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Preface

Nuclear Magnetic Resonance (NMR) spectroscopy is one of the most powerful tools in 

modern science to study structure and dynamics of molecules. Basic research regarding 

phase transition, quantum tunneling, molecular dynamics and structure has been carried 

out using this spectroscopic technique. The application of NMR to modern day science 

has extended from the study of chemical dynamics to functional group analysis, medical 

diagnosis, bonding connectivity and orientation, molecular conformations and even to 3D 

imaging to resolutions of the order 1 mm. 

Though commercial high-resolution NMR spectrometers are available, they are 

very expensive not only to procure but also to maintain them. However, low-resolution 

NMR spectrometers are sufficient for NMR second moment and relaxation time 

measurements. Thus, for those interested in time domain experiments, it is appropriate to 

develop their own NMR spectrometers. In a few laboratories in India and abroad too, the 

NMR study of molecular dynamics and phase transitions are being carried out using 

home made spectrometers. 

This thesis describes the assembling and development of wide line and pulsed 

NMR spectrometer (with high temperature and low temperature cryostat assembly) and 

Proton (and Fluorine) NMR investigations in a few ammonium and methyl substituted 

ammonium metal halides. Proton NMR line widths have been measured in these systems 

using a homemade wide line NMR spectrometer operating at 7-15 MHz.  Proton NMR 

spin-lattice relaxation time (T1) have been measured in the temperature range 400 K – 4.2 

K. 

Inorganic salts containing symmetrical molecular groups like NH4 and CH3 are 

known to have wide spectrum of technological applications such as in medicine, energy 

and agriculture. Apart from applications, these compounds are of academic interest also. 



Ammonium and methyl substituted ammonium metal halides have shown to exhibit not 

only complex reorientational dynamics but also interesting features like diffusion and 

spin rotation at higher temperatures (> 300K) and structural phase transitions in the 

temperature range 50 - 400 K.  At lower temperatures, some of them have revealed the 

presence of tunnelling reorientations also.   Many of these systems are also known to be 

good ionic conductors. However, there is rather little NMR data on inorganic compounds 

with low activation barrier.  This thesis describes the NMR study of molecular dynamics 

in Diammonium hexafluorozirconate [(NH4)2ZrF6], Tetramethylammonium 

hexafluorophosphate [(N(CH3)4)PF6], Tetramethylammonium selenate [(N(CH3)4)2SeO4],  

Trimethylammonium trichlorogermanate [NH(CH3)3GeCl3] and  Tetramethylammonium 

trichlorogermanate [N(CH3)4GeCl3]. The first two of these compounds are commercially 

procured while the rest of the compounds have been synthesized and characterized in the 

laboratory. Powder x-ray diffraction and Differential Scanning Calorimetry (DSC) have 

been employed for the characterization of the compounds. 

The thesis is presented in 5 Chapters. Chapter 1 starts with a brief 

introduction to the relevant basic theoretical aspects of NMR spectroscopy required for 

the present investigations. Different relaxation mechanisms, such as dipole-dipole, 

translational diffusion and quantum rotational tunnelling etc., the effect of molecular 

motions on second moment and spin-lattice relaxation time have been discussed in the 

Chapter 1, with a special attention to unlike spin interaction. This Chapter also discusses 

the second moment and spin lattice relaxation measurement techniques used in the 

present investigations.

Chapter 2 describes the assembling and testing of a home-made wide-line and 

pulsed NMR spectrometer. The wide-line NMR spectrometer basically consists of an 

electromagnet (Bruker B-MIN C5S), a marginal rf oscillator (operating in the frequency 

range 5-15 MHz), modulation and detection systems. NMR absorption signal is acquired 

on to a computer using a 12-bit ADC interface card. The automation of the NMR signal 

acquisition is found to be not only efficient and cost effective, but it provides a on-line 

calibration of the magnetic field for on-screen measurement of the line width of the NMR 



signal. The pulsed NMR spectrometer consists of an rf transmitter capable of delivering 

short and powerful rf pulses, a high gain and  low noise receiver amplifier and a matching 

network to couple the rf pulses to the sample coil  and the sample coil to the receiver.  A  

home built computer controlled Programmable Pulsed Generator (PPG) has been used to 

generate the required pulse sequences. Assembling and testing of the pulsed NMR 

spectrometer operating in the frequency range 10-30 MHz is described. The fabrication 

of a low temperature gas flow cryostat as well as high temperature assembly is also 

described. 

Chapter 3 describes the NMR spin-lattice relaxation time (T1) studies carried out 

in Diammonium hexafluorozirconate [(NH4)2ZrF6]. Both 1H and 19F NMR T1 

measurements have been made at 21.337 MHz as a function of temperature in the range 

410 to 11 K. T1 shows a broad maximum around room temperature. On increasing the 

temperature, T1 starts decreasing up to 395 K above which it reduces sharply to less than 

a millisecond. In the same temperature region, FID duration also has been monitored for 

both the nuclei. For 1H, FID duration increases several times as the temperature is 

increased from 388 K to 410 K, while for 19F, it increases a few times in the same 

temperature region.  Both decrease in T1 and narrowing of the NMR signal are attributed 

to diffusion of both NH4 and F ions through the lattice. Reported high ionic conductivity 

above 400 K also supports this. 1H NMR line width above 400 K, as reported, reaches a 

limit of modulation width indicating the diffusion of ammonium ions. Sublattice 

movement of F ions is also reported above 400 K. The observed maximum in T1 in the 

present study around room temperature is attributed to the competition between diffusion 

and reorientational motion of the NH4 ion. On decreasing the temperature below room 

temperature, both 1H and 19F T1 gives rise to minimum around 160 K, which is attributed 

to NH4 ion motion. The T1 behaviour is analyzed based on the cross relaxation between 

proton and fluorine. At lower temperatures, T1 remains almost constant up to 50 K. 

However, on further cooling the sample, T1 increases for both the nuclei. Further, 1H T1

exhibits a shallow minimum around 21 K, which may be attributed to quantum rotational 

tunneling of NH4 ions, which is in agreement with  reported line shape analysis in the 

same compound. 



The present investigation reveals that, in Ammonium zirconate, ammonium ion 

plays a major role in relaxation mechanism in the temperature range of study. At higher 

temperature, compound shows a diffusion of both ammonium and fluorine sublattice. 

Sharp increase of FID duration and sudden increase of relaxation rate around 395 K, is 

supported by wide-line NMR line shape and second moment analysis as well as the 

conductivity studies. Further, this investigation reveals the reorientational motion of the 

ammonium ion is responsible for fluorine relaxation also. Another important observation 

is that even at low temperatures the fluorine nuclei are being relaxed due to quantum 

rotational tunneling of the ammonium ion. Superionic conductivity in the sample is 

interpreted as due to the diffusion of NH4 ion and fluorine sublattice motion.

Chapter 4 describes the NMR studies in tetramethylammonium salts. T1 studies 

(at 21.34 MHz) in Tetramethylammonium selenate (N(CH3)4)2SeO4  and  Second 

moment (at 7 MHz) as well as T1 (at 21.34 MHz) measurements in  

Tetramethylammonium hexafluorophosphate N(CH3)4PF6 have been carried out. 

A broad T1 minimum observed in Tetramethylammonium selenate around 280 K 

is attributed to the simultaneous motions of CH3 and (CH3)4N groups. Lower activation 

energy obtained from the T1 analysis as well as powder XRD measurements confirm 

that, the present compound crystallizes in cubic form and not in tetragonal. Magnetization 

recovery is found to be stretched exponential below 72 K with varying stretched 

exponent. Low temperature T1 results show the quantum rotational tunneling of methyl 

groups and the observed T1 is the resultant of  relaxation of all spin systems.

In (N(CH3)4)PF6,  1H  T1 measurements have been carried out at three Larmor 

frequencies (11.4, 16.1  and 21.34 MHz). At all frequencies, the observed single 

asymmetric minimum is attributed to simultaneous reorientations of both CH3 and 

(CH3)4N groups. Second moment measurements made at 7 MHz also supports this.  19F 

NMR T1 measurements have been carried out at 21.34 MHz and 16.1 MHz in the 



temperature range 350 - 77 K. Cross correlation between proton and fluorine has been 

invoked to account for the observed 19F  T1 data.  

In Chapter 5, 1H NMR T1 studies in Trimethylammonium trichlorogermanate 

[NH(CH3)3GeCl3] and 1H NMR T1 as well as second moment  studies in 

Tetramethylammonium trichlorogermanate [N(CH3)4GeCl3] are presented. In 

Trimethylammonium trichlorogermanate [NH(CH3)3GeCl3], 1H T1 measurements have 

been made as a function of temperature  in the range 391 – 5.2 K at 20.53 MHz. The T1 

data are analyzed in three parts: the High Temperature region (391 - 272 K), the 

Intermediate Temperature region (272-100 K) and the Low Temperature region (100 –

5.2 K). The Trimethylammonium trichlorogermanate undergoes several phase transitions 

(at 388, 323, 272, 100 and 57 K) along with thermally activated reorientations of the 

trimethylammonium and methyl groups. The observed phase transitions are attributed to 

the chloride ion diffusion (at higher temperatures) and changes in the symmetry of the 

GeCl3 ions (at lower temperatures), which may have indirect effect on proton spin lattice 

relaxation time. The observed two minima in intermediate temperature region are 

attributed to reorientation of NH(CH3)3 and CH3 symmetric groups and corresponding 

motional parameters are evaluated. The observation of the decrease of activation energy 

of the TriMA/methyl groups with decrease in metal ion radius, in TriMABCl3 

complexes, may be due to the increased volume (higher metal ion (B) radius). At lower 

temperatures, T1 results show quantum rotational tunneling of the methyl group. 

In Tetramethylammonium trichlorogermanate [N(CH3)4GeCl3],  1H NMR 

second moment (M2) measurements are carried out, as a function of temperature in the 

temperature range 300 – 77 K at 7 MHz. 1H NMR spin lattice relaxation time (T1) 

measurements are carried out, as a function of temperature, at two Larmor frequencies 26 

MHz and 11.4 MHz in the temperature range 270-17 K TMA-Germanate exhibits 

thermally activated reorientations of the Tetramethylammonium and methyl groups. In 

this compound, second moment results show only one plateau region and T1 results show 

a single asymmetric minimum than expected two plateau regions in the second moment 



and two minima in the T1 studies. This observation is explained by inferring that both the 

CH3 and TMA groups in TMA – Germanate are reorienting with the same (order of 

magnitude) correlation times. It is also noticed that the decrease of activation energy of 

the TMA/methyl groups with decrease in metal ion radius, in TMABCl3 complexes, may 

be due to the increased volume (higher metal ion (B) radius). Present investigations have  

not revealed any change in the magnetization recovery profile even below 170 K. Hence 

it  is concluded that the TMA ion surrounding remains unaltered. At lower temperatures, 

T1 results suggest the existence of the inequivalent methyl groups undergoing quantum 

rotational tunneling. 

All the compounds investigated have given very useful information on the 

dynamics of the reorienting groups and the influence of the anion dynamics on the 

activation energy of the reorienting groups. The signatures of unlike nuclear interactions 

affecting the relaxation of a particular nucleus is seen in the T1 data. The activation 

energies of the reorienting groups are found to lie in the range 8 - 30 kJ/mol. The low 

activation energy for the molecular reorientation in these systems make them good 

candidates for basic studies as well as potential possible applications. 

Most of the results of the present investigations are published in reputed 

International Journals. 
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