rf irradiation not at carrier frequency ω but simultaneously at ω - ωm

and ω + ωm symmetrically around the carrier frequency, where ωm =
�

ωs +
ω f −ωs

τ
t
�

.

Depending on whether ωs is smaller or bigger than ω f a divergent or convergent DFS
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is resulted, respectively. Applying DFS on 23Na of NaNO3 single crystal they obtained an

enhancement of 3 while for powdered NaNO2 they observed an enhancement of 2.3 and

1.7 in static and MAS condition. Under MAS condition DFS causes enhancement similar

to that expected for saturation of outer satellites i.e., between 1.7 and 2.0 for spin-3/2

nuclei, indicating a mixture of inversion and saturation of the populations.

(a) (b)

90
0

Recycle

Delay
(c)

Figure 1.11: (a) Amplitude profile of converging, (b) diverging DFS scheme, (c)
Schematic diagram of the DFS pulse scheme.

1.4.3 Gaussian Pulse

Grandinetti et al. in 2000 introduced another new variant of RAPT pulse scheme by using

a train of Gaussian pulses with alternating off-resonance frequencies of ±νo f f instead of

the rectangular pulses. This modification helps to do away with the need for rapid

change of phases within the RAPT sequence and also permits larger frequency offsets.

However, this modification performs only slightly better than FAM sequence in terms of

signal enhancement.
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Figure 1.12: Schematic representation of Gaussian pulse sequence.

1.4.4 Hyperbolic Secant Pulse

Another method for altering the population distributions of energy levels is to use broad

band inversion pulses such as hyperbolic secant pulses. Although the use of hyper-

bolic secant pulses is one of the latest additions in the realm of signal enhancements of

quadrupolar nuclei in solid state NMR, this method has its origin in laser spectroscopy

where it was first used by McCall and Hahn [46] in 1969. Later it was used in MRI by

Silver et al. [47] to provide highly selective, low-power π-pulses. The interesting thing

about hyperbolic secant pulses is that its inversion profile is independent of applied rf

field once it is above a certain level [35]. Unlike DFS where phase is kept constant here

the HS pulses are generated by applying modulation on both amplitude, ω1 and phase,

φ1,

ω1 =ω1,maxsech

�

β

�

2t

Tp
− 1

��

(1.32)

φ1 =
λ

β

Tp

2
ln

�

cosh

�

β

�

2t

Tp
− 1

���

+∆ω0 t (1.33)
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where ω1,max is the maximum amplitude of the pulse, Tp is the pulse width, β (=5.3) is

a truncation factor which limits the sech function to 1% of its amplitude, λ is one half

of the band width and ∆ω0 is the offset of the HS pulse from the carrier frequency. The

phase variation results in a frequency sweep, ∆ω (t), over the band width centred at

carrier frequency ∆ω0,

∆ω(t) = λ tanh

�

β

�

2t

Tp
− 1

��

+∆ω0. (1.34)

In contrast to DFS, HS pulses have a nonlinear frequency sweep over the pulse dura-

tion. The inversion profile for an HS pulse using a 29 kHz effective rf field, and a pulse

width of 500 µs shows an inversion bandwidth, BW, of 100 kHz which is much larger

than a rectangular π pulse [48]. Using this sequence Wasylishen et al. have reported an

enhancement of upto 4.1 in the central transition of powder 27Al under MAS in Al(acac)3

sample [40].
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Figure 1.13: (a) Amplitude modulation and (b) Phase modulation of hyperbolic secant
pulse with respect to pulse width Tp in ms.
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1.4.5 Carr-Purcell-Meiboom-Gill Sequence

For quadrupolar systems with large nuclear quadrupolar coupling constant, χQ, static

quadrupolar-echo (QE) [49,50] experiment has been the method of choice for detecting

the rapidly decaying free induction decay (FID) without disturbance from finite receiver

dead time and probe ringing. But for half integer spin quadrupolar nuclei having large

χQ even QE or QE-MAS experiments suffer from low sensitivity and resolution, since the

second-order quadrupolar powder pattern of the central transition can be several kHz

wide. To remedy these problems, while maintaining structural or dynamic information

from the anisotropic interactions, and achieving gain in the signal to noise (S/N) ratio

can be done by implementing Carr-Purcell-Meiboom-Gill [51, 52] series of selective π

pulses.

The CPMG technique is an extension of the Carr-Purcell method [51], which, in

turn, had been introduced to circumvent the effect of molecular diffusion and pulse

imperfections on the measurements of transverse relaxation time T2 via Hahn’s spin

echo. Although initially used for refocusing the inhomogeneous line broadening, the

CPMG sequence can also lessen the homonuclear dipolar broadening in solids. The

CPMG scheme has been adapted to various solid-state NMR experiments involving the

quadrupolar nuclei.

The quadrupolar CPMG [53] method (also known as QCPMG) pulse sequence for

the sensitivity enhancement of quadrupolar echo NMR (QE NMR) is shown in Fig. 1.14.

The pulse sequence has basically three parts, part A is a standard QE sequence with τ2

optimized such that the acquisition starts at the echo maximum. The repeating unit in

part B accomplishes sampling of the spin-echoes generated by the interrupting train of

πy refocusing pulses. The receiver-off periods τ3 and τ4 bracketing the refocusing pulses

serve to protect the receiver from the effects of the πy pulses. Finally, part C extends the

decaying part of the final spin-echo to the free induction decay (FID) to avoid undesired

baseline problems and sinc wiggles upon Fourier transformation. It is noted that the
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Figure 1.14: Schematic representation of CPMG pulse sequence.

flip angles of all pulses correspond to the angles effective for selective operation on the

(-1/2, 1/2) central transition.

Unlike other enhancement schemes discussed thus far QCPMG does not alter the

population of energy levels. This sequence achieves signal gain by refocusing the inho-

mogeneous interactions and splitting the QE spectrum, which would result from sam-

pling of the decaying part of the first echo alone (i.e., part A of the pulse sequence),

into a manifold of sidebands separated by 1/τa. This partition of the powder spectrum

into distinct sidebands leads to a considerable increase in the overall sensitivity of the

experiment. In this and other respects the spin-echoes observed in QCPMG experiments

resemble the rotational echoes observed in magic-angle spinning (MAS) experiments.

CPMG sequence proved to be highly successful as a means to enhance the sensitivity

of second-order broadened quadrupolar nuclei in static [53–55], MAS [56–58], and

MQ-MAS [59–61] experiments.

CPMG method has also been applied extensively in spin-1/2 systems, specially in
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case of 29Si NMR for signal enhancement because its high efficiency in refocusing the

inhomogeneous interactions. We shall discuss more about this aspects of CPMG in the

fifth chapter of the thesis.

1.5 Recoupling Techniques in NMR

It is known that MAS averages out all the interactions of 2nd rank tensor in nature. This

means that interactions such as heteronuclear dipolar coupling, homonuclear dipolar

coupling, and chemical shift anisotropy gets averaged out resulting in a narrow NMR

lines. Though sharp NMR lines is a desirable feature, however in doing so one loses all

the interesting spatial (anisotropic) informations. Hence it is of utmost importance to

design techniques which will bring back one of the interactions averaged out by MAS

while filtering out the others. People have come up with several clever ideas by which

one can successfully bring out one of the interactions while not jeopardising the high

resolution nature of the spectrum.

One of the first successful attempt in this direction was carried out by Waugh and

co-workers when they applied a series repetitive pulses synchronous with the rotor pe-

riod and showed that chemical shift anisotropy (CSA) can be brought back [62]. It was

later that people found out that by applying continuous rf field to one spin species may

restore the effect of the heteronuclear dipolar interaction to a second spin species [63],

which is now known as heteronuclear dipolar recoupling. To achieve this one needs to

maintain rf amplitude such that it is an integer multiple of the rotor period. This con-

dition is known as "rotary resonance". Later Schaefer et al. pointed out that by applying

two strong 1800 pulses at every rotor period one can achieve the same result [64].

This idea later materialized to the designing of highly successful heteronuclear recou-

pling sequence, rotational echo double resonance (REDOR) method [65]. Tycko in 1990

came up with a sequence known as dipolar recoupling at the magic angle (DRAMA)

scheme [66] which recouples the homonuclear dipolar coupling. After this various al-
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ternate methods came up for efficient homonuclear dipolar recoupling such as, radio-

frequency driven recoupling (RFDR) scheme [67], double-quantum homonuclear rotary

resonance (2Q-HORROR) method [68] etc. The HORROR method showed for the first

time that it is possible to achieve highly efficient 2Q excitation in a powder sample.

However HORROR is only possible with coupled spins which have chemical shift differ-

ence. The effort of making this scheme more general ultimately led to the designing of

C7 sequence [69] and this in turn led to the introduction of "symmetry principles" in

designing recoupling sequences by Levitt [70].

The sequences designed based on the symmetry principle take the advantage of the

rotational properties of the spin interactions. In general each spin interaction can be

expressed as the product of its "spatial" part which expresses the transformation of the

spin interaction with respect to the physical rotation of the molecular frame and the

"spin" part which expresses the way spin interaction changes with the rotations of the

nuclear spin polarization. These rotational properties can be summarized in terms of the

rotational ranks listed in table 1.1.

Table 1.1: Components of nuclear spin interactions in the interaction frame of an applied
rf field, in the case of exact magic-angle spinning.

Spin interactions Space rank Space components Spin rank Spin components

Isotropic chemical shift 0 0 1 -1, 0, 1

Chemical shift anisotropy 2 -2, -1, 1, 2 1 -1, 0, 1

J coupling 0 0 0 0

Homonuclear dipolar coupling 2 -2, -1, 1, 2 2 -2, -1, 1, 2

Heteronuclear dipolar coupling 2 -2, -1, 1, 2 1 -1, 0, 1

The interactions which are invariant to particular type of rotations are assigned as

rank 0. Interactions which have the rotational symmetry of a p-orbital in atomic theory

are assigned rank 1. Interactions which have the rotational symmetry of a d-orbital in
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atomic theory are assigned rank 2. If a spin interaction has spatial rank l and spin rank

λ then the physical rotation of the molecular frame induces a mixing of (2l + 1) space

components with m = -l, -l+1, ...., l. Similarly the rotation of nuclear spin polarization

induced by rf pulses causes a mixing of (2λ + 1) spin components with µ = - λ, -λ +

1, ....., λ. Hence in presence of both sample rotation and resonant rf fields any spin

interaction can be regarded as a superposition of (2l + 1) × (2λ + 1) terms.

H Λ =
+l
∑

m=−l

+λ
∑

µ=−λ

H Λ
lmλµ (1.35)

Explicit expressions for the componentsHlmλµ may be found in Ref. [71].

Selective recoupling of a specific interaction is possible by designing pulse sequences

based on the transformation property of that interaction.

1.5.1 Definition of Symmetry Based Sequences

There are two classes of symmetry based recoupling sequences, namely, CNνn and RNνn

[70]. Both CNνn and RNνn sequences are characterized by three symmetry numbers, N,

n, and ν . N is known as the "step number" while n and ν is known as "space winding"

number. By suitably choosing the three symmetry numbers N , n and ν it is possible to

make the pulse sequence to be selective to a specific interaction.

1.5.2 CNνn

A CNνn sequence may be constructed by dividing n rotational period into N equal interval

during which a cyclic rf sequence is applied which implies that the rf sequence induces

a rotation of nuclear spin polarization through an integer multiple of 360◦. The winding

number ν defines the phase difference between the successive cyclic rf elements and is

given by 2πν/N . The sample then undergoes physical rotation (MAS) through n full

rotations at the same time experiences a set of cyclic rf elements, the phases of which
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advances through ν full rotations. A schematic diagram of the sequence with timings is

shown in Fig. 1.15.

To determine whether a spin interaction is symmetry allowed or not to first order is

determined by the following selection rule,

H (1)
lmλµ(tq) = 0

when

mn−µν 6= N Z (1.36)

where Z is any integer [69]. The superscript (1) denotes that the selection rule is valid

only to the first order average Hamiltonian theory [70].

One can take the symmetry sequence C71
2 as an illustrative example where N = 7, n

= 2, and ν = 1. Now let us consider the double quantum dipole-dipole term with { l,

m, λ,µ} = { 2, 1, 2, 2 }. The expression mn− µν yields a value 0, which is an integer

multiple of N = 7. Hence this term is symmetry allowed in the sequence C71
2. Next if we

consider the CSA term { l, m, λ,µ} = { 2, 2, 1, 1 }, the expression mn−µν yields a value

5, which is not an integer multiple of N = 7. Hence the CSA interaction is symmetry

forbidden under C71
2.

It is possible to depict the selection rules by space spin selection diagram, as shown

in Fig. 1.16. It is evident from the diagram that all the CSA terms are suppressed in

case of C71
2 sequence where as two homonuclear dipolar terms are symmetry allowed.

This sequence therefore recouples the DD coupling terms while it suppresses the CSA

terms. Since only dipole-dipole terms with spin quantum number µ = ± 2 are allowed

this sequence results in the generation of CSA compensated double quantum recoupling

sequence [70].

We have successfully made use of Permutationally Offset Stabilized C7 ( POST-C7)

variant of C71
2 sequence together with CPMG method to characterize the zeolite ZSM-5.
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n Complete sample rotations

11 10 2 N ‐ 1

rf cycle

f h i t tirf phase incrementation

Figure 1.15: Construction of a CNνn sequence. The pulse sequence is set up in such a way
that n sample rotations is synchronized with N rf elements. The pulses of consecutive
elements increment in steps of 2πν/N.
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Space Spin Space Spin

m = 2
μ = ‐1
ν = 1

N 7
m = 2

μ = ‐2

ν = 1

N = 7

n = 2

m = 1
μ = 1

N = 7

n = 2 μ = 2 (m, μ) = (1, 2)

m = 1
Het. Dipolar 
coupling

Homo. Dipolar
coupling

μ

Figure 1.16: Space spin selection diagram for C71
2 symmetry sequence.

More about this will be discussed in the fifth chapter of this thesis.

1.5.3 RNνn

Unlike CNνn sequences which has a cyclic basic element, the basic rf element of RNνn

sequence denoted as R consist of a pulse or pulses (composite pulses) that rotates the

nuclear spin polarization through an angle of 180◦ around the x-axis [70]. The element

R is repeated again but changing the signs of the phases of all the pulses within it. This

element is denoted as R
′
. Now the amplitude of the rf field is chosen such that the

duration of R and R
′

denoted as τR is equal to τR = nτr/N where τr = 2π/ωr is the

rotor period and ωr is the angular spinning frequency. Here N is an even integer and n

is any integer. The RNνn sequence can now by developed using N/2 concatenating phase

shifted {RR
′} pairs as follows,

RN ν
n = (R)φ(R

′
)−φ(R)φ(R

′
)−φ.....(R

′
)−φ ≡ {RφR

′

−φ}
N/2
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where the phase shifts are specified by, φ = πν/N , and ν is an integer.

A schematic construction of the sequence is shown in Fig. 1.17.

n Complete sample rotations

11 10 2 N ‐ 1

π Pulse

f h i t ti /Nrf phase incrementation ± πν/N

Figure 1.17: Construction of a RNνn sequence. The pulse sequence is set up in such a way
that n sample rotations is synchronized with N rf elements. The phases of consecutive
elements increment in steps of ±πν/N .

The entire RNνn sequence is consists of N/2 contiguous pairs of RR
′
elements spanning

n rotational periods.

The selection rule for RNνn sequence can be described as,

H (1)
lmλµ(tq) = 0

when

mn−µν 6=
N

2
Zλ (1.37)
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where Zλ denotes any integer with the same parity as that of λ. This implies that if λ is

odd then Zλ is any odd integer and if λ is even then Zλ is any even integer [71]. It is quite

evident from above that RNνn sequences are more restrictive than CNνn sequences [70].

As an illustrative example let us consider R185
2 sequence. Now consider the heteronu-

clear dipolar coupling interaction with {l,λ} = { 2, 1}. Since for this interaction l = 2

there are four m components with m = { -2, -1, 1, 2 } and since λ = 1 there are three

components of µ = { -1, 0, 1 }. For the combinations of {l, m,λ,µ} = { 2, 2, 1, -1} and

{ 2, -2, 1, 1} the selection rule mn− µν yields 9 and -9, both of which are odd integers

of N
2
= 9 and spin rank λ is also odd. Hence these terms are symmetry allowed. If we

now consider homonuclear dipolar coupling interaction with {l,λ} = { 2, 2} it can be

easily found out that no combinations of {l, m,λ,µ} yields an even integer multiple of N
2

= 9. This means that homonuclear dipolar coupling interaction is symmetry forbiddeen

under the application of R185
2 sequence. The results are also diagrammatically shown in

Fig. 1.18.

μ = ‐1

μ = ‐2

m = 2 ν=5 m = 2
N = 18ν = 

5

N = 18Het. Dipolar
coupling n = 2

m = 1
m = 1

Homo. Dipolar
coupling

μ = 1

μ = 2

Figure 1.18: Space spin selection diagram for R185
2 symmetry sequence.
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We have made use of R185
2 symmetry sequence to recouple heteronuclear dipolar

coupling between a spin-1/2 system (1H) and a quadrupolar system with spin-5/2 (17O).

We shall discuss more about this on the fourth chapter of this thesis.

1.6 Conclusions

A brief introduction of NMR was presented with an emphasis on the spectroscopy of

the rigid solids. Various spin interactions were revisited with special emphasis on the

quadrupolar interaction. Various high resolution NMR techniques for quadrupolar nuclei

was discussed next. Then various sensitivity enhancement schemes for quadrupolar

nuclei was outlined.

In the later half of this Chapter, recoupling techniques to selectively bring back spe-

cific nuclear spin interactions were discussed. The particular emphasis was on the irradi-

ation schemes based on the symmetry properties of the internal spin interactions ( CNνn

and RNνn ).

1.7 Description of This Thesis

As the title of the thesis suggests, the work presented here represents the successful

combination of two realms of solid-state NMR spectroscopy, which are the development

of methodologies and application of them in the substances of material importance. This

thesis also presents the use of these two realms of solid-state NMR in both spin-1/2 and

half integer spin quadrupolar nuclei ( I = 3/2, 5/2 ).

The second chapter deals with the designing of an improved sensitivity enhancement

scheme (m-FAM, mul tiple-FAM)for quadrupolar nuclei where FAM pulse pairs and sig-

nal acquisition repeated multiple times before the spin system returns to thermal equi-

librium. It will be shown to perform much better than original FAM sequence both under

MAS and static condition on both spin-3
2

and spin-5
2

systems. It will be further shown
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that the m-FAM scheme is much more robust with respect to experimental parameters

facilitating an easy implementation. Additionally, the multiple version of SW(1/τ)-FAM

will be shown to give better enhancement than SW(1/τ)-FAM. This chapter also consists

of investigations carried out about the reason behind the better performance of multiple

versions of enhancement schemes by doing numerical simulations on the differentially

oriented single crystals under different enhancement schemes.

The third chapter contains experimental demonstration of the application of high

resolution NMR techniques for the characterization and distinguish between all the dif-

ferent polymorphs of Alq3 which is one of the most well known organic light emitting

devices (OLED). This chapter also demonstrates that by using Isodensity Polarisable Con-

tinuum Model (IPCM) for Density Functional Theory (DFT) based quantum chemical

calculation one can more accurately predict the quadrupolar parameters for these kinds

of systems.

The fourth chapter discusses the results obtained when the symmetry sequence was

combined with high-resolution sequences for the quadrupolar nuclei in 2D fashion to

obtain the quadrupolar-dipolar (QD) correlation spectra. Further the possibility of per-

forming three dimensional experiment by combining the high resolution techniques for

quarupolar nuclei and symmetry sequence to simultaneously obtain the dipolar and

quadrupolar informations will be explored. It also contains the results of 2D numeri-

cal simulations done to ascertain the relative orientations of dipolar and quadrupolar

tensors.

The fifth chapter highlights the experimental method developed to enhance the sensi-

tivity of dipolar recoupled 29Si double-quantum magic-angle spinning experiment. Fur-

ther, the applicability of the method will be demonstrated by using it to characterize

catalytically important zeolite ZSM-5.
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Sensitivity Enhancement of the

Central-Transition Signal of

Half-Integer Spin Quadrupolar Nuclei

2.1 Introduction

The potential application of solid-state NMR in the study of quadrupolar nuclei in materi-

als of inorganic, catalytic, and biological importance is well documented [23,72]. How-

ever, due to one or many of the following factors such as, low natural abundance, small

values of gyromagnetic ratios, and large values of quadrupolar interaction constants, the

observable central-transition (CT) single-quantum (SQ) signal in one-dimensional (1D)

experiments is often beset with sensitivity problems even under magic-angle spinning

(MAS). These become more acute when spectra need to be acquired under static con-

ditions. Hence, sensitivity enhancement of solid-state NMR spectra of half-integer spin

quadrupolar nuclei is of utmost importance.

The seminal work of Vega and Naor in 1981 showed that amplitude-modulated

radio-frequency (RF) pulses lead to inversion of populations across the satellite tran-
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sitions giving rise to an enhanced population difference across the central transition and

thereby an enhanced signal intensity in the case of single crystals under static condi-

tions [28]. It may be noted that a similar attempt was made much earlier by Pound

where a saturation of populations across the satellite transitions was shown to effect an

enhanced central-transition signal again for static single crystals [27]. Many different

schemes have been introduced since 1990 for the CT signal enhancement in 1D ex-

periments, notable among them being “dual Q-probe” and frequency-swept adiabatic

passage schemes [43–45], double-frequency sweeps (DFS) [33–36], fast amplitude-

modulated (FAM) pulses [30–32], Gaussian pulse trains [37], and hyperbolic secant

pulses [38–41]. All these modulated RF pulse schemes rearrange the populations across

the satellite transitions, through a combination of both inversion and saturation, lead-

ing to an enhancement of the single-quantum central-transition signal. It may be noted

that the FAM pulses were originally introduced in the context of signal enhancement of

multiple-quantum MAS (MQMAS) experiments [14,29,73,74]. The same pulse scheme

was later termed as rotor assisted population transfer (RAPT) pulses by the group of

Grandinetti [30]. Although it is true that the FAM pulses are most effective under MAS,

certain enhancement could be obtained in static cases as well [75]. Variants of FAM

which generate a frequency sweep by modulating the pulse duration in either a linear

or non-linear way, notated as SW(τ)-FAM and SW(1/τ)-FAM, were found to give good

signal enhancement in the case of static samples [76,77].

A significant addition to these enhancement schemes was made by Kwak et al. where

in they introduced multiple rotor assisted population transfers with Gaussian pulse pairs

[78]. The idea was not just to repeat the Gaussian pulse pairs several times before the

signal acquisition and wait for thermal equilibrium to happen, as also implemented with

other schemes, but to repeat the Gaussian pulse pairs and signal acquisition multiple

times before the spin system returns to thermal equilibrium. This was found to be ben-

eficial as always there is a considerable amount of spin polarisation left in the satellite
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transitions that are not transferred to the central transitions. By repeating the whole

sequence several times within the relaxation time it is ensured that a substantial fraction

of the population in the satellite transitions is converted to central transition. This multi-

ply repeated scheme was shown to give a signal enhancement by a factor of 2.0 or more

compared to implementing it once. This was later shown in the case of DFS scheme as

well [79].

In this chapter we report on similar enhancement obtained with the FAM pulse

scheme and its variants performed multiply, notated as multiple FAM (m-FAM), under

both MAS and static conditions. We further examine the robustness of these schemes

with respect to the MAS frequency νr and the nutation frequency of both the “CT selec-

tive 90o pulse ν90o

nut ” used to create the transverse magnetisation and the FAM and the

m-FAM pulses ν FAM
nut . m-FAM performs much better under both spinning and static con-

ditions. We report also on the signal enhancement obtained by repeating the SW(1/τ)-

FAM scheme for the static case which in turn surpasses the performance of m-FAM.

Investigation behind the probable reason for the higher enhancements for multiple FAM

schemes were also carried out by doing numerical simulations.

Higher signal enhancement and much smaller dependence to the MAS frequency

under spinning and nutation frequency of the FAM pulses for both spinning and static

conditions are some of the desirable features of m-FAM and m-SW(1/τ)-FAM.

2.2 Experimental

All experiments were carried out on a Bruker Avance-500 spectrometer operating at

a field strength of 11.7 T with a Bruker 4 mm triple-resonance probe. Experiments

were performed observing the spin-3/2 23Na resonance of Na2SO4 at a Larmor frequency

of 132.25 MHz and the spin-5/2 27Al resonance of the gibbsite sample at a Larmor

frequency of 130.28 MHz. The quadrupolar coupling constant χ of 23Na in Na2SO4

is 2.6 MHz and asymmetry parameter η is 0.6 [80]. Gibbsite has Al in two different
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environments with χ = 2.0 MHz and η= 0.8 and χ = 4.3 MHz and η= 0.4 [81].

We denote the FAM pulse train consisting of a pulse pair and windows of delays

of equal duration separating them by a concise notation of the form FI
n(τ), where n

corresponds to the total number of pulse pairs in the FAM scheme and τ is the duration

of one FAM block in µs [82]. The Roman numeral in the superscript suggests that FAM-I

is used here. For 23Na (spin I=3/2) the FAM train was of the form FI
18(2.8) and for 27Al

(I=5/2) we used FAM train of the form FI
10(6)FI

12(7) to obtain maximum enhancement.

Two FAM blocks were used for spin-5/2 nuclei with the first one affecting the outer

satellite transition and the second one affecting the inner satellite transition. Figure 1a

shows the pulse scheme employing FAM for signal enhancement in spin-3/2 systems.

The m-FAM scheme has FAM as the basic building block where the optimised FAM

cycle along with the central-transition selective 90o pulse and the acquisition were re-

peated multiple times until maximum enhancement of the signal was obtained. The

pulse scheme is given in Fig. 1b again for spin-3/2 systems. We denote the m-FAM

scheme as FI
n:m (τ)where m in the subscript indicates the number of times FAM and ac-

quisition are repeated. For 23Na (I=3/2) we used m-FAM of the type FI
18:10 (2.8) and

for 27Al (I=5/2) we used m-FAM of the form FI
10:12(6)FI

20:12(7). For rotor synchronised

m-FAM experiments on 27Al we made use of m-FAM of the form FI
10:12(6)FI

20:12(6).

For the spin 3/2 system the nutation frequency of the FAM pulses was 53 kHz and

that for the central-transition selective 90o pulse was 25 kHz. For the spin 5/2 system

the nutation frequency of the FAM pulses was 62 kHz and that for the 90o pulse was 25

kHz. For both the nuclei recycle delay was 2 s.

2.3 Simulation

All the numerical simulations were carried out using SIMPSON simulation package. All

the experimental parameters such as the number of pulses, timings, and field strength

were included in the simulation. The shape for the Hyperbolic Secant pulse, Double
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Frequency Sweep (DFS) pulse and Gaussian Pulse were created within the SIMPSON

input file. Typically the powder averaged spectra were calculated using 4186 crystal

orientations and 5 γ angles. The maximum time step over which the Hamiltonian was

considered time independent was kept at 0.5 µs. The SIMPSON simulations for a powder

of spin-5/2 system using HS pulses of 700 µs took approximately 2 h in a HP XW 4400

workstation. Similarly for the same system the simulation took 1.5 h to finish when DFS

pulses of 400 µs and for Gaussian pulses it took around 1.25 h.

2.4 Results and Discussion

In this section we report the results obtained from numerical simulations using different

enhancement schemes for spin-5/2 system both in powder and single crystal. We also

discuss about the experimental results obtained from the spin-3/2 and spin-5/2 sam-

ples using FAM and m-FAM pulses under both MAS and static conditions. The signal

enhancement factor η reported with the use of FAM schemes is with respect to the signal

obtained with only a single 90o pulse.

2.4.1 Numerical Simulation

All the numerical simulations were carried out on a spin-5/2 system with the quadrupo-

lar coupling constant χ of 3.0 MHz and asymmetry parameter η = 0.2. Simulations

were done for both powder and single crystals. Initially different enhancement schemes

(HS, DFS, Gaussian, FAM) were optimized on powder and the resulting enhancements

are given in the Table 2.1. The simulated powder spectra are given in Fig 2.1.

After this the optimized enhancement schemes were applied on single crystals of the

same spin-5/2 system with same quadrupolar parameters. The orientations which were

considered for the simulations are given in Fig 2.2.
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Figure 2.1: Powder simulation of a spin-5/2 system under different pulse schemes.
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Figure 2.2: Powder orientations considered for the single crystal simulations.
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Table 2.1: Enhancements achieved by numerically simulating different enhancement
schemes.

Enhancement Schemes Enhancements

Hyperbolic Secant 4.1

Double Frequency Sweep 3.7

Gaussian 2.7

Fast Amplitude Modulated 2.5

Fig 2.3 shows that for all the enhancement schemes the enhancements are not uni-

form for all the crystallites rather the enhancements are differential and the enhance-

ments as a matter of fact vary from 1 to the maximum theoretically possible enhance-

ments. Further it was seen (Fig 2.4) that when the spinning speed was varied for a

particular enhancement scheme (FAM) the variation in the enhancements also changes

from one spinning speed to another. In these plots different coloured regions denote dif-

ferent set of orientations. The black region denotes orientations where the euler angle

βMR is fixed at 10o and the euler angle αMR is varied from 0o to 180o. Similarly for the

red region βMR is fixed at 50o, again for blue, wine, olive, purple and grey regions βMR

are fixed at 60o, 90o, 110o, 125o and 170o respectively. For each of these βMR the αMR

is varied from 0o to 180o. The subscripts associated with the euler angles denote that

these euler angles relate molecular frame to rotor frame.

It is well known that under MAS any enhancement scheme can only affect a certain

region of the whole crystallite orientations of the powder. The observation that all the

enhancement schemes affect different crystallite orientations differently under MAS led

us to believe if a enhancement scheme can be designed which can affect large distri-

bution of crystallite orientations within a powder then that scheme has better chance of

achieving more enhancement. Hence we came up with a modification of the FAM scheme

where the optimised FAM cycle along with the central-transition selective 90o pulse and

the acquisition were repeated multiple times (m-FAM). This modification along with the
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Figure 2.3: Enhancements of individual crystallites under different enhancement
schemes.
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Figure 2.4: Enhancements of individual crystallites under FAM scheme.
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normal scheme for spin-3/2 system is shown in Fig 2.5. This modification on the FAM se-

quence enables one to affect different domains of the powder orientations in a spinning

sample more effectively thereby achieving more enhancement.

n

�

�

n m

�

�

90
0

90
0

x x

x x
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Recycle

Delay

Recycle

Delay

Figure 2.5: (a) FAM pulse sequence for spin-3/2 nuclei where n is the loop counter of
the FAM pulse train. (b) m-FAM pulse sequence for spin-3/2 nuclei where m is the total
loop counter of FAM-900-acquisition before the recycle delay. τ is the interpulse delay of
the FAM train.
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2.4.2 NMR of 23Na (I=3/2) in Na2SO4

Table 2.2 shows the results obtained with the application of FAM and m-FAM pulses

observing the 23Na resonance of Na2SO4. It is quite evident that m-FAM outperforms

FAM as seen from Table 2.2.

Table 2.2: Experimental signal enhancement obtained with FAM and m-FAM for 23Na
and 27Al spin systems (quoted with an accuracy of ±5%)

Nucleus Spin FAM Enhancement m-FAM Enhancement
23Na 3/2 1.7 3.3
27Al 5/2 2.1 6.9

To investigate the robustness of the FAM sequences with respect to the nutation fre-

quency of the pulses and the MAS frequency, the signal enhancement factors were noted

for FAM and m-FAM as a function of these variables. Figure 2.6a shows the signal en-

hancement factor for FAM and m-FAM plotted as a function of the nutation frequency of

the FAM pulses, ν FAM
nut . The FAM blocks were optimised for a nutation frequency of 53

kHz. Figure 2.6b shows the signal enhancement factor for FAM and m-FAM plotted as a

function of the nutation frequency of the central-transition selective 90o pulses, ν90o

nut . In

both Figs. 2.6a and 2.6b the respective nutation frequencies were varied from 25 kHz to

95 kHz. Figure 2.6c shows the signal enhancement factor for FAM and m-FAM plotted as

a function of the MAS frequency νr where νr was varied from 6 kHz to 12 kHz in steps

of 1 kHz. The maximum drop in the efficiency of the schemes for the three experimental

variables considered is given in Table 2.3.

It is clearly seen that m-FAM is much superior to and robust than normal FAM for

signal enhancement under MAS conditions.

m-FAM applied on Na2SO4 under static conditions gave a signal enhancement of

a factor of 2.0 compared with a single 90o pulse, whilst regular FAM did not yield any
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Figure 2.6: Signal-enhancement factor for spinning 23Na sample as a function of (a) the
nutation frequency of the FAM pulses ν FAM

nut , (b) the nutation frequency of the 900 pulse
ν90o

nut , and (c) the spinning speed νr . Squares represent the result with m-FAM and circles
represent the result with FAM.

appreciable signal enhancement (data not shown). This aspect will be discussed in detail

in the next Section with reference to the spin-5/2 system.

Table 2.3: Maximum drop in the optimised signal (expressed in terms of %) with FAM
and m-FAM as a function of ν FAM

nut , ν90o

nut , and νr for 23Na (I=3/2).

Variables FAM m-FAM

ν FAM
nut 30.8 10.7

ν90o

nut 11.2 10.6

νr 4.9 1.1

2.4.3 NMR of 27Al (I=5/2) in Gibbsite under MAS

For the spin-5/2 case the performance efficiency of FAM, m-FAM, and rotor-synchronised

m-FAM schemes were investigated observing the 27Al resonance of a sample of gibbsite.
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Figure 2.7 shows the one-dimensional (1D) MAS 27Al spectra of gibbsite acquired at

νr = 10 kHz with a single 90o pulse, multiple 90o pulse (90o pulses were implemented as

in the case of m-FAM scheme), FAM, m-FAM, and rotor-synchronised m-FAM schemes.

Clearly m-FAM performs better than regular FAM with enhancement factors reported

in Table 2.1. It may be noted that the rotor-synchronised m-FAM scheme performs as

well as m-FAM (factor of 6.7 against 6.85 with respect to a single 90o pulse scheme).

Interestingly, the m-90o scheme outperforms regular FAM, whilst m-FAM is still better

by a factor of nearly 2.5 in comparison with m-90o. There are no appreciable line shape

distortions here which were also evident in the case of spin-3/2 system (data not shown).

To investigate the robustness of the FAM sequences with respect to the nutation fre-

quency of the pulses and the MAS rate, the signal enhancement factors were noted for

FAM, m-FAM, and rotor-synchronised m-FAM schemes as a function of these variables.

Figure 2.8a shows the signal enhancement factor for all the schemes plotted as a func-

tion of the nutation RF of the FAM pulses, ν FAM
nut . The FAM blocks were optimised for a

nutation frequency of 53 kHz. Figure 2.8b shows signal enhancement factor for all the

schemes plotted as a function of the nutation frequency of the central-transition selective

90o pulses, ν90o

nut . In both Figs. 2.8a and 2.8b the respective nutation frequencies were

varied from 30 kHz to 95 kHz. Figure 2.8c shows the signal enhancement factor for all

the schemes plotted as a function of the MAS frequency νr where νr was varied from 6

kHz to 12 kHz in steps of 1 kHz. The maximum drop in the efficiency of the schemes for

the three experimental variables considered is given in Table 2.4.

It is clearly seen that m-FAM is much superior to normal FAM and rotor-synchronised

m-FAM in terms of robustness with respect to experimental parameters and could be

easily implemented experimentally.

The signal-enhancement feature of m-FAM can be attributed to the multiple transfer

of population from satellite transitions to central transition before the spin system at-

tains thermal equilibrium. For every such transfer made possible, the central-transition
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Figure 2.7: 27Al NMR spectra of gibbsite with different pulse schemes under MAS. (a)
Single 900 pulse, (b) repetitive 900 pulse m-90o, (c) FAM, (d) rotor synchronised m-FAM,
and (e) m-FAM.
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Figure 2.8: Signal-enhancement factor for spinning 27Al sample as a function of (a) the
nutation frequency of the FAM pulses ν FAM

nut , (b) the nutation frequency of the 900 pulse
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nut , and (c) the spinning speed νr . In a and b squares, circles, and triangles correspond
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Table 2.4: Maximum drop in the optimised signal (expressed in terms of %) with FAM,
m-FAM, and rotor synchronised m-FAM as a function of ν FAM

nut , ν90o

nut , and νr for 27Al
(I=5/2)

Variables FAM m-FAM Rotor Synchronised m-FAM

ν FAM
nut 12.5 8.1 15.4

ν90o

nut 10.5 13.4 20.6

νr 7.5 3 -
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selective 90o pulse acts nearly on a similar range of crystallites accounting for the almost

similar dependence on ν90o

nut of all the schemes. Additional robustness of the m-FAM with

respect to both ν FAM
nut and νr may be attributed to different parts of the powder being

influenced by the FAM pulses as either of these change where then a multiple transfer

of population takes place. In other words, any change in the experimental variable, ei-

ther ν FAM
nut or νr , simply changes the domain of action of the FAM pulses in a powder, but

wherever they act an optimum multiple transfer of population from satellite transition to

central transition is obtained thereby keeping the signal-enhancement factor nearly the

same. If this were true, a rotor-synchronised m-FAM scheme would not be as effective as

the m-FAM scheme as by virtue of rotor synchronisation the FAM pulses can only affect

the same range of crystallites in a powder for all values of ν FAM
nut or ν90o

nut . This would

then lead to a dependence of the rotor-synchronised m-FAM scheme on these variables,

and this is clearly borne out from the experiments as shown in Table 2.4. All the above

arguments are also valid in the earlier discussed case of spin-3/2 system.

2.4.4 NMR of 27Al (I=5/2) in Gibbsite in Static Condition

It has been shown earlier that SW(1/τ)-FAM performs best in static cases with respect to

the simple FAM [77]. Experiments were performed observing 27Al resonance of gibbsite

under static conditions with SW(1/τ)-FAM, m-FAM, and multiple SW(1/τ)-FAM. The

SW(1/τ)-FAM scheme was composed of 12 pulse pairs with the pulse length and the

window duration being the same. The initial pulse duration was 0.4 µs and the final

pulse duration was 7.2 µs. The sweep width was 486 kHz. The nutation frequency of

the FAM pulses was 62 kHz. Both m-FAM and m-SW(1/τ)-FAM schemes were repeated

10 times before the spin system attained thermal equilibrium. Regular FAM pulses were

nearly ineffective in the static case. Compared to a single 90o pulse, SW(1/τ)-FAM gave

a signal enhancement of 2.1. The m-FAM scheme gave a signal enhancement of 5.46

whilst the m-SW(1/τ)-FAM gave a factor of 6.64. Such enhancements could be very
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useful in the NMR of quadrupolar nuclei under static cases.

Figures 2.9a and 2.9b show the signal-enhancement factor obtained with m-FAM,

SW(1/τ)-FAM, and m-SW(1/τ)-FAM as a function of ν FAM
nut and ν90o

nut respectively, with

the former being varied from 30 kHz to 85 kHz and the latter being varied from 25

kHz to 85 kHz. As evident from Figs. 2.9a and b m-FAM and m-SW(1/τ)-FAM show

lesser dependence on ν FAM
nut whilst all the three schemes show a similar dependence on

ν90o

nut . This observation again proves the superior performance of multiple FAM schemes.

The maximum drop in the efficiency of the schemes for the two experimental variables

considered is given in Table 2.5.
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Figure 2.9: Signal-enhancement factor as a function of (a) the nutation frequency of
the FAM pulses ν FAM

nut and (b) the nutation frequency of the 900 pulse ν90o

nut for static
27Al sample. Squares, circles, and triangles represent m-FAM, m-SW(1/τ)-FAM, and
SW(1/τ)-FAM respectively.

From the experiments considered here, m-FAM schemes gave much higher signal

enhancement than FAM both in the spinning and the static case, which was also true be-

tween SW(1/τ)-FAM and m-SW(1/τ)-FAM in the static case where the latter gave much

higher enhancement than the former. This happens as performing FAM and SW(1/τ)-

FAM in a multiple way without allowing the spin system to reach thermal equilibrium
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Table 2.5: Maximum drop in the optimised signal (expressed in terms of %) with
SW(1/τ)-FAM, m-FAM, and m-SW(1/τ)-FAM as a function of ν FAM

nut and ν90o

nut for 27Al
(I=5/2) in static condition.

Variables SW(1/τ)-FAM m-FAM m-SW(1/τ)-FAM

ν FAM
nut 16.1 8.1 6.2

ν90o

nut 3.9 4.3 4.5

transfers a larger part of polarisation from the satellite to the central transition. It is

also observed that m-FAM is quite robust with respect to change in the nutation RF of

the modulation pulses, ν FAM
nut , and the MAS rate, νr , but when the nutation RF of the 90o

pulses, ν90o

nut , was changed m-FAM scheme behaves almost comparably in different nuclei

(23Na and 27Al) and also under different conditions (spinning and static). One can argue

that since the 90o pulse is not a part of the modulation changing the nutation RF of the

90o pulse manifests relatively similarly with FAM and m-FAM under different conditions

and with different nuclei.

2.5 Simulation Programs

In this section the numerical simulation programs are given which were used to simulate

the powder spectrum of a spin-5/2 system under different enhancement schemes.

2.5.1 Hyperbolic Secant

6= powderhs.in

6= Spin-5/2 central-line intensity calculation with Hyperbolic Secant pulses for

6= population inversion of satellites

6= for a powder rotating at the magic angle,

6= submitted to the first- and the second-order
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6= quadrupole interactions.

spinsys {

channels 27Al

nuclei 27Al

quadrupole 1 2 3.0e6 0.2 0 0 0

}

par {

proton−frequency 500e6

spin−rate 10000

sw 1.0e5

np 1600

crystal−file rep2000

gamma−angles 20

start−operator I1z

detect−operator I1c

verbose 1101

variable rf 2000

}

proc hspulse { tau wrfmax phase } {

set fmax 10e3

set dt 2.0

set w [expr 2*3.1416*190000]

set steps [expr int(round($tau/$dt/2))]

set phi0 [expr 180.0*$fmax*$tau/10.6e6]

for {set i−$steps}{$i <$steps}{incri}{

set x [expr cosh(10.6*$dt*$i/$tau)]

set phi [expr $phase + $phi0*log($x)]
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set rf [expr $wrfmax/$x]

set newrf [expr 2.0*$rf*cos($phi+$w*$dt*$i)]

if { $newrf < 0} {

set newrf [expr -$newrf]

set phi [expr $phi + 180]

}

pulse $dt $newrf $phi

}

}

proc pulseq {}{

global par

maxdt 0.2

hspulse 700 9000 0

offset 0

set tsw [expr .083e6/$par(rf)]

pulse $tsw $par(rf) x

acq -y

for {set i1}{$i <$par(np)}{incri}{

delay 10

acq -y

}

}

proc main {}{

global par

set f [fsimpson]

fsave [fsimpson] $par(name).fid

fzerofill $f 4096
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6= f addl b$ f 100

fft $f

fsave $f $par(name).txt -xreim

fsave $f $par(name).spe

funload $f

puts "Larmor frequency (Hz) of 27Al: "

puts [resfreq 27Al $par(proton−frequency)]

}

2.5.2 Double Frequency Sweep

6= powderdfs.in

6= Spin-5/2 central-line intensity calculation with DFS pulses for

6= population inversion of satellites

6= for a powder rotating at the magic angle,

6= submitted to the first- and the second-order

6= quadrupole interactions.

spinsys {

channels 27Al

nuclei 27Al

quadrupole 1 2 3.0e6 0.2 0 0 0

}

par {

proton−frequency 500e6

spin−rate 10000

sw 1.0e5

np 1600

crystal−file rep2000
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gamma−angles 20

start−operator I1z

detect−operator I1c

verbose 1101

variable rf 2000

}

proc dfspulse { tau wrfmax phase} {

set dt 2.0

set steps [expr int(round($tau/$dt))]

for {set i -$steps} {$i <$steps}{incri}{

set x [expr cos(2*3.14*1200e3*$dt*$i-2*3.14*1050e3*$dt*$dt*$i/2*$tau)]

set phi 0

set rf [expr $wrfmax*$x]

if {$r f < 0}{

set rf [expr -$rf]

set phi [expr $phi + 180]

}

pulse $dt $rf $phi

}

}

proc pulseq {}{

global par

maxdt 0.2

dfspulse 200 30000 0

offset 0

set tsw [expr .083e6/$par(rf)]

pulse $tsw $par(rf) x
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acq -y

for { set i 1} {$i <$par(np)}{incri}{

delay 10

acq -y

}

}

proc main {}{

global par

set f [fsimpson]

fsave [fsimpson] $par(name).fid

fzerofill $f 4096

faddlb $f 10 0

fft $f

fsave $f $par(name).txt -xreim

fsave $f $par(name).spe

funload $f

puts "Larmor frequency (Hz) of 27Al: "

puts [ puts [resfreq 27Al $par(proton−frequency)]]

}

2.5.3 Gaussian Pulse

6= powdergs.in

6= Spin-5/2 central-line intensity calculation with Gaussian pulses for

6= population saturation of satellites

6= for a powder rotating at the magic angle,

6= submitted to the first- and the second-order

6= quadrupole interactions.
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spinsys {

channels 27Al

nuclei 27Al

quadrupole 1 2 3.0e6 0.2 0 0 0

}

par {

proton−frequency 500e6

spin−rate 10000

sw 1.0e5

np 1600

crystal−file rep2000

gamma−angles 20

start−operator I1z

detect−operator I1c

verbose 1101

variable rf 2000

}

proc gauss { tau wrfmax phase} {

set dt .2

set w 4.94

set a [expr 619/$w*sqrt(3.1416/2)]

set steps [expr int(round($tau/$dt))]

for { set i -$steps} {$i <$steps}{incri}{

set x [expr {exp(-2*(($dt*$i-$tau)/$w)*(($dt*$i-$tau)/$w))}]

set phi 0

set rf [expr $wrfmax*$a*$x]

pulse $dt $rf $phi
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}

}

proc gauss1 {tau wrfmax phase} {

set dt .2

set w 4.94

set a [expr 619/$w*sqrt(3.1416/2)]

set steps [expr int(round($tau/$dt))]

for { set i -$steps} {$i <$steps}{incri}{

set y [expr {exp(-2*(($dt*$i+$tau)/$w)*(($dt*$i+$tau)/$w))}]

set phi1 0

set newrf [expr $wrfmax*$a*$y]

pulse $dt $newrf $phi1

}

}

proc gauss2 { tau wrfmax phase} {

set dt .2

set w 4.94

set a [expr 619/$w*sqrt(3.1416/2)]

set steps [expr int(round($tau/$dt))]

for { set i -$steps} {$i <$steps}{incri}{

set x [expr {exp(-2*(($dt*$i-$tau)/$w)*(($dt*$i-$tau)/$w))}]

set phi 180

set rf [expr $wrfmax*$a*$x]

pulse $dt $rf $phi

}

}

proc gauss3 {tau wrfmax phase} {
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set dt .2

set w 4.94

set a [expr 619/$w*sqrt(3.1416/2)]

set steps [expr int(round($tau/$dt))]

for { set i -$steps} {$i <$steps}{incri}{

set y [expr {exp(-2*(($dt*$i+$tau)/$w)*(($dt*$i+$tau)/$w))}]

set phi1 180

set newrf [expr $wrfmax*$a*$y]

pulse $dt $newrf $phi1

}

}

proc pulseq {}{

global par

maxdt 1 for { set j 1} {$ j < 2}{incr j}{o f f set220000

gauss 7.49 5000 0

gauss1 7.49 5000 0

offset -220000

gauss2 7.49 5000 0

gauss3 7.49 5000 0

}

offset 0

set tsw [expr .083e6/$par(rf)]

pulse $tsw $par(rf) x

acq -y

for { set i 1} {$i <$par(np)}{incri}{

delay 10

acq -y
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}

}

proc main {}{

global par

set f [fsimpson]

fsave [fsimpson] $par(name).fid

fzerofill $f 4096

faddlb $f 10 0

fft $f

fsave $f $par(name).txt -xreim

fsave $f $par(name).spe

funload $f

puts "Larmor frequency (Hz) of 27Al: "

puts [resfreq 27Al $par(proton−frequency)]

}

2.5.4 Fast Amplitude Modulated (FAM) Pulse

6= powderfam.in

6= Spin-5/2 central-line intensity calculation with FAM pulses for

6= population saturation of satellites

6= for a powder rotating at the magic angle,

6= submitted to the first- and the second-order

6= quadrupole interactions.

spinsys {

channels 27Al

nuclei 27Al

quadrupole 1 2 3.0e6 0.2 0 0 0
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}

par {

proton−frequency 500e6

spin−rate 10000

sw 1.0e5

np 1600

crystal−file rep2000

gamma−angles 20

start−operator I1z

detect−operator I1c

verbose 1101

Variable rf−fam 24000

variable rf 4000

}

proc pulseq {}{

global par

maxdt 1

for { set i 1} {$i < 25}{incri}{

pulse 1 $par(rf−fam) x

delay 1

pulse 1 $par(rf−fam) -x

delay 1

}

for { set j 1} {$ j < 25}{incri}{

pulse 1.4 $par(rf−fam) x

delay 1

pulse 1.4 $par(rf−fam) -x
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delay 1

}

6= matrix set detect elements 3 4

set tsw [expr .083e6/$par(rf)]

pulse $tsw $par(rf) x

acq -y

for { set k 1 } {$k <$par(np)}{incrk}{

delay 10

acq -y

}

}

proc main {}{

global par

set f [fsimpson]

fsave [fsimpson] $par(name).fid

fzerofill $f 4096

faddlb $f 10 0

fft $f

fsave $f $par(name).txt -xreim

fsave $f $par(name).spe

funload $f

puts "Larmor frequency (Hz) of 27Al: "

puts [resfreq 27Al $par(proton−frequency)]

}
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2.6 Conclusions

In this chapter we have described the salient features of m-FAM. It was shown in this

chapter that m-FAM gives better signal enhancement than FAM and is much more ro-

bust to the nutation RF of the FAM pulses and the MAS frequency than FAM. m-FAM

also performs better than SW(1/τ)-FAM in static condition, however, m-SW(1/τ)-FAM

outperforms m-FAM. Both m-SW(1/τ)-FAM and m-FAM show very little dependence on

the change of the nutation frequency of the FAM pulses from the optimised value where

as SW(1/τ)-FAM showed an appreciable amount of dependence. From the results ob-

tained with the simulations on single crystal we expect that the Gaussian pulse pairs,

DFS scheme, and hyperbolic secant pulses also will show the same robustness features

as was shown for FAM when applied in a multiple fashion. It is expected that the ro-

bustness features of these schemes will make the application of these towards sensitivity

enhancement of the spectra of half-integer spin quadrupolar nuclei more routine.





Chapter 3

Characterisation of Different

Polymorphs of Alq3 Using Solid-State

NMR and DFT Calculations

3.1 Introduction

In organic based semiconductor devices, molecular solids of organic molecules are used

in active layers [83]. The properties of amorphous solid thin films can be different

from the properties of isolated molecule, due to interaction among the molecules in

solid state. The properties of amorphous solid thin films are mainly decided at the

molecular level and modulated by intermolecular interactions and other bulk properties.

Hence, it is important to have information about the structure of the organic molecule,

charge distribution on the molecular framework, and intermolecular interactions as they

collectively govern the performance of the device.

Following the experimental demonstration by Tang et al. [84] Tris(8-hydroxyquinolinato)-

aluminium(III), known as Alq3, has become a workhorse material for organic light

emitting devices (OLED) and/or electron transporting material in OLED. Alq3 is an oc-
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Figure 3.1: Meridional and Facial geometrical isomers of Alq3

tahedrally coordinated chelate complex, with an Al3+ ion in the center and three 8-

hydroxyquinolinate ions octahedrally coordinated around it. It has mainly two types of

geometrical isomeric forms, meridional and facial. Brinkmann et al. investigated the

light emitting properties of the isomeric states and the polymorphs of Alq3 and deter-

mined that molecular packing plays a significant role [85]. X-ray diffraction studies

showed that the two crystalline polymorphs of Alq3, α and β forms, are mainly com-

posed of the meridional isomer [85]. Recently a new crystalline phase of Alq3, namely

δ-Alq3, was discovered [86]. It shows blue luminescence which is markedly different

from the meridional isomer which shows green luminescence. The quantum yield is

also higher in the δ-phase. These results suggest that there is a clear correspondence

between the crystal structure of Alq3 and the photoluminescence property. Extensive

studies on the δ-phase of Alq3 have been carried out and it was suggested that δ-Alq3

is composed purely of facial Alq3 [87, 88]. Again in the case of charge carrier transport

in Alq3, intermolecular interactions play the most crucial role [89]. Also, it has been a
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practice to use different dopants in Alq3 emitting layers to obtain desired colours [83].

Such Alq3 systems which accommodate small solvent molecules within its crystal matrix

are in general known as solvated Alq3. It was also reported that the unit crystal struc-

ture and the crystal packing change in Alq3 when it hosts small solvent molecules, which

resulted in a small red shift in the fluorescence spectra [85].

Considering the above stated facts, it becomes important to have insight about the

structure of Alq3 in both the solvated and the unsolvated form and about the intramolec-

ular and intermolecular interactions. Though X-ray diffraction is a powerful tool to

yield insight into the structure of crystalline material, solid-state NMR can be as good

in providing similar information. In addition, solid-state NMR is particularly suitable for

studying disordered or amorphous materials [90–95]. Since Alq3 has an Al3+ ion in the

centre, one can make use of it as a probe to monitor the electronic distribution in the

molecule. 27Al is well suited for solid-state NMR because of its high natural abundance

(100%) and relatively large gyromagnetic ratio. Since 27Al has spin I = 5/2, it pos-

sesses a quadrupolar moment [96]. It is possible to record and analyse solid-state 27Al

MAS NMR spectra, observing the central m=+1/2←→-1/2 magnetic transition under

magic-angle spinning (MAS), which, for well-resolved spectra, exhibits a characteristic

second-order order broadening. High-resolution quadrupolar spectra can be obtained

with two-dimensional (2D) methods such as multiple-quantum MAS (MQMAS) [14].

This can help in identifying the various quadrupolar sites in a system and in obtaining the

quadrupolar parameters [97,100]. The study of quadrupolar parameters with solid-state

NMR can provide a wealth of information about the local environment around quadrupo-

lar nuclei, as the quadrupolar parameters show strong dependence on the neighbouring

electronic environment [96,101].

Octahedral chelate complexes, which are structurally similar to Alq3, were studied by

Schurko and co-workers using one-dimensional (1D) 27Al MAS NMR spectroscopy [102].

They showed that the change of structural environment about the aluminium centres
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can be easily investigated by studying the quadrupolar parameters of 27Al nuclei of the

organic chelate complexes. They also reported how the distortion in the chelate rings

leads to larger value of quadrupolar coupling constant in one of the complexes.

Recently Utz et al. [92, 93] have successfully used 1D MAS 27Al spectroscopy to dif-

ferentiate between the α phase and the δ phase of Alq3 and to characterise the structural

disorder of amorphous Alq3 deposited from vapour phase at different rates. They also

estimated the EFG tensor on the basis of point charge model and predicted the asymme-

try parameters of the α and the δ phase [92]. Kaji et al. have done a similar study by

recording 1D 27Al spectra under static and MAS condition to characterise the α phase,

the δ phase, and the γ phase of Alq3 and also amorphous Alq3 [103]. However unlike

Utz et al. they have used DFT based quantum-chemical calculations to theoretically pre-

dict the value of the asymmetry parameters of the α phase and the γ phase. Their study

suggested that whilst the α phase contains a non axially symmetric isomer both the δ

phase and the γ phase of Alq3 contain an axially symmetric form.

This chapter experimental investigation of three types of Alq3 samples: (a) α phase

(containing the meridional isomer), (b) δ phase (containing the facial isomer), and (c)

solvated phase (containing ethanol in the crystal lattice) using solid-state NMR com-

bined with density functional theory (DFT) [104] based quantum chemical calculation.

We show with MQMAS experiments that in all the polymorphs, 27Al is present in a single

crystallographic site. We further demonstrate that the local environment around 27Al

in solvated phase is different from that in the α phase with the use of both 1D MAS

and 2D MQMAS experiments. We also made use of DMFIT [135] program to model the

1D MAS spectra of all the polymorphs to extract the quadrupolar parameters and we

have compared the results with the previous works. In addition the anisotropic slices

of the peaks in 2D MQMAS spectra were modelled using the DMFIT program to extract

the quadrupolar parameters and isotropic chemical shifts. We further report the result

obtained from DFT based quantum-chemical calculation done on isolated molecule and
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show that the correspondence with the experimental results improve when the calcula-

tion is done under the solvation model.

3.2 Materials and Methods

3.2.1 Preparation of Alq3 and X-ray Diffraction Measurements

Alq3 was prepared from 8-hydroxyquinoline and Al(NO3).9H2O using an aqueous route

by a standard procedure [106]. Briefly the procedure adopted was as follows: 1 g of

aluminium nitrate (Al (NO3)3).9H2O was dissolved in 100 ml of water. The solution was

warmed to 60oC. 1.5 g of 8-hydroxyquinoline was dissolved in a solvent mixture of 20 ml

of water and 4 ml of glacial acetic acid. 8-hydroxyquinoline solution was slowly added

to aluminium nitrate solution. The pH of the resulting solution was then increased to

8 by the addition of ammonia to precipitate Alq3 out. The resulting precipitate was

washed by hot (60oC) water. The bright yellow powder was dried in oven for overnight.

Yield of Alq3 obtained by this method was 95-100% with a melting point > 300oC. This

procedure was adapted from Vogel [107].

Alq3, as prepared, was subjected to train sublimation under vacuum and purified

[106]. Alq3 gets deposited in different temperature zones. The portion which was de-

posited at ∼ 175oC was collected. Powder XRD pattern of the sample matched with

the reported pattern for the α phase of Alq3 [85], which is well established to be the

meridional isomer of Alq3. Fluorescence emission spectra in thin film showed a maxi-

mum at 510 nm (Figure 1). Facial isomer of Alq3 was prepared by thermal annealing

process [108]. A quartz tube with N2 gas flow arrangement at high pressure was used

in the preparation. The temperature of the tube was regulated by a heater coil. Alq3,

purified by train sublimation (containing α and other phases of Alq3), was loaded on

an alumina boat kept inside the chamber. The chamber was flushed with N2 for 2 hrs.

The pressure was kept at 1.5 atm. The temperature of the chamber was increased from
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room temperature to 350oC at the rate of 10oC/min. The temperature was then further

increased to 400oC at the rate of 1oC/min. The system was kept at this temperature for

30 minutes. Temperature of the sample was then brought down to room temperature

rapidly by removing it from the heating zone under continuous flow of N2. A suspension

of the annealed sample was made with acetone (7mg/ml). The suspension was kept

for 24 hours with occasional shaking. The suspension was centrifuged at 13000 r.p.m.

The grayish-white sample obtained at the bottom of the centrifuge tube was dried over

vacuum and kept in glass vials for further study. Powder XRD pattern of the δ phase of

Alq3 matched with the previously reported pattern [87]. Fluorescence emission spectra

in thin film showed a maximum at 468 nm (Figure 1). XRD pattern and fluorescence

spectrum confirmed the sample to be the facial isomer of Alq3. The ethanol solvated

phase was prepared by recrystallising Alq3 from ethanol. Fluorescence emission spectra

in thin film showed a maximum at 510 nm (Figure 1). Powder XRD pattern showed a

close resemblance with the reported solvated phase of the form Alq3 (C6H5Cl)1/2 where

C6H5Cl acts as an inclusion or guest compound within Alq3 crystal [85]. Alq3-ethanol

solvated phase was annealed at ∼ 200oC under nitrogen atmosphere for 2 hrs to re-

move ethanol from the crystal lattice. X-ray powder diffraction data were obtained with

Philips instrument (panalytica) with a Cu Kα (λ= 1.5418Ao) radiation source. Data were

recorded at room temperature in 2θ mode (∆2θ=0.017).

3.2.2 Fluorescence Measurements

Steady-state fluorescence of powdered Alq3 samples was recorded at room temperature

using a Spex Fluorolog fluorimeter. The excitation wavelength was 340 nm and scanned

at a step of 1 nm.



3.2. Materials and Methods 79

10 15 20 25 30 35 40 45 50

0

30

60

90

0

10

20

30

0

10

20

30

A l q
3

w i t h e t h a n o l

A l q
3

a f t e r r e m o v a l o f e t h a n o l

M e r i d i o n a l A l q
3

a

b

c

In
te

n
si

ty
/

a.
u

.
In

te
n

si
ty

/
a.

u
.

In
te

n
si

ty
/

a.
u

.

2� /
0

Figure 3.2: XRD data of (a) solvated Alq3, (b) after the removal of ethanol, and (c) the
α-phase of Alq3 (meridional).
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Figure 3.3: The fluorescence emission spectra of a thin film of the α-phase of Alq3

(meridional), the δ-phase of Alq3 (facial), and the solvated Alq3 containing ethanol.
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3.2.3 Thermo-Gravimetric Measurements

Thermo-gravimetric analysis (TGA) and differential thermal analysis (DTA) were per-

formed with a NETZSCH instrument. The temperature was varied at 5 K/min under

nitrogen atmosphere.
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Figure 3.4: Thermo-gravimetric analysis (TGA) and differential thermal analysis (DTA)
plots of solvated Alq3 containing ethanol.

3.2.4 NMR Experiments

All NMR experiments were carried out on a Bruker Avance 500 MHz spectrometer op-

erating at a field strength of 11.7 T with a Bruker 4 mm triple-resonance probe. Ex-

periments were performed observing the central transition of 27Al (I=5/2) resonance of

the different forms of Alq3 sample at a Larmor frequency of 130.28 MHz. Magic-angle

spinning was performed at 10 kHz. The nutation frequency of the excitation pulse for

the 1D MAS experiments was 120 kHz. For the 2D experiments the split-t1 sequence
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proposed by Brown and Wimperis was used [21]. A nutation frequency of 80 kHz was

applied for excitation and conversion pulses. The echo time was 2.5 ms. The pulse width

of the selective 180o pulse was 27.8 µs. Further experimental details are given in the

figure captions of Figs. 3.5, 3.6, 3.7, and 3.8. The chemical shifts were referenced to

aqueous 1M AlCl3 solution.
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Figure 3.5: Split-t1 3QMAS pulse scheme with coherence pathways applicable for spin-
5/2 systems according to Ref. [21]. φ1, φ2, and φ3 are the phases of the excitation,
reconversion and the selective π pulses.

The isotropic quadrupolar shifts from the MQMAS spectra, ν iso
Q , were calculated using

the method given in Ref. [97]. In all the experiments swept-frequency two pulse phase

modulation (SW f -TPPM) [131] heteronuclear dipolar scheme was applied to remove

the 1H-27Al dipolar couplings [99].

3.2.5 Computation

Density functional theory (DFT) was used in all the quantum-chemical calculations us-

ing Gaussian 03 [109]. The DFT method used here is based on hybrid B3LYP functional.
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The geometry optimisation of Alq3 (both the facial and the meridional isomer) was done

using 6-31G(d) basis set for all the atoms. The gas phase geometry optimised struc-

ture was used to calculate the electric field gradients (EFG). The EFG calculation was

done using DFT with B3LYP functional. 6-31G(d) basis functions for C, H atoms and

6-311+G(3df) basis set for Al, N and O atoms were taken during the calculation. The

more diffused basis sets were used for Al, N, and O due to our interest in the quadrupo-

lar parameters at the Al center of Alq3. The calculated values are given in Table 3.3. In

organic powder/thin-film samples the organic molecule can be considered as solvated

by the molecules of its own type. Hence, it is more realistic to take solid “solvation” into

account whilst doing the EFG calculation for the molecules in thin films. For this, the

isodensity polarisable continuum model (IPCM) provides an efficient way to consider the

solvent effect as it defines the molecular cavity as a contour surface of constant electron

probability density of the molecule [110]. This method has as its basis Onsager reaction

field model [111]. In Onsager model the solvent is simply a continuous unstructured

dielectric with a given dielectric constant surrounding a solute embedded in spherical

cavity. This model was improved in polarizable continuum model (PCM) [112] where

the solute cavity was constructed by a set of overlapping spheres where the spheres can

be placed on individual atoms of the solute molecule and a more realistic cavity shape

can be generated. The model was further improved in IPCM where a cavity can be

defined based upon an isosurface of the total electron density. The shape of the cav-

ity is then derived uniquely from the electronic environment which is surrounded by a

continuum dielectric medium.

The isotropic polarisability (α) and molar volume (M/ ρ) of meridional and fa-

cial isomers were estimated from their corresponding geometry optimized structures

obtained using the DFT method (B3LYP/6-31G (d)). The values of isotropic polaris-

ability and molar volume were used to theoretically determine the values of dielectric

constants, ε, for facial and meridional isomers using Clausius-Massoti equation [113]:



3.3. NMR and XRD of Isomeric Forms of Alq3 83

ε− 1

ε+ 2
= 4πρNAα/3M

Our theoretical calculation of dielectric constants, ε, for facial and meridional isomers

came out to be 2.62 and 2.69 respectively. The NA in the above equation represents the

Avogadro number.

The experimentally determined value of ε for thin film, which predominantly con-

tains the meridional isomer, was found to be 3.0±0.3 [114]. As the theoretically pre-

dicted values of ε for both the isomers were nearly the same, the experimentally deter-

mined value of ε for thin film was used in the IPCM calculation for both the isomers.

The levels of basis functions were the same for both the gas phase and the solid solvated

phase.

3.3 NMR and XRD of Isomeric Forms of Alq3

Figure 3.4 a shows the comparison between the experimental 1D spectra of the α-phase

and 3.4 b shows the δ-phase of Alq3 with the theoretical line generated using the DMFIT

program which gave the quadrupolar coupling constant (χ) in MHz, the asymmetry

parameter (ηQ), and the average value of isotropic shift which is a combination of both

the isotropic chemical shift (δiso) and the isotropic quadrupolar shift (ν iso
Q ). The isotropic

chemical shift δcs in ppm for p-quantum coherence can be evaluated by [97],

δ(p) =−[δcsp+ ν
iso
Q (p)/ν0]

where ν iso
Q is isotropic qudrupolar shift, the expression of which is given in Ref. [19] and

ν0 is the Larmor frequency of the nuclei.

The quadrupolar parameters obtained from the 1D spectra (Table 3.1) conclusively

prove that Al+3 ion is situated in an axially symmetric environment in the δ-phase whilst

it is in a non-axially symmetric environment in the α-phase of Alq3. (A low asymmetry
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Figure 3.6: 1D 27Al spectra of different modifications of Alq3 under MAS. Experimental
data (black) and fitted spectra (red) of (a) α-Alq3, (b) δ-Alq3, (c) solvated Alq3, and (d)
solvated Alq3 after the removal of ethyl alcohol.
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value generally signifies axial symmetry and a high asymmetry value denotes otherwise.)

This agrees well with the previously reported results [92,93,103]. Figs. 3.4 c and d show

the 1D spectrum of solvated Alq3 before and after removal of the ethanol respectively

along with the fitted lines. The 1D spectra of the α-phase of Alq3, the δ-phase of Alq3,

and the solvated Alq3 have distinctly different second-order quadrupolar broadened line

shapes. The quadrupolar parameters obtained using the DMFIT program also show

significant difference between the α-phase and the solvated Alq3, which clearly suggests

that the introduction of an ethanol molecule inside the Alq3 matrix changes the local

environment around Al+3 in the centre. Further, the line shape of the apohost Alq3 (i.e,

after the removal of ethanol from the solvated phase) has similar features to that of the

α-phase of Alq3 which is also evident from their nearly similar quadrupolar parameters

(Table 3.1). The uncertainties in the values of χ, ηQ, and δiso were estimated by visual

comparison of experimental and modelled spectra by employing small changes in the

parameters and observing the matching of modelled spectra with the experimental ones.

Table 3.1: 27Al quadrupolar parameters obtained from 1D MAS experiments using the
DMFIT program.

Isomer δCS(ppm) ηQ Cq/MHz

α- Alq3 55.4±1.0 0.80±0.04 7.0±0.1

δ- Alq3 43.6±1.0 0.18±0.03 4.9±0.1

Solvated Alq3 50.5±1.0 0.62±0.04 6.4±0.1

Solvated Alq3 after removal of ethanol 55.1±2.0 0.85±0.05 6.5±0.3

Figs. 3.5, 3.6, 3.7, and 3.8 show the 2D 3QMAS spectrum of the α phase, the δ

phase, and the solvated phase before and after the removal of ethanol respectively of

Alq3. Sidebands appear along the F1 dimension of the 2D spectra as the t1 increments

were not synchronised with the MAS rotor period. The isotropic spectrum is obtained

from a projection on to F1 which in all cases consists of only a single resonance. This
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indicates that all the phases studied here have 27Al in an unique crystallographic site.

The cross section extracted along the ridge line shape parallel to the F2 axis was fitted

using the DMFIT program. From the fit the quadrupolar parameters were extracted and

are given in Table 3.2. Figure 3.9 shows a comparison of the 2D MQMAS experimental

anisotropic slice with the theoretical line generated using the DMFIT program. Since

the DMFIT program gives the model spectrum of a site under ideal excitation, there

will be some difference in the line shapes of the model and the experimental spectra,

nevertheless the procedure for the model calculation is quite robust and gives fairly

accurate results [135].
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Figure 3.7: (a) 2D 3QMAS spectra of meridional Alq3 (α-phase). The optimised ex-
citation pulse and conversion pulse lengths were 3.8 µs and 1.8 µs. A total of 64 t1

increments was taken with 10 µs of dwell time with 288 transients per increment. The
recycling delay was 1 s. Total experiment time was 5 hours. (b) The anisotropic slice
along the direction parallel to the F2 dimension. (c) The isotropic projection along the
F1 dimension.

The quadrupolar parameters in Table 3.1 and Table 3.2 indicate that the α phase of

Alq3 contains only the meridional isomer as reported from the XRD study [85] and the δ

phase of Alq3 is composed of purely facial isomer as reported from the XRD study [87].

From Figs. 3.7 and 3.8, it can be observed that the isotropic projection for solvated

Alq3 is much narrower compared to the α-phase, the δ phase, and the solvated Alq3
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Figure 3.8: (a) 2D 3QMAS spectra of facial Alq3 (δ-phase). The optimised excitation
pulse and conversion pulse lengths were 4.4 µs and 1.9 µs. Rest of the experimental
parameters are as in Figure 3. (b) The anisotropic slice along the direction parallel to
the F2 dimension. (c) The isotropic projection along the F1 dimension.

from which ethanol was removed. It is well known that chemical and/or rotational

exchange processes can influence the powder patterns of half-integer spin quadrupolar

nuclei [115]. In general, the higher the rate and symmetry of the exchange process the

narrower will be the line width. Hence, the reason for the narrowing down of isotropic

projection of solvated Alq3 could be due to the high mobility of the quinoline ligands

between chemically equivalent orientations around the 27Al site due to the introduction

of ethanol into the crystal structure. Also it was observed that the shape of the cross

section extracted along the F2 dimension of the solvated Alq3 is completely different

from that of the α-phase of Alq3 which was earlier indicated by their 1D MAS spectra

as well. This also clearly indicates that the local electronic environment around the 27Al

centre undergoes significant change upon the introduction of ethanol into the matrix.

Similar results were reported by Brinkmann et al. [85] where they showed that the unit

crystal structure of the α-phase (triclinic) is different from that of a solvated phase of the

form Alq3(C6H5Cl)1/2 (monoclinic). On the other hand the fluorescence emission spectra

(Fig. 3.1) interestingly show practically no difference between the α-form (meridional)
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of Alq3 and the solvated Alq3 containing ethyl alcohol. It shows fluorescence in Alq3 is

determined at molecular level and hardly influenced by molecular packing.
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Figure 3.9: (a) 2D 3QMAS spectra of solvated Alq3 (containing ethanol). Optimised
excitation and conversion pulse lengths were 4.6 µs and 2.5 µs. A total of 192 t1 incre-
ments was taken with 8 µs of dwell time with 96 transients per increment. The recycling
dealy was 1 s. Total experiment time was 5 hours 18 mins. (b) The anisotropic slice
along the direction parallel to the F2 dimension. (c) The isotropic projection along the
F1 dimension.

It was further observed that the shape of the anisotropic slice of the apohost Alq3

has remarkable resemblance to that of the α-phase. However, the isotropic projection is

broader in the apohost form compared to the later. In a recent study on the polymor-

phism of a hexa-substituted benzene derivative, Hexakis (4-cyanophenyloxy) benzene,

it was suggested that one can get four different polymorphic forms of the above men-

tioned compound when crystallising it from melt [116]. It can be argued qualitatively

that removal of ethanol from the solvated Alq3 is akin to the process of crystallising

from melt, as the number of ethanol molecules existing per unit Alq3 to solvate it is very

small. Therefore it is possible that more than one polymorph may appear from the re-

crystallisation process giving rise to a distribution of NMR parameters resulting in the

broadening of the ridges in the 3QMAS experiments.
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Figure 3.10: (a) 2D 3QMAS spectra of solvated Alq3 after the removal of ethanol. Opti-
mised excitation and conversion pulse lengths were 3.8 µs and 1.8 µs. A total of 60 t1

increments was taken with 5 µs of dwell time with 576 transients per increment. The
recycling dealy was 1s. Total experiment time was 9 hours 42 mins. (b) The anisotropic
slice along the direction parallel to the F2 dimension. (c) The isotropic projection along
the F1 dimension.

Table 3.2: 27Al quadrupolar parameters obtained from 2D MQMAS experiments using
the DMFIT program.

Isomer δCS(ppm) ηQ Cq/MHz

α- Alq3 54.7±1.0 0.85±0.04 6.9±0.1

δ- Alq3 43.1±1.0 0.15±0.03 5.1±0.1

Solvated Alq3 50.4±1.0 0.60±0.04 6.4±0.1

Solvated Alq3 after removal of ethanol 55.0±2.0 0.81±0.04 6.9±0.3
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Figure 3.11: Comparison between 2D MQMAS (black) and fitted (red) line shapes for
(a) meridional (α-phase), (b) facial (δ-phase), (c) solvated Alq3 containing ethanol, and
(d) after the removal of ethanol from the solvated Alq3.
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The quadrupolar parameters obtained for the α-phase of Alq3 and the apohost Alq3

are similar to each other indicating a similar environment around 27Al in the two forms.

Similar observations were also made from the XRD analysis, Figure 3.2, where the sol-

vated form of Alq3 containing ethanol has distinctly different feature from that of the

α-phase. However, when the ethanol was removed from the solvated phase it gave XRD

feature similar to that of the α-phase.

Figure 3.3 shows the data from the thermo gravimetric analysis of the solvated phase

indicating a mass loss of 9.4 % at 140oC which corresponds to loss of one molecule

of ethanol from Alq3(C2H5OH)1. It should be noted that Mq3 where M is a trivalent

metal can host small molecules in its solvated phase [85]. The removal of ethanol at a

temperature higher than its boiling point confirms its participation in the crystal lattice.

Though ethanol is not chemically bonded to Alq3 its presence within the lattice affects

the electronic distribution around Al and as a result the quadrupolar parameters of the

solvated phase are different from either the α or the δ phase.

3.4 Quantum-Chemical Calculation

Quantum-chemical calculations yield principal components of EFG tensor, qii, in atomic

unit, with |qzz |≥|qy y |≥|qx x |. The calculated qii values were used to obtain the quadrupo-

lar parameters manually [100],

χ = e2Qqzz/h

ηQ =| (qy y − qx x)/qzz |, 0≤ ηQ ≤ 1

where Q is the quadrupolar moment of 27Al nuclei. The atomic Q(27Al) value is 14.66×10−30m2

[117]. The calculated values of quadrupolar parameters are tabulated in Table 3.3.

DFT calculation of EFG principal values were done for isolated Alq3 molecule. The

asymmetry parameter ηQ obtained for the α-form was 0.77 while ηQ for the δ-phase of

Alq3 came to be 0.03. Previously Kaji et al. [103] also did similar kind of DFT calculations
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where they predicted that the ηQ values for the α-form and the γ form of Alq3 are 0.72

and 0.0 respectively. They also reported that the DFT calculation for the δ-phase yielded

inconsistent results. Utz et al. [93] carried out a simple calculation for the estimation of

EFG tensor on the basis of the assumption that the EFG tensor is determined by three

point charges of -e at the oxygen sites. However, the values of ηQ predicted by this model

(0.91 for meridional and 0.26 for facial) overshoot the experimental values obtained by

us for both the isomers.

Here we make use of a model for DFT calculation where molecules are considered

under the influence of a continuum dielectric medium (IPC model) which is a more

realistic situation. Under this model it is observed that the theoretically predicted values

(ηQ=0.81 for meridional and ηQ=0.10 for facial) show a relatively good agreement

with the experimental values. In the case of solvated Alq3, it was not possible to take a

suitable model for the DFT calculation.

Table 3.3: 27Al quadrupolar parameters obtained from DFT quantum chemical calcula-
tion under isolated molecule and isodensity polarisable continuum model (IPCM).

Model Isomer δCS(ppm) ηQ Cq/MHz

Isolated Molecule α- Alq3 - 0.77 7.7

δ-Alq3 - 0.03 7.0

IPCM α-Alq3 - 0.81 7.2

δ-Alq3 - 0.10 5.8

3.5 Temperature Dependent Study of Solvated Alq3

Temperature dependent study was carried out on solvated Alq3 in order to ascertain

whether the different quadrupolar parameters exhibited by it is solely due to the pres-

ence of ethanol in the crystal matrix. The temperature was varied from room tempera-
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ture to 140oC. The sample was packed in 4 mm rotor with a ceramic cap so that the cap

does not melt at higher temperature and a steady spinning rate can be maintained. After

that the temperature of the sample was increased from 25oC to 140oC at an increment of

10oC by using the bearing gas. The temperature of the bearing gas was controlled using

a heater. At each temperature the 27Al 1D MAS and 2D 3QMAS spectra was recorded.

Here the results obtained at three three different temperature namely at 25oC, 80oC and

at 140oC (Fig 3.10) are shown. It was observed that at 80oC which is the boiling point

of ethanol the anisotropic lineshape of the 2D 3QMAS spectrum remains similar to that

at room temperature. Clear change of lineshape occurs at a temperature of 140oC at

which it is known that ethanol comes out of the crystal matrix. At this temperature the

anisotropic line shape closely matches with that of the α form of Alq3.

Here it is observed that as soon as ethanol is removed from the crystal matrix the

anisotropic line shape of the solvated Alq3 changes and the quadrupolar parameters

become similar to that of the α form of Alq3. Hence it can be concluded that the differ-

ential value in the quadrupolar parameters of the solvated Alq3 is due to the presence of

ethanol in the crystal matrix.

3.6 Conclusions

We have done 1D MAS and 2D MQMAS experiments to obtain high resolution spec-

tra of meridional (α-phase) and facial (δ-phase) isomers of Alq3. We have predicted

the quadrupolar parameters from 1D MAS spectra using the DMFIT program. The 2D

MQMAS experiments have shown that all the different modifications of Alq3 have 27Al

in single unique crystallographic site which is evident from the single resonance lines

along F1 dimension. The quadrupolar parameters were also predicted using DFT calcu-

lation under isolated molecule assumption and also under the IPC model. It is shown

that the theoretically calculated values of quadrupolar parameters improve and come

close to the experimentally obtained values when calculations are done under the IPC
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Figure 3.12: 2D 3QMAS spectra of solvated Alq3 at different temperatures. (a) 2D
3QMAS spectrum at 25oC, (b) corresponding anisotropic projection, (c) 2D 3QMAS
spectrum at 80oC, (d) corresponding anisotropic projection, (e) 2D 3QMAS spectrum
at 140oC, (f) corresponding anisotropic projection.
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model where an Alq3 molecule is assumed to be solvated in a surrounding of similar

Alq3 molecules, which is the closest to the actual situation. We have also shown using

solid-state NMR that the solvated phase of Alq3 containing ethanol has structural differ-

ence from the α-phase of Alq3 (containing meridional isomer). This was also confirmed

by the XRD features, though the fluorescence spectra did not show any significant dif-

ference between them which again reaffirms the fact that fluorescence is determined at

molecular level in Alq3 and does not depend on crystal structure. Further it was shown

that the isotropic projection of the solvated Alq3 is much narrower than all the other

polymorphs, which could be due to dynamic exchange processes. It was also shown us-

ing Thermo Gravimetric Analysis that there exists one ethanol molecule per Alq3 in the

solvated form. We have also shown that after the removal of ethanol the solvated Alq3

becomes structurally similar to the α-phase of Alq3. However, due to the possible intro-

duction of more than one polymorph during re-crystallisation, broader ridges appear in

the 2D 3QMAS spectrum of the apohost Alq3. It can be seen that solid-state NMR can be

used as an effective complementary tool to XRD for characterisation and structural elu-

cidation. We have further demonstrated that more realistic approach to the calculation

of EFG tensor would be to consider the solvation model (IPC model) where it is assumed

that the molecule is placed inside a cavity surrounded by a continuum dielectric with

dielectric constant of that of the molecule.





Chapter 4

Technique for Simultaneous Extraction

of Dipolar and Quadrupolar Parameters

4.1 Introduction

Interest in 17O (I=5/2) NMR has increased markedly in the last few years, particularly

for characterizing amorphous inorganic oxide gels [119] and in the measurement of

hydroxyl groups and water molecules in peptides and biological samples [120]. 17O

(I=5/2) NMR has also been applied to the study of zeolites [121], glasses [122], and

membrane bound proteins [123]. The study of 1H-17O pairs is of particular interest for

the investigation of hydrogen bonded systems since the 17O quadrupolar interaction is

sensitive to any perturbation in the local environment [124]. Knowledge of the local

environment is extremely valuable and correlation of the quadrupole and dipole infor-

mation of OH groups provides useful insight into structure. It was Linder et al. [125]

who first explored the possibility of correlating the quadrupolar and dipolar tensor. Later

the groups of Van Eck [126] and Levitt [127] have successfully demonstrated the corre-

lation of dipolar and quadrupolar tensor.

Although the magnitude of 1H-17O dipolar coupling of directly bonded hydroxyl

groups is quite large (of the order of 15 kHz) it is difficult to observe them directly be-
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cause of the presence of large second order quadrupolar broadening of the order of sev-

eral kHz associated with the central 17O transition. The problem is further accentuated

by the presence of 1H- 1H homo nuclear dipolar coupling. Earlier E. R. H. Van Eck and

M. E. Smith [126] successfully resolved the 1H-17O dipolar coupling in static condition

using Hartman-Hahn cross polarization [128] from 1H to 17O and Lee-Goldberg [129]

decoupling in order to reduce the effect of 1H- 1H homo nuclear dipolar coupling. They

also performed two dimensional 17O quadrupole separated local field experiments in

order to obtain the relative orientation of the 17O quadrupole and OH dipole tensors.

Later Jacco D. van Beek et al. [127] showed that the 1H-17O dipolar coupling can be

resolved in MAS condition by using spin echo sequence on 17O and symmetry sequence

[70] of the type RNνn on proton to selectively reintroduce 1H-17O heteronuclear dipolar

coupling while decoupling 1H- 1H homo nuclear dipolar coupling. They further predicted

the relative orientation of dipolar and quadrupolar tensor using computer simulation.

However in all these studies one could only predict experimentally the dipolar in-

formation between 1H-17O pair. Simultaneous extraction of quadrupolar and dipolar

information could not be possible with the schemes described above. One way to ob-

tain both dipolar and quadrupolar information is to combine high-resolution sequences

for the quadrupolar nuclei with the dipolar recoupling sequence in a 3D fashion such

that one of the 2D planes of the 3D experiment will give high resolution spectrum for

quadrupolar nuclei while the other 2D plane will provide corresponding quadrupolar-

dipolar (QD) correlation spectrum.

In this chapter we show the results obtained when the symmetry sequence was com-

bined with high-resolution sequences for the quadrupolar nuclei such as Satellite Tran-

sition Magic Angle Spin (STMAS) [19] and Multiple Quantum MAS (MQMAS) [130]

sequences. Here we have also explored the possibility of performing three dimensional

experiment by combining the STMAS and symmetry sequence to simultaneously obtain

the dipolar and quadrupolar informations. From the 3D experiment we extracted the
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quadrupolar informations and used them in the simulation of dipolar evolution. From

the simulation of dipolar evolution the dipolar coupling constant and the bond length

was estimated . Further we performed two dimensional numerical simulations with

the previously estimated dipolar coupling constant to predict the relative orientation of

dipolar tensor with respect to the quadrupolar tensor.

4.2 Experimental

17O NMR experiments were performed on Bruker Avance 500 NMR spectrometer equipped

with standard Bruker double-tuned MAS probes with 2.5 mm zirconia rotors. All exper-

iments were carried out at 16 kHz MAS at room temperature. Symmetry sequence [70]

of the type R185
2 was applied on 1H with nutation frequency on proton, ωH

nut = 72 kHz.

In all the experiments swept-frequency two pulse phase modulation (SW f -TPPM) [131]

heteronuclear dipolar scheme was applied to remove the 1H-17O dipolar couplings using

an rf strength of 103 kHz.

The two dimensional (2D) quadrupolar-dipolar (QD) correlation experiments were

done on Brucite, Mg(17OH)2 using spin echo, STMAS and MQMAS sequences on 17O and

R185
2 symmetry sequence on 1H. The R185

2 sequence is made up of a repetition of two

pulse element 18050180−50 where the subscript expresses the pulse phases expressed

in degrees where as the value "180" represent the pulse flip angle again expressed in

degrees. The rf field strength needs to correspond to a nutation frequency of 4.5 times

the MAS frequency. The 2D QD experiment using spin echo on 17O was performed by

taking 600 transients for each of the 30 t1 increments. The interpulse delay was kept

constant at a value corresponding to 15 rotor period (937.5 µs). The 2D QD experiments

when performed using two pulse STMAS sequence on 17O the interpulse delay was again

kept constant at a value of 15 rotor period where as 256 number of transients was

collected for 30 t1 increments. For using two pulse 3QMAS scheme on 17O a total of

4200 number of transients was taken for 16 t1 increments. The interpulse delay was kept
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constant at a value of 250 µs corresponding to 4 rotor period. All other experimental

details are provided in the figure captions.

The 3D experiment was carried out to obtain both high resolution spectrum for

quadrupolar nuclei as well as the quadrupolar-dipolar correlation spectrum. For this

Double Quantum Filtered (DQF) -STMAS [132] scheme was applied on 17O where as

R185
2 symmetry sequence on 1H. Here a total of 1024 number of transients was collected

for each of 16 t1 and 16 t2 increments. The delay between excitation and the first soft π

pulse was kept constant at 250 µs. All other relevant experimental details are given in

the figure caption.

4.3 Simulation

Both one dimensional and two dimensional numerical simulations were carried out us-

ing SIMPSON [133] simulation program. All the experimental parameters such as the

number of pulses, timings, and field strength were included in the simulation. For 2D

simulation of the QD experiment the powder averaged spectra were calculated using

2000 crystal orientations following the REPULSION [134] scheme and 25 γ angles. For

1D dipolar evolution simulation 656 crystal orientations were considered with 10 γ an-

gles for each orientations. The maximum time step over which the Hamiltonian was

considered time independent was 0.5 µs. The SIMPSON simulation for calculating the

dipolar evolution typically took 30 minutes where as a full 2D QD simulation took about

42 hours to complete in a HP XW 4400 workstation.

4.4 NMR of 17O (I=5/2) in Mg(OH)2

Fig 4.1(a) gives the general pulse schemes used for both 2D QD correlation experiments

where an echo sequence is used on 17O and R185
2 symmetry sequence on 1H. The R185

2

symmetry sequence can be shown to recouple heronuclear dipolar coupling on symmetry
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ground [70]. Though it should be noted that this sequence also reintroduces 1H CSA but

we have seen through simulations that at our magnetic filed neither the magnitude nor

the orientation of CSA tensor has any significant effect on the QD correlation spectrum.

The scheme depicted in Fig 4.1(a) was also used to plot the dipolar evolution curves

as a function of varying length of the R block(Fig 4.6). Three different types of two

pulse echo sequences were used for the QD experiments such as spin echo, STMAS and

3QMAS. The inter pulse delay in all the three schemes were kept constant at a value

equal to an integral multiple of rotor period in order to refocus the isotropic chemical

shift and chemical shift anisotropy of 17O.

Fig 4.1(b) shows the 3D pulse schemes that was used to simultaneously obtain dipo-

lar and quadrupolar informations. Here we have made use of DQF-STMAS scheme on

17O in order to get high resolution spectrum of 17O. The DQF-STMAS is superior to other

STMAS schemes as it completely filters out all the unwanted diagonal and outer satellite

peaks. Here as well the delay between the excitation pulse and the first soft π pulse was

kept constant at an integral multiple of rotor period (4 rotor period) and in between

R185
2 sequence was inserted. As the figure suggests the t1 and t2 delays are dependent

on each other. In the 3D experiment, as the t1 delay was incremented by certain amount

t2 was decremented by the same amount. The Fourier transform of F1-F3 plane produced

the 2D Quadrupolar-Dipolar correlation spectrum where as the Fourier transform of F2-

F3 plane generated the high resolution spectrum of 17O from which all the quadrupolar

parameters were extracted.

Quadrupolar dipolar correlation spectra under different pulse schemes are shown in

Figs 4.2, 4.3, and 4.4. The unique shape of the correlation spectra reflects the fact that

the dipole dipole coupling varies across the quadrupolar pattern. It is actually the sec-

ular dipole dipole coupling that has orientation dependence along with the dependence

on the internuclear distance varies across the quadrupolar powder pattern. Hence the

variation of the orientation of individual crystallites across the powder pattern gives rise
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Figure 4.1: (a)Pulse sequence diagram for 2D QD correlation spectroscopy using R185
2

dipolar recoupling sequence on 1Hand a two pulse echo sequence on 17O. (b) The 3D
scheme using high resolution DQF-STMAS on 17O and R185

2 symmetry sequence on 1H.
In the both scheme p1 and p2 denotes the excitation and reconversion pulse length.
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to the variation in the secular dipole dipole coupling resulting in the unique shape of

the 2D QD correlation spectra. Fig 4.2(c) and (d), 4.3(c) and (d) show the projections

along the dipolar (indirect) dimensions of right hand side singularity and left hand side

singularity respectively of the quadrupolar powder pattern. The 3QMAS scheme could

not effectively excite the whole powder pattern that is the reason why we believe that

we get quadrupolar dipolar correlation for only the right hand side singularity. However

as expected the splitting of the dipolar projection obtained using 3QMAS of the right

hand side singularity is ∼ 3 times the splitting obtained using spin echo and STMAS

scheme. Similar observation was also made when the experimental evolution of both

the singularities was plotted (Fig 4.6) under different pulse schemes.

The result obtained using the 3D pulse scheme depicted in Fig 4.1(b) is shown in

Fig 4.5. From the Fourier transform of the F1-F3 plane the usual 2D QD correlation

spectrum (Fig 4.5a) was obtained with the dipolar projection of the right hand side sin-

gularity (Fig 4.5c) and the left hand side singularity (Fig 4.5d). The high resolution

spectrum of the 17O nuclei was obtained by Fourier transforming the F2-F3 plane. From

the anisotropic projection (Fig 4.5e) of the high resolution spectrum we estimated the

value of the quadrupolar coupling constant, CQ of the 17O nuclei in Mg(17OH)2 using

DMFIT [135] program to be 6.21 ± 0.03 MHz and asymmetry parameter η = 0.0. Fur-

ther from the isotropic projection (Fig 4.5f) we obtained the isotropic chemical shift δCS

= 18 ppm. It can be observed that the signal intensity of the QD correlation spectrum

obtained using the 3D pulse scheme is lower than the QD correlation spectrum obtained

using the two pulse STMAS scheme. The reason behind this we believe is the fact that in

case of two pulse STMAS scheme contribution from all the satellite transitions and more

importantly the central to central transition comes into play. However in DQF-STMAS

the only contribution which is chosen is the contribution from the inner satellites that

is also precisely why the DQF-STMAS scheme gives a better high resolution spectra of

quadrupolar nuclei with out the presence of addition peaks coming from other transi-
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Figure 4.2: (a) 2D QD spectrum using spin echo on 17O, (b) Projection along the direct
(quadrupolar) dimension, (c) Projection along the indirect (dipolar) dimension of the
right hand side singularity, (d) Projection along the indirect (dipolar) dimension of the
left hand side singularity. The length of the 90o pulse was 5 µs. The relaxation delay
was 2 s. The length of each t1 increment was 27.77 µs corresponding to two pairs of R
blocks.
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Figure 4.3: (a) 2D QD spectrum using two pulse STMAS on 17O, (b) Projection along the
direct (quadrupolar) dimension, (c) Projection along the indirect (dipolar) dimension of
the right hand side singularity, (d) Projection along the indirect (dipolar) dimension of
the left hand side singularity. The length of the excitation pulse was 2.1 µs and that of
the reconversion pulse was 1.4 µs. The relaxation delay was 2 s. The length of each t1

increment was 27.77 µs corresponding to two pairs of R blocks.
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Figure 4.4: (a) 2D QD spectrum using two pulse 3QMAS on 17O, (b) Projection along the
direct (quadrupolar) dimension, (c) Projection along the indirect (dipolar) dimension of
the right hand side singularity, (d) Projection along the indirect (dipolar) dimension of
the left hand side singularity. The length of the excitation pulse was 5 µs and that of
the reconversion pulse was 2.8 µs. The relaxation delay was 2 s. The length of each t1

increment was 13.88 µs corresponding to a single pair of R block.
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tions. Hence by applying a 3D pulse scheme such as Fig 4.1(b) one can simultaneously

obtain both Quadrupolar Dipolar correlation spectra as well as the high resolution spec-

tra of the quadrupolar nuclei concerned. This method will be more useful for substances

with more than non equivalent quadrupolar sites. This is because this scheme can re-

solve all the quadrupolar sites in a system and in addition will give quadrupolar dipolar

correlation of each of the sites.

Fig 4.6 shows the experimental dipolar evolution of both right hand side singularity

and left hand side singularity of the quadrupolar powder pattern under different pulse

schemes on 17O. As expected the dipolar evolution of both the singularities under spin

echo and STMAS are similar since essentially both the sequences are single quantum

experiment. The dipolar evolution of right hand side singularity under 3QMAS scheme

on the other hand shows 2.93 times faster dipolar evolution frequency which is expected

as the spin system evolves under the recoupled dipolar coupling when the system is in

triple quantum. The triple quantum excitation was not efficient enough to properly

excite the whole powder pattern as a result only the evolution of the right hand side

singularity can be observed.

4.5 Numerical Simulation

Fig. 4.7 shows the simulated dipolar evolution for both right hand side singularity and

left hand side singularity compared with the experimental evolutions. It is quite evident

that the simulated evolutions show good correspondence with the experimental evolu-

tions for both the singularities. From the simulation we obtained the dipolar information

in the form of secular part of direct dipole-dipole coupling represented as d. Now it is

known that d depends on θ jk [136], the instantaneous angle between the internuclear

vector and the magnetic field. The secular dipole dipole coupling is given by,

d = b jk

1

2
(3cos2θ jk − 1)
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Figure 4.5: (a) 2D QD spectrum obtained by Fourier transforming F1-F3 plane, (b) Pro-
jection along the indirect (dipolar) dimension of the right hand side singularity from the
2D QD spectrum, (c) Projection along the indirect (dipolar) dimension of the left hand
side singularity from the 2D QD spectrum, (d) High resolution 2D 17O spectrum obtained
by Fourier transforming F2-F3 plane,(e)The anisotropic slice taken parallel to the direct
dimension of the 2D 17O spectrum, (f) The high resolution projection along the isotropic
dimension. The length of the excitation pulse was 2.1 µs and that of the reconversion
pulse was 1.4 µs. The length of the soft π pulse was 15.7 µs. The relaxation delay was 2
s. The length of each t1 increment was 27.77 µs corresponding to two pairs of R blocks.
The length of each t1 decrement was also equal to two pairs of R blocks.
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Figure 4.6: The experimental dipolar oscillations of (a) left hand side singularity, (b)
right hand side singularity using different pulse schemes.

where the dipole dipole coupling constant is given by,

b jk =−
µ0

4π

γ jγkħh
r3

jk

where r jk is the internuclear distance. So it is evident from above the maximum possible

value that secular dipole dipole coupling d can have is equal to the dipole coupling con-

stant b jk when θ jk is equal to zero i.e, when the internuclear vector and magnetic field is

collinear. It is observed from the 2D QD correlation spectra that the dipolar projections

corresponding to the right hand side singularity shows maximum splitting where as it is

minimum at left hand side singularity. This observation led us to believe that the secu-

lar dipole dipole coupling between 1H-17O pair in brucite has its maximum value along

the right hand side singularity. The best fit between the simulated dipolar evolution

and experimental simulation for the right hand side singularity was achieved for dipole

dipole coupling of 15.6 ± 0.2 kHz. Since it is evident from the 2D quadrupolar-dipolar
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experiments that the maximum value possible for the secular dipole dipole coupling

was achieved for powder orientations correponding to the right hand side singularity of

the quadrupolar powder pattern hence it can be concluded that the value of the dipole

dipole coupling constant is 15.6 ± 0.2 kHz. Now the value of dipole coupling constant

estimated by by Jacco D. van Beek et al. [127] was about 2 kHz less than the value esti-

mated by us. The reasons for this discrepancy in the value could be the following. When

we estimated the dipole coupling constant through simulation we used the values of

quadrupolar parameters such as coupling constant and asymmetry parameter measured

by us from the 3D experiment. However the quadrupolar coupling constant value mea-

sure by us (6.21 ± 0.03 MHz) was different than the value used by Jacco D. van Beek

et al. (6.83 MHz). When we incorporated the value of quadrupolar coupling constant

used by them in our simulation we estimated the value of dipole coupling constant to

be 14.4 ± 0.2 kHz. But still this is about 1 kHz larger than the value predicted by them.

However it should be noted that they estimated the value of dipole coupling constant

through simulated 2D QD correlation experiment where as we have estimated the dipole

coupling constant from the fitting of the experimental dipolar oscillation which is more

sensitive to any small change in the value of dipolar coupling constant value than the

simulation of 2D QD correlation plot. Hence we believe the value obtained by directly

fitting the experimental dipolar oscillation one can more accurately predict the dipole

dipole coupling constant. More over the dipole dipole coupling constant value of 15.6 ±

0.2 kHz corresponds to 1H-17O bond length of 101 ± 1 pico meter which is in very good

agreement with the distance of 99.5 ± 0.8 pico meter predicted by neutron diffraction

study [137] and a distance of 98 ± 2 pico meter that was found by combining proton

NMR and x-ray data [138].

We further did a series of 2D numerical simulations by varying the relative orientation

of dipolar coupling tensor with respect to the quadrupolar coupling tensor again using

the quadrupolar parameters obtained from the 3D experiment to match the experimental
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Figure 4.7: The experimental and simulated dipolar oscillations of (a) left hand side
singularity, (b) right hand side singularity.

QD correlation spectrum. From the simulation it was concluded that the dipolar tensor

and quadrupolar tensor in our system is coaxial which again matches with the previous

predictions [127].

4.6 Conclusions

In this chapter we have discussed the possibility of doing two dimensional quadrupo-

lar dipolar correlation experiments using different echo sequences such as spin echo,

STMAS and MQMAS. We have further shown that high resolution NMR schemes for

quadrupolar nuclei can be combined with the symmetry sequences in 3D fashion to

simultaneously obtain dipolar and quadrupolar informations. This method will be of

particular importance for materials with more than one quadrupolar sites since by this

method one can get the dipolar informations of all the individual sites separately. From

the experimental dipolar oscillations we predicted the value of dipolar coupling constant
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Figure 4.8: The experimental and simulated 2D QD correlation spectrum. (a) Experi-
mental QD spectrum, (b) Simulated QD spectrum.

and the 1H-17O bond distance which shows close correspondence with the previously

reported value using neutron diffraction. We have also done the simulation of two di-

mensional quadrupolar dipolar correlation experiment from which it is concluded that

the dipolar tensor and quadrupolar tensor is coaxial in Brucite.



Chapter 5

Sensitivity Enhanced 29Si

Double-Quantum Dipolar Recoupling

NMR Spectroscopy

5.1 Introduction

In the study of ordered silicate materials, such as the open framework zeolites [139,140]

and mesoporous silica [141,142], elucidation of the framework structure is the key to the

understanding of the unique catalytic properties exhibited by these materials [143–145].

However, structure determination of these materials by diffraction techniques is difficult

since single crystals of adequate dimensions are usually not available. Powder X-ray

diffraction (XRD) experiments can provide unit cell parameters and identify possible

space groups. However, solving zeolite structures from powder XRD data alone is not

straightforward. Solid-state NMR can provide structural information that is complemen-

tary to diffraction. Description of the framework structure has been made possible with

two-dimensional (2D) 29Si homo- and hetero-nuclear correlation experiments carried

out under magic-angle spinning (MAS) [146–148].
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2D method for obtaining 29Si-29Si correlation spectra that exploit double-quantum

(2Q) through-bond (scalar) interactions have been reported. Pulse sequences such as

INADEQUATE [149] was successfully utilized to map out the 29Si-29Si connectivity in

zeolites [148]. Recently symmetry-based recoupling sequences [70], such as SR2611
4

[150] which exploit the dipolar interaction between 29Si spins at natural abundance,

were shown to provide information about framework connectivity in zeolites [151]. The

double-quantum (2Q) dipole-dipole recoupling achieved under MAS resolution serves

to correlate the single-quantum (1Q) and 2Q frequencies of isolated Si-Si spin pairs and

thus map the connectivity between various Si sites.

The study of 29Si using solid-state NMR is hindered by the poor intrinsic sensitivity of

29Si due to the low natural abundance and the low gyromagnetic ratio. Hence structural

elucidation through 2Q-correlation spectra at 29Si natural abundance is typically only

possible in well-crystallised high-silica zeolites when the resonances in MAS spectra are

narrow. However, this favourable situation is not met when MAS spectra are broadened

by a distribution of isotropic chemical shifts, as would often occur in materials which lack

long-range order or which contain surface defects (silanol groups). Such line broadening

is even more severe in the case of functionalised mesoporous materials. Therefore, 29Si

observation is often beset with very poor detection sensitivity due to the disordered

nature of the samples and this is further accentuated when the concentration of silicon

species is small. The latter would occur, for example, in organo-functionalised silica

where the degree of functionalisation is usually low (ca. 20%). Thus, in many cases

of practical relevance, it is a prerequisite for the analysis to establish 2Q-recoupling

experiments with enhanced 29Si observation sensitivity.

Implementation of Carr-Purcell-Meiboom-Gill [51, 52] (CPMG) sequence proved to

be highly successful as a means to enhance the sensitivity of second-order broadened

quadrupolar nuclei in static [53–55], MAS [56–58], and MQ-MAS [59–61] experiments.

Similarly, in our present case also the sensitivity problem can be alleviated to a great ex-
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tent by implementing a CPMG train of π pulses within the acquisition period of the dipo-

lar recoupling experiment. The multiple-pulse CPMG sequence refocuses the inhomoge-

neously broadened MAS spectral lines and entails the repeated generation spin echoes,

which can be co-added to enhance the signal intensity. As done in 1H-29Si heteronu-

clear and the J coupling based 29Si-29Si homonuclear correlation experiments [148],

the CPMG implementation in dipolar recoupling sequences would provide the desired

sensitivity enhancement to aid the structural characterisation effort in disordered solids.

Figure 5.1: (a)Three dimensional structure of zeolite ZSM-5 showing the inter connec-
tivity between different 29Si T-sites (Tetrahedral sites) in orthorhombic as-synthesized
form, after Ref. [162], (b) A connectivity map of different 29Si sites.

In this chapter we discuss about 29Si double-quantum dipolar recoupled 1Q-2Q corre-

lation experiment to establish 29Si-29Si homonuclear correlations within the zeolite ZSM-

5 framework using the POST-C7 [152] recoupling sequence. It will be further shown

that considerable enhancement in the signal intensity can be achieved by implementing

CPMG train of π pulses at the 29Si Larmor frequency into a POST-C7 dipolar recoupling

sequence. The sensitivity gain obtained and the framework connectivity established in
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the catalytically important molecular sieve ZSM-5 are demonstrated. Further the com-

parison between the 2D 1Q-2Q correlation spectra obtained using INADEQUATE [149]

and POST-C7 sequences will be shown.

5.2 Pulse Sequence

We have made use of symmetry based double quantum dipolar recoupling sequences

of the types POST-C7 and supercycled R2611
4 . We then compared our result with the

j-coupling based INADEQUATE sequence.

5.2.1 POST-C7

This method has been applied to recover through-space nuclear dipole-dipole couplings

[153]. The double-quantum (2Q) C7 method is a particularly efficient method for dipo-

lar recovery in powders. Its efficiency derives partly from the fact that the magnitude

of the recoupled Hamiltonian to a first-order approximation is only sensitive to one of

the three orientational angles (γ) relating a molecule-fixed axis system to a rotor fixed

frame. 2Q-filtering efficiencies exceeding 50 % have been reported for this scheme [69].

The original C7 (C71
2) sequence exploited a basic element of two pulses of flip angle 2π,

with opposite phase, i.e. (2π)φ(2π)φ+π. The basic element is repeated 7 times each time

advancing the rf phase φ within the element by 2π/7. The sequence is timed so that

the full cycle of seven steps is completed in exactly two sample rotation periods. The

robustness of C7 with respect to chemical shift offsets and rf inhomogeneity can be sig-

nificantly improved by permutation of pulses within the basic sequence element, leading

to the new element = (π/2)φ(2π)φ+π (3π/2)φ known as Permutationally Offset Stabi-

lized C7, POST-C7. This simple modification gives a much more broadbanded dipolar

recoupling effect, and in some cases an increased 2Q filtering efficiency by virtue of the

enhanced rf inhomogeneity compensation. The behaviour of the homo and heteronu-
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clear dipolar coupling terms under C71
2 sequence can be much easily described by space

spin selection diagram. The branching lines in these diagrams show the possible values

of mn - µν for the particular class of spin interaction, split up into the "space" part mn

and the "spin" part µν . The number of branches depends on the type of spin interaction,

while the spacing between the branches depends on the symmetry numbers n and ν . The

right hand side of each diagram shows a barrier containing holes spaced by the symmetry

number N. Those pathways that are blocked by the barrier represent values of mn - µν

represent components that are symmetry-forbidden. Those pathways that pass through

the holes in the barrier represent values of mn - µν which are symmetry-allowed.

Space Spin Space Spin

m = 2
μ = ‐1
ν = 1

N 7
m = 2

μ = ‐2

ν = 1

N = 7

n = 2

m = 1
μ = 1

N = 7

n = 2 μ = 2 (m, μ) = (1, 2)

m = 1
Het. Dipolar 
coupling

Homo. Dipolar
coupling

μ

Figure 5.2: Space spin selection diagram for POST-C7 homonuclear recoupling sequence.

5.2.2 SR2611
4

In the context of homonuclear dipolar recoupling, sequences such as C7 and POST-C7

provide high double-quantum signal filtering efficiency, and make it possible to deter-

mine bond distances with picometer accuracy [153]. These sequences have the property
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of γ-encoding, which implies that to first-order, the recoupled double-quantum Hamilto-

nian is purely phase modulated by the third Euler angle describing the orientation of the

molecules with respect to the rotating sample holder. γ-Encoding leads to high double-

quantum filtering efficiencies and large dipolar oscillations for powder samples [154].

However, γ-encoded double-quantum recoupling sequences have not proven so suitable

for the determination of longer distances between nuclei with relatively large chemical

shift anisotropies. The supercycled R2611
4 method combines the favourable features of

the symmetry based sequences with the robustness of the non γ-encoded sequences. The

pulse sequence can be described as,

SR26= [R2611
4 R26−11

4 ]0[R26−11
4 R2611

4 ]π

where the symbol RNνn describes a symmetry based pulse sequence described by,

RN ν
n = [(R

0)+πν/N(R
0)
′

−πν/N]
N/2

where R0 is a composite π pulse that rotates the resonant spin by ±π about the x-axis

and R0′ is derived from R0 by changing the sign of all phases. The subscript determines

the overall rf phase shifts of the R-elements, and the superscript determines the number

of repetitions of the bracketed elements. It was shown that by applying a super cycle of

the form [R2611
4 R26−11

4 ], the influence of the higher-order terms generated by large CSA

can be removed from both first- and second-order average Hamiltonians [158]. Again

the behaviour of homo and heteronuclear dipolar coupling under R2611
4 sequence can be

described with the help of space spin selection diagram.

5.2.3 INADEQUATE

The pulse sequence INADEQUATE was designed by Ad Bax et al. in 1980. The acronym

stands for "Incredible Natural Abundance Double Quantum Technique". This pulse se-
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Figure 5.3: Space spin selection diagram for R2611
4 homonuclear recoupling sequence.

quence can effectively suppress the signals from isolated 13C spins while selectively

detecting the NMR signals from natural pairs of 13C atoms. The pulse sequence can

schematically described as,

This is the basic 2D INADEQUATE pulse sequence. The initial π

2
pulse is used to

bring the equilibrium z- magnetization to xy plane. After this a spin echo is inserted to

reduce the effect of CSA while the second π

2
pulse excites the double quantum coherence.

The final π
2

pulse converts the double quantum coherence to observable single quantum

coherence. By proper phase cycling one can selectively filter out the signals coming from

the double quantum coherence thereby ensuring that NMR signals from only the paired

13C spins are detected. This is a powerful technique in a sense that this scheme can be

used to trace out the whole skeleton of the molecule.
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Figure 5.4: Pulse sequence diagram for 2D INADEQUATE experiment.

5.3 Experimental

29Si MAS experiments were performed on Bruker Avance 500 NMR spectrometer equipped

with standard Bruker triple-tuned MAS probes with 4 mm zirconia rotors. Ramped-1H

- 29Si cross-polarisation (CP) [155] was employed with 15 ms of contact time. The

29Si RF field strength during CP was kept at 33 kHz and that for 1H was 38 kHz. The

RF amplitude on the 1H channel was smoothly varied from 30 kHz to 38 kHz during

ramped-CP. For the INADEQUATE experiment the initial π/2 pulse was replaced by the

CP and through out the experiment the 29Si RF field strength was kept at 33 kHz while

the spinning speed was maitained at 5 kHz. The 2Q excitation and conversion block for

POST-C7 was 6.7 ms and for the supercycled R2611
4 it was 21 ms. The spinning speed was

4720 and 5083 Hz and the 29Si RF field strength during the dipolar recoupling sequence

was 33 kHz for both POST-C7 and SR2611
4 , respectively. The spinning-speed stability was

maintained within ± 1 Hz using a pneumatic MAS controller. CPMG implementation

during acquisition is shown in the pulse sequence diagram, Fig. 5.4. 1H decoupling
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was not applied during the dipolar recoupling sequence or during the acquisition pe-

riod. The π pulses in the CPMG were of duration 15 µs. All the relevant pulse and

acquisition parameters are given in figure captions. Pure-absorption-mode spectra were

obtained using TPPI [156]method by incrementing the phase of all the pulses prior to t1

by 450. The 29Si chemical shifts were referenced with respect to TMS. ZSM-5 (CN form)

sample was synthesised by hydrothermal method using tetrapropyl ammonium as the

pore-directing template.

5.4 Results and Discussion

Fig 5.4 shows the pulse sequence diagram for 2D single quantum-double quantum corre-

lation experiment using POST-C7 for double quantum excitation and reconversion while

CPMG is used for signal enhancement.

A 29Si cross-polarisation magic-angle-spinning (CPMAS) spectrum of ZSM-5 is shown

in Fig. 5.5a. The material disorder leads to a broadening of the various signals in the

spectrum, however, most of the 12 expected crystallographic non-equivalent tetrahedral

Si sites in the asymmetric unit of this orthorhombic ZSM-5 are resolved in the spec-

trum. The gain in signal-to-noise ratio achieved by CPMG acquisition is illustrated in

Fig. 5.5c, which represents a reconstituted spectrum obtained by a co-addition of all of

the 14 acquired echoes in a CPMAS experiment extended with CPMG sampling followed

by Fourier transformation. Figure 5.5b shows the spikelet spectrum obtained by directly

Fourier transforming the echo trains. An enhancement of 3.7 times in the signal intensity

is observed which is well in accordance with the theoretical prediction that the S/N is

proportional to the square root of the number of echoes. Although further sensitivity en-

hancement can be accomplished by employing 1H decoupling to lengthen the echo train

decay, limitations of our probe head hardware precluded acquisition with 1H decoupling

over the long acquisition period of 470 ms that we have used.

Dipolar recoupling in systems characterised by small dipole-dipole couplings may
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Figure 5.6: 29Si CPMAS spectra of ZSM-5 (CN form). (a) Normal CPMAS spectrum.
(b) Spikelet spectrum obtained by directly Fourier transforming the echo trains (total
number of echoes, NC PMG= 14) generated by CPMG π pulses with the corresponding
delay between CPMG π pulses, τC PMG= 16 ms. (c) Spectrum obtained by co-addition of
spin echoes generated by a CPMG π pulse train (τC PMG= 16 ms, NC PMG= 14) followed
by Fourier transform.
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be challenging. It is well-known that in recoupling experiments such as POST-C7, the

efficiency of excitation of 2Q coherence may degrade in systems with large chemical

shift anisotropy (CSA) [157]. However, it has been shown by Levitt et al. that by

applying supercycled R2611
4 one can get rid of the destructive effect of large CSA [150].

It has also been shown by Brinkmann et al. that by applying a super cycle of the form

[R2611
4 R26−11

4 ], the influence of the higher-order terms generated by large CSA can be

removed from both first- and second-order average Hamiltonians [158]. In addition to

this, SR2611
4 can effectively decouple weak heteronuclear dipolar couplings [151]. As a

result SR2611
4 appears to be an obvious choice for 2Q experiments in systems with weak

homonuclear dipolar couplings. However, in our case we are dealing with a system with

very low CSA, as a result the damaging effect of CSA will be negligible. More over, in the

present system the 1H - 29Si heteronuclear dipolar coupling is very weak, making it an

ideal system to use POST-C7 homonuclear dipolar recoupling pulse sequence to excite

2Q coherences. The build up of the 2Q-filtered signal was monitored with both POST-C7

and SR2611
4 in order to choose an optimum value for τexc and τrec [Fig. 5.4] that can be

used for the 2D experiment. The results are shown in Fig. 5.6a for the 29Si resonance at

114.6 ppm which represents a single site Si12 which is tetrahedrally connected to Si8,

Si12, Si11, and Si3. The experimental data show that for 29Si-29Si dipolar interaction the

2Q build-up is substantially faster for POST-C7 as compared to SR2611
4 . The reason for

the faster build up of the 2Q-filtered signal in case of POST-C7 is attributed to a higher

dipolar scaling factor and the fact that POST-C7 is a γ-encoded sequence [159] whilst

the γ-encoding is lost in SR2611
4 .

The sensitivity gain as a function of the number of echoes acquired when CPMG was

implemented within POST-C7 pulse sequence (Fig. 5.4) is shown in Fig. 5.6b for one of

the silicon sites. The S/N steadily builds up as the number of acquired echoes is increased

and reaches a limiting value of 3.5 for the enhancement. A near 3.5 fold sensitivity gain

can be achieved by choosing the number of echoes to be 12 in our experiments.
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Figure 5.7: (a) 2Q-filtered signal build-up curves obtained with POST-C7 and SR2611
4

dipolar recoupling sequences. (b) Plot of the sensitivity gain achieved as a function of
the number of echoes acquired using CPMG refocusing within the acquisition period of
POST-C7 with τC PMG = 16 ms. The number of transients acquired was 384. The data is
shown for the signal at 114.6 ppm corresponding to the T12 site.
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The 2Q-filtered 1D POST-C7 spectra obtained without and with CPMG implementa-

tion are shown in Figs. 5.7a and 5.7b, whilst that for SR2611
4 are shown in Figs. 5.7c

and 5.7d. A maximum enhancement by a factor of 3.40 was obtained when successive

thirteen CPMG π pulses were applied with SR2611
4 used for dipolar recoupling. Interest-

ingly, all the silicon signals noticed in the CPMAS spectrum appear in the 2Q-filtered 1D

spectra of both sequences with comparable intensity. Since each of the 12 Si sites are

connected to 4 next neighbour Si sites through Si-O-Si linkages in the ZSM-5 structure,

all the Si sites pass through the 2Q filter due to 29Si-29Si dipolar coupling. Further, it

may be noticed from the spectra that for the Si sites there are no differential signal en-

hancement from the CPMG acquisition since τC PMG, the time interval between π pulses,

is sufficiently long (16 ms) to allow all signals to dephase between the pulses. The signal

intensity of all the Si sites can therefore be uniformly increased in the 2D experiment by

the spin-echo acquisition. The so-called "spikelet" spectrum obtained by direct Fourier

transformation of the echo trains of a 2Q-filtered signal appear as singlets with linewidth

of ∼ 3 Hz (not shown). The splitting due to 2JSi−Si coupling (∼ 10 Hz) between two 29Si

sites is not observed in the spikelet spectrum presumably due to the decoupling of the J

coupling by a combination of pulse imperfections and chemical-shift evolution between

the pulses in a similar fashion as previously described for 15N-15N systems [160].

The sensitivity enhancement in the 29Si 1Q-2Q correlation spectrum obtained by ap-

plying a CPMG train of π pulses during the t2 acquisition period of POST-C7 sequence is

illustrated in Fig. 5.8b. This is to be compared with the corresponding 2D 1Q-2Q cor-

relation spectrum obtained without the CPMG spin-echo acquisition (Fig. 5.8a). These

spectra were obtained using the optimum value for the recoupling time. The slight dis-

tortion noticed in the contour line shapes of the spin echo acquired data is probably due

to the lack of proper phase cycling of the CPMG π pulses. Presence of one extra peak

in the 2D plot can also be due to the same reason. We believe by applying cogwheel

phase cycling [161] on the CPMG π pulses these may be reduced. Such minor line
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Figure 5.8: (a) 2Q-filtered 29Si CPMAS spectrum obtained with POST-C7 (τexc= τrec=
6.7 ms, NS = 384). (b) POST-C7-CPMG (τexc= τrec= 6.7 ms, τC PMG= 16 ms, NC PMG=
12). (c) 2Q-filtered 29Si CPMAS spectrum obtained with SR2611

4 sequence (τexc= τrec=
21 ms). (d) SR2611

4 -CPMG (τexc= τrec= 21 ms, NC PMG= 13). The number of transients
acquired was 384 for all the experiments.
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distortions in the reconstructed spectra have been reported previously when CPMG π

pulses were applied during acquisition period [58]. Nevertheless, the spectrum in Fig.

5.8b depicts all the expected Si-Si correlations, which occur at the sum of the isotropic

chemical shifts along the indirect dimension. Due to the enhanced signal intensities, the

spectrum in Fig. 5.8b at once enables us to identify the various Si-Si connectivities. Due

to the degeneracy of the chemical shifts for some silicon sites, isolated Si-Si correlations

can not be observed for some Si sites. However, the sensitivity enhanced 1Q-2Q corre-

lation spectrum enables us to provide the correct assignments of the various signals to

the crystallographic non-equivalent sites determined in the X-ray structure. The assign-

ment of the signals was guided by the fact the X-ray structure of as-synthesised ZSM-5

and that of calcined ZSM-5 above 340 K are both orthorhombic having the same unit

cell parameters and the same T-site connectivities [162]. The slight alterations in the T-

site geometry of the as-synthesized form from that of calcined ZSM-5 gives rise to slight

variations in the observed 29Si chemical shifts from the previously reported values [140].

With this knowledge, the Si resonances in the spectrum could be correctly assigned as

shown.

The 29Si dipolar recoupling experiments such as POST-C7 and SR2611
4 have a num-

ber of important advantages over the J-coupling-based INADEQUATE experiment which

has been used previously to investigate the bonding networks of zeolites. A compari-

son of the correlation spectra obtained with the POST-C7 sequence (Figure 5.9b) and

those obtained with the INADEQUATE sequence (Figure 5.9a) reveals that the former

contains all of the Si-O-Si connectivity information, whereas the latter is missing the

correlations between symmetry-related Si sites that should appear along the DQ diago-

nal. These "auto-correlations" provide important information about the structure of the

zeolite framework; thus, it is advantageous to observe them directly. Another important

feature of the dipolar recoupling sequence is that the DQ coherences build up much

faster than in the INADEQUATE experiment. This is because the dipolar coupling con-
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Figure 5.9: 29Si 1Q-2Q correlation spectra of ZSM-5 (CN form) obtained with (a) POST-
C7 and (b) POST-C7-CPMG with τexc= τrec= 6.7 ms, τC PMG= 16 ms, and NC PMG= 12.
A total of 130 t1 increments was taken with 125 µs of dwell time. 384 number of
transients was taken for each t1 increment with 1 s relaxation delay. (c) 1Q-dimension
(F2) projection from the 2D 1Q-2Q correlation spectrum obtained with POST-C7 and (d)
with POST-C7-CPMG.
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stants for 29Si-O-29Si spin pairs are about -160 Hz, an order of magnitude larger than

the 29Si-O-29Si J-couplings (approximately 10-15 Hz). Consequently, the excitation and

reconversion of the DQ coherences require less time, meaning that the POST-C7 experi-

ment is affected less by relaxation.
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Figure 5.10: 29Si 1Q-2Q correlation spectra of ZSM-5 (CN form) obtained with (a) IN-
ADEQUATE and (b) POST-C7 .

5.5 Programs

In this section the pulse program which was used in Bruker Avance I to combine the

POST-C7 and CPMG series of π pulses with in the acquisition window and the Bruker

AU program to add the successive CPMG echoes are given.

5.5.1 Bruker Pulse Program (POST-C7 + CPMG)

include <Avancesolids.incl>

define delay rde1



5.5. Programs 131

define delay rde2

define delay rderx

define delay rdeadc

define delay rdepa

"rde1=de-de1"

"rde2=de-de2"

"rderx=de-derx"

"rdeadc=de-deadc"

"rdepa=de-depa"

define delay del6

"del6=d6/2"

;mc2 : STATES-TPPI

define pulse tau4

"tau4=((1s/cnst31)/7)"

define pulse tau1

"tau1=((0.25s/cnst31)/7)"

define pulse tau3

"tau3=((0.75s/cnst31)/7)"

"d31=1s/cnst31"

ze

1 d31

2 d1 do:f3

10u reset:f1 reset:f2 reset:f3

1m rpp11

1m rpp12

1m rpp13

1m rpp14
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10u pl1:f2 pl2:f3 ;preselect pl2 drive power for F3

DE1 DE2 DERX DEADC DEPA DE3

0.3u

p3:f3 ph1 ;proton 90 pulse

(p15 ph2):f2 (p15:spf0 pl15 ph10):f3 ; Cross Polarization

; 1u pl12:f3

; 1u cpd2:f3

p1:f2 ph4

3 tau1:f2 ph11 ipp13 ipp14 ;c7 excitation

tau4:f2 ph12 ipp12

tau3:f2 ph11 ipp11

lo to 3 times l0

d0

4 tau1:f2 ph13 ;c7 reconversion

tau4:f2 ph14 ipp14

tau3:f2 ph13 ipp13

lo to 4 times l0

1u

1u DWELL−GEN

(p1 ph5):f2

d6

(p4 ph28):f2

d6

5 d6

(p4 ph28):f2

d6

lo to 5 times l22
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aq

1m ip13*16384

1m ip14*16384

rcyc=2

30m do:f3 mc 0 to 2 F1PH(ip11*8192 ip12*8192, id0)

HaltAcqu, 1m ;for 1D

exit ;for 1D

ph0= 0

ph1= 0 0 0 0 2 2 2 2

ph2= 0 0 0 0 0 0 0 0 ;0*8 1*8 2*8 3*8

1 1 1 1 1 1 1 1

2 2 2 2 2 2 2 2

3 3 3 3 3 3 3 3

ph4= 1 1 1 1 1 1 1 1

2 2 2 2 2 2 2 2

3 3 3 3 3 3 3 3

0 0 0 0 0 0 0 0

ph5= 1 2 3 0 1 2 3 0

2 3 0 1 2 3 0 1

3 0 1 2 3 0 1 2

0 1 2 3 0 1 2 3

ph28= 1 1 1 1 2 2 2 2

2 2 2 2 3 3 3 3

3 3 3 3 0 0 0 0

0 0 0 0 1 1 1 1

ph10=1

ph11=(65536) 0 9362 18725 28087 37449 46811 56174
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ph12=(65536) 32768 42130 51493 60855 4681 14043 23406

ph13=(65536) 0 9362 18725 28087 37449 46811 56174

ph14=(65536) 32768 42130 51493 60855 4681 14043 23406

ph30= 0

; ph31=0 1 2 3 2 3 0 1 ;SQ phase cycling

; 1 2 3 0 3 0 1 2

; 2 3 0 1 0 1 2 3

; 3 0 1 2 1 2 3 0

ph31= 1 0 3 2 3 2 1 0 ;DQ phase cycle with cpmg pulses

2 1 0 3 0 3 2 1

3 2 1 0 1 0 3 2

0 3 2 1 2 1 0 3

5.5.2 AU Program to Add The Echoes

/****************************************************************/

/* au−cpmgadd 01.02.2003 */ /****************************************************************/

/* Short Description : */

/* Program to store echos from cpmgall.av experiment */

/* by adding them up */

/****************************************************************/

/* Keywords : */

/* echo, CPMG */

/****************************************************************/

/* Description/Usage: */

/* After data acquisition using cpmgall.av */

/* check first data point where sampled intensity grows */

/* out of noise. Everything else is calculated from */
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/* this pivot point. */

/* Program takes data points with echo information */

/* and stores as result summation of all echos. */

/* After first execution of the program the value of the */

/* pivot point is stored and suggested on subsequent */

/* executions so that the question for the pivot point */

/* can be answered with a simple ’return’. */

/* Program stores result as time domain data into 1r */

/* and 1i files for further processing, */

/* raw data are kept! */

/****************************************************************/

/* Author(s) : */

/* Name : Stefan Steuernagel */

/* Organisation : Bruker Analytik */

/* Email : stefan.steuernagel@bruker.de */

/****************************************************************/

/* Name Date Modification: */

/* ste 030201 created */

/****************************************************************/

int size, sizeout, si2, tdout, tdout2, td2, ireal, sizeofint, parmod, zero=0, td1;

char binfile[255], pulprog[255];

int wdw2,pk2,bc2,ft2,mem2,corrpoints,j1,igegen;

int *in1, *in2;

int orderaB I T, f irst, echopoints, echos, l22, dead, pivot, zeroth;

float del3, del6, pul3, pul4, dwell, aa;

double swh;

char s1[255];



136 Sensitivity Enhanced 29Si Double-Quantum Dipolar Recoupling NMR Spectroscopy

/* STOPMSG("illegal input"); */

GETCURDATA;

/* reihen rausschreiben*/

WRA(10000);

REXPNO(10000);

SETCURDATA;

FETCHPAR1S("TD",td1);

j1=1;

/* (void)printf("\ n\ %d, %d ",j1,td1); */

TIMES(td1);

RSER(j1,10000+j1,1);

j1++;

END;

FETCHPARS("FL1",pivot);

FETCHPARS("L 22", echos)

/* ———————————————*/

/* get relevant acquisition parameters */

FETCHPARS("TD",td2);

FETCHPARS("SI",si2);

FETCHPARS("SW−h",swh);

FETCHPARS("D 6",del6);

FETCHPARS("D 3",del3);

FETCHPARS("P 3",pul3);

FETCHPARS("P 4",pul4);

FETCHPARS("L 22",l22);

FETCHPARS("DW",dwell);

FETCHPARS("BYTORDA",order−a−BIT);
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/* ———————————————*/

/* check for starting point */

/* if (pivot>80) pivot=(int)((10/dwell)); */

if (strlen(cmd) == 0)

GETINT("Enter pivot point : ",pivot);

else

if (1 != sscanf(cmd, "%", pivot))

STOPMSG("illegal input");

if (strlen(cmd) == 0)

GETINT("Enter number of echos to be added up : ",echos);

else

if (1 != sscanf(cmd, "%d", echos))

STOPMSG("illegal input");

if (strlen(cmd) == 0)

GETINT("Enter number of correction points for the echo length : ",corrpoints);

else

if (1 != sscanf(cmd, "%d", corrpoints))

STOPMSG("illegal input");

/* ———————————————*/

/* calculate required loop parameters */

/* zeroth=(int)((pul3+del3*2000000.0+pul4)/dwell+0.5)+pivot; */

/* zeroth=(zeroth/2)*2; */

/* first=(int)((del6*1000000.0+del3*2000000.0+pul4)/dwell+0.5)+zeroth; */

/* first=(first/2)*2; */

zeroth=pivot;

zeroth=(zeroth/2)*2;

echopoints=(int)(del6*2000000.0/dwell+0.5);
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echopoints=(echopoints/2)*2+corrpoints;

dead=(int)((del3*2000000.0+pul4)/dwell+0.5)+2;

dead=(dead/2)*2;

/* echos=l22; */

/*tdout=echopoints;*/

tdout=td2;

tdout2=td2;

/* tdout2=2(log(tdout)/log(2) + 1);∗/

/* tdout2=pownex t(tdout);∗/

/* STOREPAR("TD",tdout2*2);*/

/* STOREPARS("TD",tdout2*2);*/

sizeout=tdout2*sizeof(int);

/* (in 10000, for write-out later) */

/*———————————————-*/

/* loop over rows, 10001 etc */

j1=1;

TIMES(td1);

REXPNO(10000+j1);

SETCURDATA;

GETCURDATA;

/* ———————————————*/

/* open file and allocate array */

(void)sprintf(binfile,"%s/data/%s/nmr/%s/%d/fid",disk,user,name,expno);

sizeofint=sizeof(int);

size=td2*sizeofint;

in1=calloc(td2,sizeof(int));

in2=calloc(td2,sizeof(int));
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if ( (ireal=open(binfile, O−RDWR)) == -1)

Perror(DEF−ERR−OPT,binfile);

ABORT;

if ( read(ireal,in1,size) == -1 )

Perror(DEF−ERR−OPT,binfile);

ABORT;

/* ———————————————*/

/* correct for byteorder */

/* local−swap4(in1,size,order−a−BIT); */

/* ———————————————*/

/* create final output array */

i1=zeroth;

i2=0;

TIMES2(echopoints);

in2[i2]=0;

i2++;

END;

/* add up */ i2=0;

TIMES2(echopoints);

TIMES3(echos);

in2[i2]+=in1[i1];

i1+=echopoints;

END;

i2++;

i1=zeroth+i2;

END;

/* fold */
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/* i2=1; */

/* TIMES2(echopoints/4); */

/* igegen=echopoints-i2; */

/* in2[i2]+=in2[igegen]; */

/* i2++; */

/* igegen=echopoints+2-i2; */

/* in2[i2]+=in2[igegen]; */

/* i2++; */

/* END; */

/* rest = 0 */

/* i2=echopoints/2+1; */

/* TIMES2(echopoints/2); */

/* in2[i2]=0; */

/* i2++; */

/* END; */

if ( lseek(ireal, 0, SEEK−SET) == -1 )

Perror(DEF−ERR−OPT,binfile);

ABORT;

/* ———————————————*/

/* correct for byteorder */

/* localswap4(in2, sizeout, order−a−BIT); */

if ( write(ireal,in2,sizeout) == -1 )

Perror(DEF−ERR−OPT,binfile);

ABORT;

/* ———————————————*/

/* correct relevant acquisition parameters */

/* STOREPAR("TD",td2); */
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/* STOREPARS("TD",td2); */

/* STOREPAR("TDeff",tdout); */

/* STOREPARS("TDeff",tdout); */

STOREPAR("SI",tdout2*2);

STOREPARS("SI",tdout2*2);

/* ———————————————*/

/* prepare for processing */

FETCHPAR("WDW",wdw2)

FETCHPAR("PH−mod",pk2)

FETCHPAR("BC−mod",bc2)

FETCHPAR("FT−mod",ft2)

FETCHPAR("ME−mod",mem2)

/* ———————————————*/

/* set required parameters to NO */

STOREPAR("WDW",0)

STOREPAR("PH−mod",0)

STOREPAR("BC−mod",0)

STOREPAR("FT−mod",0)

STOREPAR("ME−mod",0)

/* ———————————————*/

/* store new FID into 1r and 1i */

TRF;

/* ———————————————*/

/* restore original FID */

/* if ( lseek(ireal, 0, SEEK−SET) == -1 ) */

/* Perror(DEF−ERR−OPT,binfile); */

/* ABORT; */



142 Sensitivity Enhanced 29Si Double-Quantum Dipolar Recoupling NMR Spectroscopy

/* */

/* ———————————————*/

/* correct for byteorder */

/* local−swap4(in1,size,order−a−BIT); */

/* if ( write(ireal,in1,size) == -1 ) */

/* Perror(DEF−ERR−OPT,binfile); */

/* ABORT; */

/* */

/* ———————————————*/

/* restore original parameters */

STOREPAR("WDW",wdw2)

STOREPAR("PH−mod",pk2)

STOREPAR("BC−mod",bc2)

STOREPAR("FT−mod",ft2)

STOREPAR("ME−mod",mem2)

/* STOREPARS("TD",td2); */

/* STOREPAR("TD",td2); */

/* STOREPAR("TDeff",td2); */

/* STOREPARS("FL1",pivot);*/

free(in1);

free(in2);

(void)close(ireal);

(void)sprintf(text,"CPMG echo summation done");

Show−status(text);

/* ——————————————–*/

/* write row into 10000 */

WSERP(j1, name, 10000, 1, disk, user)
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j1++;

END;

/* end loop over rows */

/*———————————————-*/

/* (void)printf("\ n\ %d, %d ",tdout2,echopoints); */

QUIT

include <inc/sysutil>

5.6 Conclusions

We have shown that POST-C7 dipolar recoupling sequence can be effectively used for

2Q excitation to study the 29Si-29Si connectivity in the zeolites because of low CSA as-

sociated with 29Si in the present system. The fact that the 29Si-1H heteronuclear dipolar

coupling is small also has contributed to the success of the POST-C7 method. We have

further shown that 29Si dipolar recoupled 1Q-2Q correlation spectra can be obtained

under magic-angle spinning with a 3.5 fold sensitivity enhancement achieved by the ac-

quisition of spin echoes generated by a CPMG pulse train. The sensitivity enhancement

provided in the as-synthesized ZSM-5 high silica zeolite has enabled the identification of

the dipolar correlations at each resolved silicon sites and has led to the resonance assign-

ments in the MAS spectra. It was also shown that POST-C7 is much superior technique

than INADEQUATE for structural characterization since it is less affected by relaxation

as the double quantum build up is much faster in the former.





Bibliography

[1] E. M. Purcell, H. C. Torrey, and R. V. Pound,Phys. Rev. 69 (1946) 37.

[2] F. Bloch, W. W. Hansen, and M. Packard,Phys. Rev. 69 (1946) 127.

[3] I.I. Rabi, J.R. Zacharias, S. Millman, P. Kusch, Phys. Rev. 53 (1938) 318.

[4] M. R. Hansen, L. Mueller, A. Pardi, Nat. Struct. Biol. 5 (1998) 1065.

[5] M. Mehring, High Resolution NMR Spectroscopy in Solids (Springer-Verlag, Germany,

1976).

[6] S. R. Hartman and E. L. Hahn, Phys. Rev. 128 (1962) 2042.

[7] A. Pines, M. G. Gibby, J. Schaefer, and J. S. Waugh, J. Chem. Phys. 59 (1973) 569.

[8] B. C. Garstein, C. R. Debowski, Transient Techniques in NMR of Solids ( Academic

Press, New York, 1985).

[9] A. Abragam, The Principles of Nuclear Magnetism (Oxford Press, Oxford, 1961).

[10] M. H. Levitt, Spin dynamics: Basics of Nuclear Magnetic Resonance, (Wiley, 2001).

[11] M. H. Cohen, F. Reif, Solid State Phys 5 ( Academic Press, New York, 1957).

[12] A. J. Vega, Encyclopedia of Nuclear Magnetic Resonance (Wiley, 1996).

[13] M. E. Rose, Elementary Theory of Angular Momentum (Wiley, New York, 1957).

[14] A. Medek, J. S. Harwood, L. Frydman, J. Am. Chem. Soc. 117 (1995) 12779.

145



146 BIBLIOGRAPHY

[15] A. Samoson, E. Lippmaa, A. Pines, Mol Phys 65 (1988) 1013.

[16] A. Llor, J. Virlet, Chem Phys Lett 152 (1988) 248.
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