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PREFACE

Nucl ear Magneti ¢ Resonance has come a long way fromthe tine of its
inception in beconming a powerful and versatile experimental tool for
Physicists, Chemists, and Biologists alike to probe structure at a
m croscopic level, and nore rewardingly, to report on different mol ecul ar
dynam c processes. The advent of FT-NWR techniques has opened new areas
of investigations which were hitherto not quite anenable to experimental
techniques. NWR Imaging has becone an inportant application of a basic
i dea developed in physics in the recent tines. Measurenments on different
spin relaxation rates, which can be carried out even wth sinpler
experimental nmethodol ogies (using pulsed NWR instrunents, for exanple)
are one of the most powerful nethods of investigation, especially of
solids, to throw valuable light on the dynanm c processes, often inportant
in our understanding of nany other physical phenonena, structural phase
transitions in solids being one of them The spin-lattice relaxation timne
(T') of a probe nucleus depends not only on the configuration of the
nol ecul ar group in which this probe is situated and the crystal structure
of the solid, but also, even more sensitively, on the notional state of
these groups. The existence and its relative inportance of a given type
of notion, like reorientation or vibration, of a given nolecular group is
in turn dependent on the tenperature as well as on the potential barriers
such a group experiences in its surroundings due to the inter nolecul ar
interactions in the solid. Osng to this delicate coupling of the spin
probe with its dynanmic environnent, investigation of relaxation rates as
a function of tenperature and resonance (Larmor) frequency can be

profitably used to distinguish and report on the type of the different



i nequi val ence, correlation times, and activation energies with the help
of appropriate nol ecul ar dynamic nmodels. Cn the other hand, [|inew dth and
second nonent (M,) neasurements provide conplenenting and confirmatory
information on these processes, which crucially helps to check the

validity of the mcroscopic nodel proposed on the basis of the rel axation

i nf ormati on.

The systens investigated in the present study, tris(alkylammonium)
hal ogeno bismuthates, belong to a famly of solids with the general
formula [(CH ) NJ] M7Xq,\/\here n varies from0 to 4, Mis a nmetal atom

belonging to the Goup V elements, but predoninantly Sb and Bi, and X is

a halogen atom like Cl, Br or |. These conplex solids are formed by an
3-

infinite network of the M X anions and alkylammonium cations are
situated in cavities within these l|ayers, wundergoing reorientational
nmotions. These solids exhibit order-disorder type structural phase
transitions, and due to the sensitive dependence of the dynanics of the
cation on the structural and dynanic properties of the solid, such a
phase transition will observably affect the dynamc state of the cations.
Therefore to investigate the dynamc properties of these cations it is
ideal to use proton as the NMR probe and manifestation of such
transitions are then expected to be reflected as subtle and
characteristic changes in resonance and rel axation paraneters of the spin
probe. Wth these objectives a systematic study of both Antinony and
Bi smuth substituted solids of above famly was undertaken using proton
magnetic resonance neasurements in this laboratory. The work presented
in this thesis concerns the spin-lattice relaxation time (T ) and second
nonent (M) neasurements on tris(alkylammonium) hal ogeno bi snuthates with
proton as the NWR probe, the neasurenents being nade as a function of

tenperature and Larmor frequency. Since results on the Antinony



substituted conpounds were readily available, this thesis presents a
conmparative picture of both Bi and Sb substituted conpounds where ever
possi ble apart from a discussion on Bismuth substituted conpounds
t hensel ves. The neasurenents were made on a hone-nade autonated
pulsed-NMR spectroneter wth the necessary supporting instrumentation

havi ng been devel oped as a part of this research project.

The thesis consists of three sections A. B and C Section-A is
dedicated to the discussion of the necessary theoretical ideas to
interpret the results being presented later. A detailed discussion of
Bloembergen-Purcell-Pound theory (BPP, in short) is provided. Further,
outline of the general method of deriving the appropriate expression for
the spin-lattice relaxation rate taking into account the relevant dynamc
processes of a given cationic group is presented, the detailed nodels
appropriate to the different cations being presented in later sections

along with the results of measurenents on each conpound.

Section-B concerns the experinental details and is divided into
three parts. Sub-section B-1 describes the methodol ogy of pulsed NMR
experinents, and of neasurements of spin lattice relaxation tine (T ),
spin-spin relaxation relaxation time (T ) and second nonent of resonance
absorption line (M ). Sub-section B-2 includes a brief description of the
pul sed NWR spectroneter wused. The author's contribution towards the
upgradation of this instrunent forns the content of sub-section B-3, and
this includes a description of a mcroprocessor based pul se progranmer
which was developed as part of such an upgradation, the hardware and
software details of the effort to autonmate the experinents by interfacing
with a personal conputer in the GPIB and RS-232-C environnents, as well

as the instrunentation effort to make the spectroneter conpatible to



carry out other interesting neasurenents (like translational diffusion

using spin echoes under pulsed field gradients).

In Section-C the results of investigations on tris(alkylammonium)
hal ogeno bismuthates are presented, and these results are anal yzed based
on suitable theoretical nodels. This section begins with a brief survey
of the properties of A M.X famly of conpounds (sub-section C-1). The
geonetrical and bonding considerations which lead to the unique
structures of these conpounds are discussed in some detail, and is
followed by a brief overview of the results of measurenents by various
physical techniques on tris(alkylammonium) halogeno metallates. The
utility and relevance of a NWR study on these systens, in the light of

the information presented, is then highlighted.

Sub-section (G2) contains the results of T and M measurenments on

the conpounds [(CH )4N] Bi,Cl, and [(CH3]4N]3B1 Br T, data show the

3772779 2779 1
presence of structural phase transitions at 151K and 183K, respectively,

3

in these conpounds as confirmed by other physical neasurenents. Formation
of T mnima  due to the i sotropic reorientation of t he
t et ramet hyl ammoni um cation is seen in both these compounds, and also, T
mnima due to the reorientation of the nethyl groups about their C axes
are al so observed. To analyze the T data the theoretical model of A bert
et al., (1972) is discussed in detail. Analysis of data in these
conpounds show the presence of dynam cally inequival ent nethyl groups and
such a presence is a reflection of the considerable amount of structural
di sorder present in these conpounds. Second nonent neasurenent on these
compounds as a function of tenperature corroborates the nodel used to

analyze T data but there is no signature of the phase transitions on M,

data on these compounds. Further, analysis of T data strongly suggests



the possibility of additional structural phase transitions at about 91K
in [(CH;),N];B1,Clgand 120K in [(CH,) ,N] Bi,Brg.

Results of T and M neasurenents on [(CH ) NH]3 BiZCI9 and
[(CH,),NH ] Bi Cl and their anal ysis form sub-section (C3). These
conmpounds contain cations which are nore asymmetric than above, and they
have preferred triad and diad axes of rotation. T data on ((CH ) NH ]}
Bi Cl, show the effect of isotropic reorientation of the dimethylammonium
cation in the formof a mninum around 400 K but such a mininum is not
seen below 400 K in the case of [(CP{3)3N}{]3 BiZCIQ, even though its
presence is suggested by the T data. [(CH3)3NH]3 B'12C19 shows the
possibility of a structural phase transition at 300K whereas [(CH ) NH ]
Bi Cl shows a discontinuity in the T data at 152K, suggesting a
structural phase transition. In both these compounds the signature of a
structural phase transition at lower tenperatures (around 100K) is
detected by the NWR neasurenments (125 K in [(C}{3)3Nl-l]3}3'12C19 and 78 K in
[(CH.JNH ] Bi A ).Theoretical nodels taking into account the triad and
diad axis reorientations as well as the internal notions (nethyl group
dynam cs) of these cations are presented in this section, and the T. data
are thus analyzed for trimethylammonium and dinethyl ammoni um group
dynami cs. The conpound [(CH ) NH] Bi Cl exhibits an increased degree of
structural inequivalence as evidenced by the observed dynamc
i nequi val ence of trinethyl anmonium cations as well as the nethyl groups.
On the other hand, analysis of T data in [(CH) NH ] BiZCIQShows the
presence dynam c inequivalence only among the nethyl groups but not in

di net hyl ammoni um gr oups.

Sub-section (G4) is devoted to the discussion of T. and M.

neasurenents on the conpound (HNH ) B d . M data at the highest



tenperature of measurenent (= 400 K) in this conmpound show the presence
of isotropic reorientation among all the cations. Four structural phase
transitions are reported in this system using other physical techniques
(385K, 349K, 247K and 200K) and M data show the signature of all the
four transitions. At 385K M shows a slight increase which suggests an
increase in the interproton distance in this conpound. Around 349K, 249K
and 200K, M data show stepwi se increase as we go down the tenperature
from 385K and the values of the different plateaus suggest that there are
three dynamically inequival ent methylammonium cations. |t appears that
the isotropic reorientation of each of one of them gets frozen by NMR
line width time scales at 349K 249K and 200K, respectively and the
reorientation of these ions about their 3-fold GN axis finally becomes
dominant. The magnetization recovery in this conpound shows marked
non- exponential behaviour and is therefore fitted to a two exponential
model and the corresponding relaxation times are calculated(T. and

T. ). T, data show discontinuities at the respective transition
l1slow 1

tenperatures and bel ow 150K the non-exponentiality of the magnetization
recovery disappears. T values seem to decrease monotonically with
decreasing tenperature below 150K, and the activation energy estinated
from this portion suggests that the nethylanmonium cations nay be

undergoi ng uncorrelated C reorientations about their GN axis.

(NH4)3812C19 and (NH ) Bi Br are tw of the ammonium substituted
conpounds of this famly which provide interesting contrast wth the
other conpounds as there are no internal dynamcs possible with these
cations. M neasurenents on (NH ). Bi,Cl show that the cations are
undergoing rather fast reorientations and T data show a maxi num |ike
structure. Interestingly, above 250K T. values at 8 Mz are snaller than

those at 5 MHz. Analysis of the data shows that such a non-BPP type

vi



behavi our may be caused by the cross relaxation of the protons through
the quadrupolar levels of Cl nucleus in this conpound. (NH.). Bi_Br
shows an entirely different picture where T data show the formation of
an usually expected ninimum due to the isotropic reorientation of the
NH cations, and at 250K a structural phase transition is observed as a
slope change in the T data. The activation energy above this tenperature
is found to be about 7 kJ/mole, whereas below this tenperature it is
close to 18 kJ/nole, thereby showing the increased anount of hindrance to

the cation dynam cs. These discussions form sub-section (CG5).

It has been observed that Bismuth has a tendency to cluster wth
other atons or halogens to formlarge clusters leading to conpounds wth
novel anions having reasonable anount of free space for the cations to

undergo reorientations. One such systemis [(C,H.),N] Bi,Cl,, having the
2 54 6 5 30

anion B Cl,, , and this provides an interesting contrast to all the
ot hers discussed above. Sub-section (G 6) describes the results of T and
M. neasurenents on this conpound and includes a discussion on suitable
theoreti cal nodel t aki ng into account the dynamics  of the
tetraet hyl ammoni um cation. A phase transition is reported at 241 K and
near this tenperature both T and M data show its signature. Analysis
of T data shows the presence of a wide distribution of correlation tines
of the methyl group reorientations, and the analysis of T data in the
observed range of tenperature shows the presence of at least four

dynam cal Iy inequival ent nethyl groups.

Sub-section (G 7) provides a conprehensive survey of the results we
have obtained from these investigations on tris(alkylammonium) hal ogeno
bismuthates, and also a conparison with those of the Antimony substituted

conpounds of this famly. The discussion brings out the role of Bisnuth



in causing an increased anount of structural inequivalence (structural
disorder) in these compounds as reflected by the presence of increased
anount of inequival ence anong the different groups, in conparison wth
the Antinony substituted conpounds. A conparison of dynamc paranmeters
above and below the phase transitions in the tetramethylammonium
substituted compounds shows that at their respective transition
tenperatures the correlation tines of these notions reach, rather
curiously, a particular value. Conclusions based on the present
investigations on these conpounds are summarized as the last part of this

section.

Appendix - | of the thesis provides the listing of sone of the
assenbly level programmes which are used for generation of different
pul se sequences wusing the mcroprocessor based pulse progranmer.
Appendix - |l gives programmes specific to the present work which are
developed to automate the spectroneter in the GPIB and RS-232-C
environnent. Finally, Appendix - IlIl provides the list of progranmes
which are developed in different programm ng |anguages (BASICA and ASYST)
for analysis and display of data and graphics and a sanple listing of

sone of the inportant programes.



SECTION. A

NUCLEAR MAGNETIC RESONANCE
AND RELAXATION.

AN INTRODUCTION.



SECTION A
PAR I |

NUCLEAR MAGNETI C RESONANCE AND RELAXATI ON

- AN NTRODUCTI ON

BASI C NMR THECRY

Wien a nucleus with spin | is placed in a static nmagnetic field of

strength H, the interaction Hamltonian is given by

(A-1.1) H_ =

referred to as the Zeeman Hamiltonian. Here, 7 is the nagnetic noment

operator for the spin I, given by

(A-1.2)

—

vh

T
[}

Let the direction of the applied magnetic field H be chosen as the

Z-axis. Then the expression (A-l.l) can be witten as

(A-1.3) H

2 = =yh Ho Iz

The Zeeman interaction creates (2I+1) distinct levels of energy wth

values given by -yhH m , where m. is the nagnetic quantum nunber. The

energy difference between any two adjacent levels is given by



AE = yh HO

At thermal equilibrium the nunber of spins occupying different energy
level s is given by the Maxwell -Bo ltzmann distribution. If Nis the total
nunber of spins in the system then the nunber of spins present in the

energy level denoted by m is

N, = N exp [ "hHo"‘L]
KT

In this expression, T is the lattice tenperature and here lattice inplies
all the translational, rotational and vibrational degrees of freedom of
the nuclei. Focusing our attention on a spin /2 probe like proton, the
spin ensenble is described by two |levels of energy and the population in
the higher and |ower energy states, (which we shall refer to as -1/2 and
+1/2 states respectively) are given by N = N exp(yhH /2kT) and N° = N
exp(-yhH /2kT). These expressions show that there is an excess of spins

in the lower energy state at any given finite tenperature T.

When a sinusoidally oscillating nagnetic field at the frequency w =
¥H is applied in the XY plane, this field couples the two levels and
causes transition of spins between these levels. Onng to the excess
popul ation of nuclei in the |ower energy state, there is a net absorption
of energy from such an oscillating field. This happens because of the
fact that, the rate at which spins get transferred from +1/2 to -1/2 is

greater than the rate at which the spins go from-1/2 to 1/2 state.

In order for the spins to achieve their thernmal equilibriumthe spin



subsystemwi || have to interact with all other degrees of freedom (called
lattice). If such is not the case, for example, an application of even a
weak resonant continuous r.f. perturbation would have led to an eventual
equl ai zation of populations (saturation). The interactions anong the
spins nodulated in time due to the notional processes provide the
connection between the spin and the lattice degrees of freedom and hence
serve as relaxation mechanisns, which try to maintain the equilibrium
popul ation difference. Two cases here can be identified. In the first
case, which forns the basis of CWNWR experinments, the anplitude of the
applied field is mintained at a sufficiently low value as to avoid
saturation of the spin system Here, the rate at which the energy is
absorbed from the applied field is equal to the rate at which this energy
is dissipated by the conpeting rel axation process and the spin systemis
said to be maintained in a near-equilibrium state. In the second case,
which forns the basis for the so-called pulsed-NMR experinents, the
anplitude of the applied field is deliberately made large so that within
a time interval in which the relaxation effects are negligible, the spin
system is disturbed away from equilibrium (saturation being one such
state) and the perturbing field is subsequently removed to allow the
system to relax back to its thermal equilibrium This tine evolution is

nonitored to measure the rel evant relaxation tines.

The nolecules (or atoms) in which the nuclei are situated act as
carriers of these nuclei and these are subjected to all t he
translational, rotational and vibrational notions experienced by the
carrier nmolecules (carrier atons), which are random functions of tine.

The presence of all other spins causes a local nagnetic field at any



given spin, and owing to the above nentioned motional processes this
local field fluctuates in tine. The conponent of this fluctuating field
perpendi cular to the Z-axis can in principle cause transition between the
levels and this serves as the path through which spin-lattice relaxation
takes place. The inherent dependence of these thernally activated
processes on tenperature nakes the relaxation times too a function of
tenperature, and neasurement of the relaxation tinmes as a function of
tenmperature thus, in principle, provides an opportunity to investigate
the dynam c processes present in the system and their relation to other

interesting physical phenonena.

As an alternative to the quantum nechanical description of the spin
system a sem-classical description can be given, by which it is nore
convenient to visualize the evolution of the spins in the presence of the
magnetic fields. Let us consider a single spin with a magnetic nonent
given by u in the presence of an applied magnetic field H The tine rate

of change of p is given by

(A-1.6) du/dt = g x  (yH)

Equation (A-1.6) shows that the vector u is noving in a direction
perpendicular to the plane containing p and H This corresponds to the
precession of the vector u about the applied field s direction and if H
is constant in tine, u subtends a constant angle ¢ about H and it
describes a cone about H known as Larmor precession. |If the applied
field is along the Z-direction, the Z-conponent of the nagnetic nonent is

i ndependent of time but X and Y conponents are time dependent, from egn.



(A-1.6). This time evolution of p is as seen from the |aboratory frane
and it will be convenient to transform into a reference frame which
rotates with an angular velocity Q. It can be shown that the tinme rate of

-
change of up in such a rotating frame can be witten as

(A-1.7) Spu/d8t = (1 x (yH +fi)

Conparing eqns. (A-1.6) and (A-1.7) it is seen that the tine evol ution of
the magnetic nonment in the rotating frane is described by an equation
simlar to that in the lab frame, provided we visualize the net field
felt by u to be equal to (Hn/y). If we assume that the field His tine

independent and it is along the Z-axis, denoted by H, we can rewite

(A1.7) as
(A-1.8) /8t = p x y(H + /%)
Now, if we choose the frequency of the rotating frame as fi = -yH , then

in such a frame the tine rate of change of p is zero, and therefore in
this frane the magnetic nonent is static. The frequency -yH , which we

shall denote by w , is called the Larmor frequency [Sichter, 1978].
Treating u as the quantum nechanical operator for the magnetic
nonent, the expectation value of p can be expressed as the sum of the

expectation val ues of the three conponents, nanely,

(A-1.9) <u> = | (“x> + j (“y> + k <p2>



It can be shown that the expectation value of this magnetic monent

operator p obeys a rate equation, sinmlar to (A-1.6), nanely,
(A-1.10) d<p>/dt = <n> x yH

and the X and Y conponents of the expectation values, <u > and <u >, are
X y

oscillating functions of time with a frequency w = yH and Z conponent of
#, <p > is independent of tinme [Slichter, 1978] and these are in
accordance with the classical description of the magnetic nonment in the

presence of the static field H

Let us suppose that an alternating magnetic field H (t) = i
H cos wt is applied along the X-axis. Such an alternating field can be
broken into two circularly rotating conponents denoted by Hp and H . H.
rotates about the Z-axis with an angular frequency w and H rotates with
an angul ar frequency -to. Wen w is nmade close to w, H. will rotate in
the sane sense as the nonent p and H wll rotate in the opposite
direction. Thus, we can assume that the effect of H in causing any
observable change in the time evolution of u is negligible. W shall
rewite Hy, by the expression

+

(A-1.11) ]LR = H1 = Hl (i coswt + j sinwt)

In the presence of H and the rotating field H (t), the rate of change of

u 1is given by

(A-1.12) dpsdt = pox 7[ﬁo+ ﬁl[t)]



In the rotating frane, in the presence of H (t), the tine evolution of

can be described by the equation
(A-1.13) sp/st = pox [klw + 7H ) + izH,]

. . of . . . .
It is seen that the time dependencek}{i is renoved in this rotating frane,

since in the lab frame H also rotates with the same angul ar frequency w
as that of the rotating frame. Wen w = -yH , which is also called the
resonance condition, the Z-axis nagnetic field in the rotating field
becomes zero (A-1.13), and the only non-zero field in this frame is H.
which is static. Thus, at resonance, in the rotating franme, the magnetic
nonent u precesses about this static field H which is in the XY-plane.
The angul ar frequency of such a precession is given by w = gH . In a
time interval t , the spin will precess by an angle © = yH,t . Now, if
we choose tW in such a way that vsw is equal to n/2 radians and if i was
along the Z-direction at time t = 0, then at t=t , the nmagnetic nonent
would have been tilted by 90° and it wll be in the XY plane. The
restricted application of the rotating field H for a short interval of
time t is called a pulse and the pulse corresponding to ¢ = n/2 is
called the "90 degree pulse" or the "n/2 pulse". Sinmlarly a "n pul se"
can be applied such that at the end of t the nagnetic nmoment is along
the -Z direction, if it was kept initially along the +Z direction. The
magnetic noment after a n/2 pul se precesses about the static field H in
the laboratory frame, and if an inductance coil is kept in the XY-plane
such a precession causes a tine dependent change in the nagnetic flux of

the coil which induces an e.m.f. and this is the standard nethod of



detecting NMR signals in pulsed NW experinents. In the quantum
nmechani cal description the expectation value, in the rotating frame, of

the Z-axis nagnetic noment u can be shown to be [Sichter, 1978]
(A-1.14) <uz[tl> - <,uz(0)> cos 'JHI".

where <p (0)> is the expectation value of the Z-axis nmagnetic nmoment tinme
t = 0 and we assune here that the nmagnetic nonent is aligned along the

Z-axis at time t = 0.

The description given so far was confined to an isolated nucl eus
with a magnetic nonent u. Wien we have an ensenbl e of spins we can define

a net nagnetization Mfor this ensenble, given for non-interacting spins

by
(A-1.15) M=Yu,
7
The azimuthal angle ¢, of all the individual spins wll be randomy

distributed and thus the sunmation of the conponent of nagnetic nonents
in the XY plane will be zero, and thus the nacroscopi c nagnetization wll
have only a non-zero conponent along the Z-axis denoted by M, though the

i ndividual magnetic noments u, can have non-vanishing conponents in the

XY plane. The assunption of such a randomdistribution of ¢. is called
the random phase approximation. Thus, in the presence of a static
magnetic field H in an ensenble of spins, there wll be a net

nmagnetization M which is static and lies along the direction of this

field.



Bloch's phenomenological equations depict the time evolution of the
nmacroscopi ¢ nmagnetization in the presence of the applied fields and the
rel axation processes, and introduces the relaxation times T and T .

These equations are given by,

(A-1.164a) dM_sdt =y M x ) - Mo "M
z z S ——r
7
1
N - M
(A-1.16b) de/dt =7 (M x H)x - X
T
2
(A-1.16c) dM 7dt = 3 (Mx ) - Ny
y y T,

In the above expressions, T is the spin-lattice relaxation time which is
the characteristic time associated with the dissipation of excess energy
of the spin system to the lattice. After a n/2 pulse is applied, the
magneti zation M is tipped onto the XY plane. But, this corresponds to a
non-equilibrium condition anong the spins, since at equilibriumwe expect
no net nagnetization in XY plane, in the absence of a field component in
this plane. Thus, the spin system |looses this excess coherence built in
the XY plane eventually, and the characteristic time constant associated
with the decay of this coherence is the spin-spin relaxation tine T .
Now, in order to use these nacroscopic relaxation processes to
investigate the mcroscopic dynamcs, a suitable theoretical framework is

needed providing a connection of T and T to dynamc vari abl es.

The Bloembergen-Purcell-Pound theory (BPP theory) is one of the



important mcroscopi c theories which provides such a connection and the
present investigations are based on it. It nay be nentioned in passing
that other conprehensive mcroscopic theories of relaxation are also
available in literature, for exanple, Kubo and Tomita's |inear response
theory, Bloch-Wangsness-Redfield theory and Hebel-Slichter's theory of
nucl ear relaxation. In what follows, we shall discuss in detail, the BPP

theory and its application to relaxation in solids.

Bloembergen-Purcell~Pound theory :

In the follow ng discussion let us consider only the sinple case of
spin-1/2 particles unless otherwise specified and take note of the

assunptions thereof.

1. The total Hamiltonian of the physical systemis of the general type

where ¥ is contribution to the total Hamiltonian from the system
al one expressed in terns of the spin degrees of freedom X is the
lattice part of the total Hamltonian, and X expresses the

coupling between the spin systemand the lattice.
2. The lattice reservoir is assuned to be of infinite thermal capacity
because of which even when the spin system exchanges energy with the

lattice, the lattice remains at a constant tenperature T.

3. In the high-tenperature approxi mation, the energy difference between

the spin levels is assumed to be much smaller than kT.

10



4.

In conparison to X x is quite small and a second order
perturbation calculation can be wused to calculate the lattice

induced transitions between the different levels of X .

H is assuned to be a random operator with vanishing ensenble
average and the correlation function <¥ (t’) ¥ (t'+t)> is assuned

to be stationary. This function is characterized by a correlation

time T.

Since a perturbation theory is to be applied, the observation tine t
has to be nmuch larger than the correlation tine T of the lattice

fluctuations.

O the tine scale of the NMR probe these random processes are
assunmed to be Markovian (wth no nmenory effects), leading to tine

i ndependent rel axation rates.

Let us consider N spins in a rigid lattice subjected to a strong

Zeeman field H applied in z-direction and an oscillating field H coswt

applied in the xy-plane. The total Hamiltonian of this system can be

witten as,

(A-1.17) K., = H_+n (t)y+ 3. * H,
z c

r.I. L oL

Here Nrf is given by -M.choswot. Let us define <r as the density matrix

over

the spin variables for the ensenble of the N spins. Denoting the

11



spin states by +> and !-> the probability of occupation of the :+ or

I-> energy level is given by o or ¢ \where,

(A-1.18) ¢, = <« ‘o 11> = exp(-BE  ,[)/Zexp(-BE )
11 x k
k
where B=1/kT and i is + or -. Thus the populations in i+>and !-> levels

are given by

(A-1.19) N = Neo

The applied r.f. field causes transition between the two energy
levels and let W and W denote the transition probability per wunit
time induced by the applied field for a transition from | + to -> and
'=> to !+> respectively. There exists a conpeting relaxation process
nediated by the interaction among the spins which tries to restore the
change in the popul ation difference caused by the applied r.f. field, and
the transition probability per unit tine associated with this process be
denoted by P and P . Now the rate of change of population in each |evel

is given by the equations

(A-1.20) dN/dt = - N (W +P ) +N (W +P)
(Al. 21) dN /dt = - N (W+ P ) + N (W+ P’_)

The transition probability per unit tine due to the applied field is

given by the formla

12



- _ 2m = 2
(A-1.22) u:: B ;2 | <t12|x . |F172>|% p,
It is clear that the probability for the downward and upward transition
is the sane and thus we shall denote this probability as W dropping the

indices. Thus equations (A-1.20) and (A-1.21) can now be witten as

(A-1.23) dN/dt = - (N -N)W=-NP_+NP

- -+

(A-1.24) dN /dt = + (N - N)W-NP - NP

+ +-

fromwhich it can be derived that

(A-1.25) dn/dt = -2un - " %%
T1
with the definitions
n= (N -N) ; n =N P-&“ P#—
+ - o _
P +P
™ e
and /T, =P + P
1 + = -+

Equation A-1.25 shows that for a system with a very weak spin
lattice coupling, or for a case where W>|/T , the popul ation difference
will eventually go to zero and this condition is the saturation
condition. It can also be seen that after the perturbing field is renoved

the population difference reaches its equilibrium val ue n, given by the

13



rel axation equation

(A-1.26) N = n [1-exp(-t/T )]

which also gives the tinme evolution of the net magnetization Mas it is
proportional to the population difference n. Analogous relation can al so
be derived from the Bloch's equations and the sinple picture given so far

is able to connect to the macroscopic Bloch's equations.

The spin-lattice relaxation tinme T , introduced as the inverse of
the transition rates induced by the nmolecular notions, now has to be

connected to the mcroscopic dynamics in the system W shall do it by

considering an explicit form of %  which wll be treated as a
perturbation on the Zeeman Hamiltonian ¥ . In fact, spin-spin relaxation
time, T, which we have seen to be the tinme constant for the

magnetization decay in the xy-plane, is derived naturally to be the
inverse of the linewidth of the Zeeman levels, from the above

cal cul ation.

Let us consider the dipole-dipole interaction summed over all the

spins, given by

5 rh 1, My, 01,
(A-1.27) K. = (/2) T L +ni, .| J - 4 & &4 4
SL T i i
Ij 3 S
e g
1) 1)
where r. . is the internuclear vector of any two spins i and j, and

refers to the gyromagnetic ratio of the respective spins. Let
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A-1. =
( 28) HSL g ViJ
it
where V . is given by
(A-1.29) V. = 3°hor > (A+B+C+D+EF)
i) ij
and
= . 2
A= Izllzj (1-3cos Olj]
B=-1/4 [(I_ -11_)(I_ +il ) + (I_ +iI_)(I_ ~iI_)] (1-3cos’e, )
xi yi ®Jj vy xi yi xJ yJ ij
C=-3/2 [(Ixi+1lyi]12J+(Ixj+11yJ)IziI
sln@iJccn's.ﬂ'!h‘j exP[_1¢LJ) exp(leot}
D= <372 [(I. =81 %1 _ .#(1_.,-11_.)T .]
X z

i yi z]j xJ yJ i
sinoi cos® exp(1¢i

j 13 ) exp[—inOt)

J

I i 2 ¥

E = -3/4 (Ixi+11y1)(1xj+lyj] sinﬁij expl( 21¢ijl exp(ZigHot)
_ » ~ 2 : s

F = -3/4 (]xi 1Iyi]{lxj ijl sinﬂij exp(21¢1J] expl 21rH0t]

In a rigid lattice, each spin experiences a static field which is
different from the applied field H due to the presence of the
nei ghbouring spins. Since the distribution of spins in the +1/2 and -1/2
states in the nei ghbourhood of any given spin varies fromsite to site
this "local field" also varies from spin to spin. The average of the

local field distribution can therefore be expressed as [Bloembergen et

al., 1948]
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2

2 -6
loc>av

= (1/3) #%0% 1(1+1) T (1-3cos®s, )% x r®
J 1] 1]

(A-1.30) <H

and the mean square deviation in frequency units of the energy level is

gi ven by

(A-1.31) (ﬂu2> - ?2 <H 2 >
AV loc AV

Egn. (A-1.31) gives an expression for the broadening of the resonance |ine
caused by the local field distribution. TermB, which contains the I and
| _ operators in pairs, wll cause a sinultaneous flip of the two spins

and | in the opposite directions. This term thus inposes a finite
lifetine on a given spin whether it is in the !+ or !-> state, and thus
this also contributes to the broadening of the energy levels. Now the
contribution of this term to the linewdth can be included in the
expression for <Aw > in the formof a nunerical factor and taking this
also into account the total broadening caused by term A and term B are

gi ven by

(A-1.32) {<am‘2>”l”2 = (/T = (3/2) voh [1(1+1)/3]1"2
1/2
x| & (1—3c05291.)2 x r}é
i#j J J

The spin-spin relaxation time is the shortest in a rigid lattice
since the coupling between the spins is strong in the absence of notions
and this aids in dissipating the coherence in XY plane nmore efficiently.

It can be shown that lattice notions lead to a tine averaging of terns A

16



and B thereby reducing the linewidth of the resonance line, known as
"nmotional narrowing". In principle, the spin-lattice relaxation process
whi ch couples the two |evels of energy also contributes to the broadening

of the lines [Bl oenbergen et al., 1948].

Spin-Lattice relaxation process:

Fromegns. (A-1.28) and (A-1.29), it is seen that ternms Cand D are
capabl e of coupling the spin levels differing in m by +1 and terns E and
F couple spin levels differing in their m by +2. Wwen notions are
present, these terns are nodulated in tine and they lead to the
spin-lattice relaxation. At a finite tenperature, notions are present in
a system because a finite anount of energy is available to all the
lattice degrees of freedom Nornally such thernally activated dynamc
processes are random functions of tine. These dynam c processes nodul ate
the spatial co-ordinates (r., 9., ¢.) of any given spin randomy in
tinme. Thus, the space part of the terns in the Hamiltonian given in

eqgn. (A-1.24) are random functions of time. Defining the space dependent

terms in the Hamltonian for sonme arbitrary test nucleus (i) due to its

interactions with a specific j, as
_ ] 2 -3
(A-1.33(a)) FOj = (1-3cos ﬁij)rij
. -3
(A-1.33(b)) Flj - SinﬁleOSﬂlj exP(wiJ)rij
A-1.33 F,. = sin’o (21, Ir>
(A-1.33(c)) gy = 81070, ; Xp 130715
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it may be noted that in the presence of isotropic stochastic notions
these terms are averaged to zero. The processes are then characterized by
the two-tine correlation functions. These correlations are quantified by
a correlation time T, which is an average tinme interval over which the
magni tude of the function has not changed appreciably. W can define the

autocorrelation function of F(t) as
(A-1.34) <F(t)F (L+T]>” = K(t, T)

where the average is over the entire ensenble of spins. Assumng that
these randomly nodul ated processes in tine are stationary and Markovian

the autocorrelation function becores
-
(A-1.35) K(t) = <F(t)F (t)>” exp(-it :/rCJ

The spectral density function for K(t) is given by

w
(A-1.36) J(v) = [ K(t) expliwt) drt
-
and since K(t) is real and even, J(v) is also real and even. Let us

define the spectral density functions Jo(v). Jl(v)and Jz(vl by

i 2 _ 7

(A-1.37.a) <T Fp i, = -i Jov) dv
2 @

(A-1.37.b) < F T, = -i J,(v) dv
2 w

(A1.37.0 <L :FZJ: >“ = [ lev) dv

-
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The transition probability per unit tine caused by these lattice

fluctuations, in the case of spin 1/2 particles, can be conputed as

(A-1.38) P = (9/16)y h? (3, ) + 1, (2v)]

Though the probability for upward and downward transitions are the sane,
the overall transition probability for !+ to !-> transition and !-> to
:+> transition has to be weighted by the respective Boltzmann factors as

required by the principle of detailed balance, from which

(A-1.39) N P =N P _,
+ - - -+
wher e
(A-1.40) P_=P exp(—tho/ZkT) i B =P expl*whHo/ZkT)

Though this condition is strictly valid only under thermal equilibrium
as long as KT >> yH h, this condition can be assuned to be valid even if
the spin system is not in thernal equilibrium with the lattice.
Therefore, in the high tenperature approxination, equation (A-1.40) can

be witten as

(A-1.41) P

-

([}
n

P [1-(yhH /2kT)] ; P__ = P [1+(yhH /2kT)]

Recalling equations (A-1.23) through (A-1.25), in the absence of the

perturbing r.f. field we can wite,
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(A-1.42) dn/dt =2NP - 2N P
- = + +

(A~1.43) dn/dt = (N+nJP+_ .. (an)P_+

Defining the equilibrium population difference n = NyhH /KT under the
high tenperature approximation and substituting the appropriate
expression for P _ and P_ from equation (A-1.41), we can express the

rate at which the population difference between the two energy |evels

changes in time as

(A-1.44) dn/dt = 2P (nD—nl

from which we see that the spin population difference attains its
equilibrium value by following a sinple exponential law with
a characteristic time constant given by

(A-1.45) T, = 1/2P

Thus the general formula for the spin-lattice relaxation tine in the case

of spin-1/2 particles can be witten as
4.2
(A-1.46) “/le = (9/8)y h [Jltu) + J2(2v)]

From (A-1.35) the spectral density function can be expressed in a

general form as
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(A-1.47) JWw) = <FIOF (1)>  (1./(140%7%)]
AY [+ [

with w = 2nv. Thus, the spin-lattice relaxation tine can be expressed in

terms of the spectral density functions as

4 2 | . e
(A-1.48) 1/T, = (9/8) "h™ |<F,(t)F, (t)> +
1 1 1 AV

2_2
| 1l +wr
L c

—esil

3 41:(
(Fz(t'”'—?,(“)w

2 2
1*4LJTL

T

Effect of nmotions on the linewidth:

The equation for the spin-spin relaxation tine T, expressed in
(A-1.32) is for the rigid lattice and we should reconsider this equation
in the presence of the nolecular motions. dearly, the space dependent
term in equation (A-1.32) nust be replaced by its ensenble average and
fromthe definition of J (v) given in equation (A-1.37a), this ensenble
average can be witten as
(A-1.49) ¥ 1(1-3cos%e, (t)rS()i> = [ (v)dv

13 13 AV o
Taking into account the effect of notion, equation (A1.32) can be
nmodified to express the spin-spin relaxation time as [Bl oenbergen et

al., 1948
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(A-1.50) /T, = 3/2 Ph [1(1+1)/3)2 § 3 (63 av ca
o]

The tine nodulation of the terns Cto F linits the lifetime of the spins
in any given energy state and this also contributes to the broadening of
the line. In principle, the broadening of the line due to this effect
al so should be included in determning the overall broadening of the line
but in solids where the spin-lattice relaxation tinme T is nuch larger
than the spin-spin relaxation time T this effect is negligible. UWsing

equation (A-1.35) we can rewite equation (A-1.50) as

_ ) i
(A-1.51) /T, = 3/2 h [I(1+1) V2 . E J Tev %2

The linits of the above integral have to be restricted to (-1/aT, 1/nT.)
as terns A and B will represent secular perturbations only when the
contribution fromJ (v) is confined to the conponents which are within
the actual width caused by the perturbation. It can be seen that equation
(A-1.51) can be recast into

1

2 -
(A-1.52) [l/Tzl = Cl tan (ZTC/TZ}

by evaluating the integral within the above said limts. The constant C1

contains the prefactors shown in equation (A 1.51) apart from the val ue
2

of |F | for the specific case. The general dependence of the spin-spin
relaxation time on the correlation time T can be seen from (A-1.52),

whi ch shows that for very small T, 1/T is proportional to T and with

22



increasing T, T decreases. In fact when x /T = 1, T reaches its
asynptotic value of T! where T! is the spin-spin relaxation tine
corresponding to the rigid-lattice line width, and T remains at that
value with further increase in T . Therefore it is seen that the presence
of thernmally activated notions decreases the linewidth as the line
broadening terns get tinme averaged to a smaller value, and this is

referred to as notional narrow ng.

Honogeneous and | nhonogeneous br oadeni ng:

An inportant distinction needs to be made in the way the A term and
B termcontribute to the line broadening. In one case the broadening of
the spectral line arises due to the spatial distribution of the spins
aligned either parallel or antiparallel to the Zeeman field since this
nekes the local field felt by any nucleus to be different from site to
site and this broadening effect is referred to as inhonmogeneous
broadening. Term A corresponds to this kind of broadening effect. It is
also to be noted that the inherent inhomogeneity present in the Zeeman
field also contributes to the inhonmbgeneous broadening.On the other hand,
the finite transition probability provided by the term B for the mutual
flipping of a spin pair contributes to the |ine broadening by making the
life time of any given spin pair in their respective energy |evels
finite. This effect is felt to be the sane in intensity on an average by
any given spin pair and does not depend on the spatial distribution of
any quantity, leading to honogeneous broadening. This difference between
termA and B is also brought out by the fact that, even if the spins are

not identical, the local field distribution will remain as it was for the
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case of identical spins, but termB wll not be able to cause the nutual
spin-flip between any two non-identical nuclei as this transition does
not conserve the total energy of the spin system Thus its contribution
to the broadening by way of limting the lifetinme of the spins in their
respective energy states will not be present. An inaginative experinent
reported by BPP brings out this difference clearly and this is referred
to as the "hole burning" experinment. In recording the absorption spectrum
in the frequency domain, the Zeeman field is scanned slowy between two
limting values with a fixed frequency r.f. field and for each
quasi -static value of the Zeenman field the absorption is detected as a
change in the susceptibility of the sanple coil. Instead, if the Zeeman
field is fixed at some value within the absorption curve and the r.f.
power at a particular frequency within this time is made sufficiently
large and after some time if the absorption curve is traced in the
regul ar  manner, a "hole" is created in the absorption curve,
corresponding to the value of the field value where it was held constant
for sone timeif the line is inhomogeneously broadened. This is because in
the case of an inhonogeneously broadened absorption line, only a pocket
of spins anong all experience a total Zeeman field equal to the value at
which the field was locked and only these spins are saturated wth
prolonged exposure to the r.f. radiation. Wen the scan of the field is
resumed the spin pocket corresponding to this Zeeman field does not have

any excess spin in the lower energy state and thus shows zero absorption

intensity for this value of H. If the line was honbgeneously broadened
o}

on the other hand, the increased intensity of r.f. field would have
saturated all the spins in the system as, on an average all the spins in

the system experience a Zeeman field of a given value and as consequence
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one woul d observe the entire absorption line to saturate. Thus burning a
hole in the spectral line is a clear confirmation of the inhomogeneous

broadening present in the system

To sunmarize, BPP theory provides the necessary expressions for the
spin-lattice and spin-spin relaxation time constants expressed in terns
of the mcroscopic variables by treating the dipolar interaction
Hamiltonian as a perturbation on the Zeeman Hamiltonian. Part of this
Hamiltonian accounts for the broadening of the energy levels and the time
dependence of this Haniltonian brought about by nolecular notions [eads
to spin-lattice relaxation in the system Since nolecular notions are
thermal ly activated, they are stochastic processes in tine and they are
characterized by a correlation tine T, and it is shown that T and T-
depend on T . The correlation function, being a neasure of the randommess
of the dynam cs concerned, is dependent on tenperature and a systenatic
observation of spin-lattice and spin-spin relaxation tines as a function
of tenperature provides wus wth the necessary qualitative and

quantitative information on all the relevant dynam c processes.

BPP theory is valid within the purview of the assunptions made in
the beginning and its treatment is semiclassical to the extent that the
spin part of the dipolar Hamltonian is treated as quantum nechani cal
whereas the space part is treated as due to strictly classical random
variables. This is enabled by the fact that the dipolar Hamltonian is

expressi bl e as

2
- _ (q) (q)
(A-1.53) o, = [3/2133:3: za Aw Fie
i

25



where A -s are the spin functions expressed exclusively in ternms of the
spin operators, whereas F ,-s, the lattice functions, are expressed in
terns of the lattice variables r,¢ and ¢, which are the ones to pick up
the random correlation brought about by the thernal nmotions. For
instance, in Bloch-Wangsness~Redfield theory, this problem is treated
differently in that the entire spin systemis represented in terns of its
density matrix which is subject to both the necessary ensenble and
quant um nechani cal averaging. But all these mcroscopic theories address
to the general problem of arriving at a rate equation sinlar to the
nmacroscopi ¢ equations of Bloch, from which the respective relaxation

rates are naturally derived.

Met hod of Moments by Van Vleck:

In pul sed experinents, we saw that if a perturbing r.f. field whose
frequency is equal to -yH is applied suddenly then the magnetization M
precesses about this field H and it subtends an angle 90 with respect
to this perturbing field. |In contrast, if we apply a very weak,
oscillating field with a variable frequency w scanned slowy through the
spectral region it can be shown that under adiabatic fast passage

conditions the magnetization M is always aligned along an effective field

2 7 172
H (which is equal to {H + [{w/y) - H] > ) and this is the basis
of the CW experinments [Abragam, 1970; Slichter, 1978]. Here the

magneti zation induced by the applied field H along X-axis is given by

(A-1.54) Mx = [{1 [x '(w) coswt + ¥ "(w) sinwt ]
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where x ' and x " define the susceptibility of the inductance coil
containing the sanple. The conplex part of the susceptibility x " is
proportional to the rate of absorption of r.f. energy by the spin system
and the real part x ' gives the dispersion due to the sanple, and these
are related through Kramers-Kronig equations [Abragam, 1970]. By defining
a quantum mechani cal operator M corresponding to the X-axis
magnetization, a density operator p for the ensenble of spins in the
sanple, and a correlation function G(t), one can derive an expression for

the conplex part of the susceptibility x " as [Abragam 1970, chap.1V]

(A-1.55) % "w)y =V 1 cos wt’ G(t') dt’
kT (2I+1)
o
1Kt -1He
Here. Q(t) = trace(M (t)M) and M (t) = e M e . X corresponds to
X X X X

the equilibrium Hamiltonian, prior to the application of the perturbing

field in the XY plane. Expanding G(t), x " can be expressed as

(A-1.56) 2% = 8 W oo |<n M :n'>|2

I X

(21+1) 4kT n,n’

where the summation is taken only over states which defer in energy
JE-E , | = hw. It is desirable to know M (t) so that the conplex
susceptibility can then be calculated. Fromthe definition of x "(w), it
is clear that the conplex susceptibility is proportional to the shape
function or absorption curve f(w). Wth the presence of dipolar

interaction M (t) obeys the rate equation (Heisenberg picture)

(A-1.57) (1/1) de/dt = {KZ+J’€1. Mx(t]]
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and in the interaction picture,

-1H e M v =
z e z,
1 X

(A~1.58) (171) dH sdt = [e
where M is given by (e z M e z ). Choosing a set of basis states
of h# , labelled as |E s> where s is the quantum nunber to distinguish
between the various states of the same energy E , we can wite equation

(A-1.58) in the matrix formas

(A-1.59)

d ~ B i -1{(E-E ")t
(171)3, <E_s|M |E's'> =T [e” "o "o

ng
4]

=1{E "= E_ "}t
- [e ) o

<E is IE nghs<E "Sul"ﬁ lE 'S'>]
o 1 7o o x!7o
<E_s|H_|E_"s"><E "s"|H |E _’s’>]
(o} X0 [] 1" o

From (A-1.58), we see that in the absence of the perturbation X, d#M/dt
is zero and thus with the inclusion of a snmall perturbation like ¥, the
variation of Mx nust be slow, so, it is reasonable to assune that in

equation (A-1.59), terns for which E # E' or E # E' contribute a
o} 0 o o}

negligible anount to the above summation for small ¥ . Thus (A-1.59) can

be rewitten as,
(A-1.60)
d ~ e = " e Ve
(171)3, <E s|H |E 's'> = ):“ [<Es|H®, |E s"><E s"|M_|E 's'>]
s
—[(E s|M_IE "s"><E_'s"|H.|E s’>]
o X o o 1o

This is equivalent to considering only those terns in the ¥ which

are secular with respect to the Zeeman Hamiltonian H . This inplies that
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the truncated dipolar Haniltonian which includes only the terns A and B
nust be included in the above equation and let this truncated Ham | tonian
be denoted by ¥ '. Thus, solving for M and in turn solving for x " which
is proportional to the shape function translates into finding out all the

eigen states for the Ham | tonian,

¥ 72h2 A“ i
J<k

(A-1.61) htHZJ«Hl') = %R;
The problem of finding the shape function leads to finding the conplete
set of eigen states of the Hamltonian ¥ = ¥ + X, ', and since ¥ ' does
not comute with ¥ it is not possible to solve this problem exactly.
Therefore, only certain statistical properties of the shape function can
at best be estimated, involving only traces of relevant operators over
these eigen states. In such a case a convenient nethod fo caclulate such

nonents of the distribution function, due to Van Vleck [1948], is very

appropri ate.
Definition:

For an absorption curve which is represented by a normalized
symmetric function f(w) with a maximum at w = w , the n monent s

defined by

(A-1.62) M o= J (0w )" flw) dw
n (o]

If f(w) is symmetric about w all odd nonents vani sh. The shape function

f(w) is related to the correlation function G(t) by
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®
(A-1.63) flw) = 4] G(t) cos wt dt
o

and conversely,

w
i J flw) cos wt dw
nd o

(A-1.64. G(t)

Here A is given by the normalization of the function f(w). M (t) is given

by M (t) =e Me where, H is given by
(A-1.65) H(t) =X, + X'

Substitution of this definition leads to

@

(A-1.66) G,(t) cos w t = 2 J f(w +u) cos(w +u)t du,
1 o — [} o

nd

-w
=]

where G (t) is called the reduced correlation function, given by

1}'(1 t oy e-iHI t}

(A-1.67) G,(t) = tr {e
1 X

Let us also define h(u) = f(w +u) and utilizing the fact that the shape

function is a sharp enough line, one can show that

L]
2

(A-1.68) Gl[t) o N ‘[ h(u) cos ut du

s

and the various even nmonents of the absorption curve are defined by
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(A-1.69) M, = ‘[ h(w) w2 du
2n
@

Expanding G (t),

o0
(A-1.70) G (t) = 2 I nw |1+ d?t%+...] du
nd 2
+ ]
(A-1.71) - o [jh(u} du + t2 I u® h(u) du + ]
nad ?
(A-1.72) = ) e PH ettt uw e
- UMyt My
N 21 an

Thus the function G {(t) can be derived to different approximations by
including nore terns. Fromthe definition of G (t), the nonents can al so

expressed as,

2n
(A-1.73) My = (-1 (1/2) nd 4 Gyt
dt?" t=0
It can be shown that at t =0
p (', (R, (e, (R M) M
(A-1.74) ¢ G (V) = (1P tr 1 1 1 T %
dat® p times

The advantage of the method of nonents is the fact that the trace in the

above given formula is independent of the specific basis set within the
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vector space in which one evaluates them Thus one can evaluate the

nonents in a representation where the values of m. = 12 of the individual
J <

spins are good quantum nunbers, thus circunventing the insoluble problem

of finding all the eigen states |n> of the total Hamiltonian.

From the above the second and fourth nonents can be expressed for

i nstance as
; 2 2
(A-1.75) M = = trd I.1.17) 7 te{1. 7}
2 1 b X
and
(A-1.76) M, = tr{ [®,',[®'.1.11%} /7 tr{1.%)
’ 4 T 1 s X

From (A-1.75) and (A-1.76) it can be deduced that any interaction which

commutes with IX does not contribute to the second or the fourth nonent

and in fact such a term in the Hamiltonian will not contribute to the

hi gher order nonments as well.

Expression for M:
Substituting the appropriate expression for the truncat ed

Hami [ tonian given by (A-1.65) in terns of A and B, the second nonent of

the absorption curve for a crystalline lattice is derived to be

32



(A-1.77) M, = (3/4) ¥°h° 1(1+1) T (1-3cos’e )
K Jk

6
r

Jk

For a polycrystalline conpound which has a uniform angular distribution

of crystallites in space, M, is given by

2 11en p 2

6
r_jk

(A-1.78) M, = (3/5) P

These are the well known Van M eck's fornulae for the second nonent. From
(A-1.75) and (A-1.76) it can be deduced that any interaction which

commutes wth IX does not contribute to the nonments. Since MZ varies as

1/r , it is sufficient to consider the nearest neighbours in evaluating
the lattice sum and one can calculate M, knowing the specific
information on a given crystal structure. For instance, in the case of a

sinple cubic lattice and a polycrystalline conpound, M is given by

(A-1.79) M, = 5.1 e 1 1
d6

where d is the lattice constant.

Since the nmoments are derived from the absorption curve, they shoul d
essentially reflect the dependence of the lineshape on tenperature or
changes in dynamc environment. The noments for any given system can be
experinentally obtained by recording the absorption spectrum in the

frequency domain and nurerically calculating the noments adapting the
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definition given in (A-1.62). Calculation of second nonent as a function
of tenperature is a popular schenme to observe the effects of notions in
solids, and M values reflect the onset of different dynam c processes,
both qualitatively and quantitatively, as a function of tenperature.
Starting froma sufficiently high tenperature where the notions are very
rapid, progressive cooling of the sanple nmay lead to freezing of
different notions in a specific sequence, and M, neasured as a function
of tenperature develops a step like structure for every notion which
undergoes a linewidth transition given by the condition w T = 1 where w,
is the dipolar linewidth of the absorption curve. Another advantage of
nmeasuring M to observe the dynam cal changes is the fact that M. is a
very sensitive function of the shape function val ues which are far away
from the central frequency of the absorption curve, and small changes in
the lineshape which nay not reflect to a great extent in the |inewdth
will also affect M. considerably. In sone favourable cases, know edge of
M. provides with the information about the inter-nuclear distances also,
and in fact by measuring M in a single crystal, Van Vlieck fornula can be

conveniently used to estimate the inter nuclear distances.

Rel axation in Solids :

Here we shall attenpt to provide a general scheme to adapt the
results of BPP theory to the case of solids. The expression for the

spin-lattice relaxation rate (spin-1/2particles) is given by



4 2

(A-1.80) 1/T, = (9/8) 7 h %

2
<|F1| >‘w c +
1+ szE
2 aT
(|F2| >AV £

2 2
1 +4ur
c

Normal |y, the dynanmics in the solids are thermally activated and

these Arrhenius processes have tenperature dependent T given by

(A-1.81) T, = T, exp [Ea/kT)

where E is the activation energy associated with this process. A random
fluctuation, especially in a solid, can be thought of as a junp process
where a given nolecular group Junps from one equivalent orientation to
another. In a solid all the atons are subjected to the electrostatic
potentials created by the presence of the next of the atons, and a given
orientation in which a nolecule exists is its "equilibriunt
configuration. But, conducive to the overall structure of the solid, a
nol ecule may have nore than one such "equilibriunm orientation but it
costs energy for the nolecule to change itself from one such orientation
to the other as it has to cross a hindering potential barrier. The size
of the potential barrier the nolecular group may have to overcone
depends on the surrounding nolecular groups at a given site. Depending
on the availability of kinetic energy to the rotational, vibrational and
transl ational degrees of freedom the nolecule may reorient from one

equilibriumposition to another frequently or rarely, and the correlation
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time in this context can be thought of as the average dwell tine in a
given equilibrium orientation. Considering all such processes being
inherently stochastic, the probability of occupancy quantified by such
‘dwell’ times can be expressed by egn. (A-1.81). In this context, E is
the hindering potential a given group has to overcome and Tt is a
prefactor fornmally corresponding to the correlation time at infinite
tenperature (T indicates the extent to which the nol ecul ar group coupl es

with the available thernal energy spectrum or phonons).

CGten, the problemof arriving at an expression for the spin-lattice
relaxation rate is reduced to finding out the ensenble average of the
lattice functions Fi’;. In view of the present investigations on the

. . . . + + +
reorientational dynanics of groups like (CH3)4N , [CH3)3NH , (CH3)2NH2 R

(CH )NH , NH and CH , one focuses on nol ecul ar dynanmics of symetric

groups in solids.

Such random motions in nolecular solids with synmetric groups often
invol ve discrete rotational notion about different symetric axes, and so
the probl em of performng such ensenbl e averages corresponds in solids to
bui I ding suitable stochastic nodels taking care of these notions over the
internol ecular potential barriers. Al these nol ecul ar groups have one or
nore axes of symmetry about which "reorientation" or a "rotational junp"
can take place between a few well defined positions. For instance, in the
case of CH. groups, there is one 3-fold axis of symmetry and the CH,
group has three well defined positions at which the potential felt by the
nolecule is mnimum The hindering potential that the nolecule has to

overconme to junp from one position to the other is then given by the



activation energy E (Egn. A-1.81).

Depending on the conplexity of a given nolecular group we can have
reorientation of the group as a whole as well as internal reorientations
within the nmolecule of smaller constituent groups. A typical exanple is
that of the trimethylammonium cation where reorientation of the entire
cation takes place about the triad axis passing through the N-H bond,
and nethyl group reorientations about their 3-fold axes about the bond
connecting the C and N atons can also take place. For this kind of
groups, where the nunber of orientations are limted, we can assign an
occupational probability p for a given pair of positions "ij" and our
intention is to consider a given pair of nuclei at a tine. W also note
that it is the nodulation of the dipolar interaction anong each

individual pairs of spins that is responsible for the relaxation.

W can wite a rate equation for the probability of each possible
pair of sites and it can be shown that this rate consists of an inward
flux into the given site ij which is proportional to the occupational
probabilities of the other pairs, and has an outward flux which is
proportional to the occupational probability of pair ij itself. An

illustrative formof such an equation can be given as

ap, 4 ij Im
(A-1.82) T = -Rp, + LR p,
Im
:j_j

Here, R refers to the rate of reorientation of given rotational junp
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process and in principle R can contain the sum of reorientational rates
corresponding to sone internal notions nmentioned above. By symmetry
considerations the nunber of these equations can be restricted and by a
proper reconbination of variables, these coupled equations can be
separated and solved. Even without getting into the finer details, the
functional form of these equations suggest that the probabilities are
going to be exponentially decaying functions of tine wth the
preexponential factors given by the conmbination of the relevant

reorientation rates.

Once we are equipped with the solution to these rate equations, it
is in principle sinple to connect these probabilities to the relaxation

rates. From BPP theory, it is established that the relaxation rate is

gi ven by
- 4,2
(A-1.83) 1/T)= (9/8) 7h° [J (w) + J, (20)]
[+ +} "
(A-1.84) M) =5 ety e dr

where G(t) is the correlation function of the relevant lattice function

F given by<F‘f.(0) o) . In the present case this average
1) 1) AV v

corresponds to the averaging of the function F over all the possible

equivalent sites ij. It can be stated as
-
(A-1.85) ftr) = ¢ <« F (o)
i i ij AV
1)
Now for each ij, we can show that
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L -
(A-1.86) o (v)>=F o) p, F* (o)
14 i i Im Im
J m
and thus we can substitute the expressions for p. 's we have obtained

into the above equati on.

Wth the relevant crystal structure data on a given nol ecul ar group,
we can actually evaluate terms like |F, IIm,2 or F'z; F’lm’ in equation
(A-1.86) to get the necessary relaxation constants. What we have outlined
here is a brief summary of a general procedure for the conputation of the
relaxation rate in the case of symmetric nolecular group reorientations
applicable to the type of solids we have investigated. |In latter
sections, relevant dynamc nodels are discussed in order to obtain

fornulae for spin lattice relaxation rates appropriate for the particular

type of nolecul ar groups studied thereof.
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SECTION B

PART 1

METHODOL OGY OF EXPERI MENTS

METHCDOLQOGY

In general, NWR experinents are of two types: continuous wave type
(W and pulsed neasurenents. CW-NMR experinents correspond to
measurements in the frequency domain where absorption and/or dispersion
spectra are recorded as a function of Larmor frequency w. Pulsed-NMR
experinents are perfornmed in the tine donain where the recovery of the
macroscopi ¢ magnetization from a non-equilibrium value, specifically
created by a chosen set of r.f. irradiation pulses, is recorded as a
function of time. Each has its advantages as well as drawbacks. However,
data in both the donains are related by the Fourier transform and this

fact is exploited in the FT-NWR techniques.

CW-EXPERIMENTS - PRI NC PLE COF CPERATI ON

The imaginary part of the magnetic susceptibility (x ") at resonance
frequencies is connected with resonance absorption of energy by the
nuclear spins. while the real part is related to the frequency
di spersion. CW experiments are nostly ained at obtaining the absorption
spectrum In an experinent, this is detected as the change in x " of an
inductance coil L in which the sanple is kept, while scanning the
resonance condition comonly by slowy varying the quantizing field H .

In crossed-coil type spectroneters an induced e.m.f. in an inductance



coil kept in the XY-plane perpendicular to the irradiating coil is
detected and is proportional to gl(w), the absorption shape function. In
single coil detection schemes, the resonant absorption of energy is
detected as a change in the output level of a linted oscillator. In both
techniques, a nodulating field parallel to the Zaxis is applied to
facilitate efficient signal detection and processing. The frequency of
the nmodul ating field, © is chosen to be few order of nagnitudes |ess
than the Larmor frequency, and the carrier frequency w can be filtered

out after detection with the help of a low pass filter.

The rate at which the Zeeman field can be scanned is restricted by

the "adiabatic fast passage" condition [Abragam, 1970]
(B-1.1) 1/T, << (1/H,)|dH /dt| << oH

1

and this condition is satisfied in the case of solids, where T <T . The
intensity of the irradiating r.f. should also be kept at a |ow enough
level to avoid 'saturation '. This condition can be expressed by

2,2
(B-1.2) 7 HlTITZ << 1

The anplitude of the nobdulating field too is restricted by the adiabatic

fast passage condition
(B-1.3) w H << ?Hz
’ m m 1

In order to calculate the second nmonent, M , the derivative spectrum

obtained due to phase sensitive detection is integrated numerically to
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generate the absorption curve and the M is conmputed by using the

rel ation

@

I (8w)? fw) dow
(B-1.4) M, = o

(-]

J flw)dw

0

In practice, the integral needs to be replaced by a suitable sunmation to

a very good approximation.

PULSED EXPERI MENTS - PRI NC PLE OF CPERATICN :

The basic principle in these experiments is to create a chosen
non-equilibrium state for the magnetic state of the spin subsystem and
then observe, through suitable coupling to the neasuring apparatus, the
relaxation of the spins to their equilibrium state, in the absence of
external r.f. fields. In practice, such an observation involves coupling
to the magnetization conponents perpendicular to the applied static field

and the resultant signal is called the free induction decay (FID).

The nethodol ogy of the pulsed NWR experinment is appreciated in a
nore lucid fashion by considering a description of the dynamics of the
magnetization in the laboratory and "rotating" frames. In the |aboratory
frane, a static Zeeman field H is applied along the Z-direction and an
oscillating r.f. field is applied along, say, the X-axis, at the Larmor
frequency yH . This field can be deconmposed into right circularly

pol arized and left circularly polarized conponents (Fig. B-1.1a).

Now, if we transform from the lab frame to a frane of reference



{B - 118 Diagram showing the static field H, and rotating field
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xl
— 116) Diagram showing the efective field in a frame rotating

with angular velocity 2 about Z-axis in the laboratory
frame.



(B - 12) Diagram showing the tipping of the magnetization M,
about the fidd H, in the rotating frame.



rotating with an angular velocity @ about the Z-axis, the Z-axis nagnetic
field in this rotating frame is given by (H -Q/7) and the nagnetic nonent
of any given spin experiences in this frane an effective field
He = (HO—W7)k + Hii (Fig.B-1.1b). Now, when Q = 7”0‘ the effective field
inthis frame is given by H.ialone and this corresponds to the resonance
condition. Thus, at resonance, the magnetic nmoment in the rotating franme
experiences a static field H. in the XY-plane, along X-axis. For an
ensenble of non-interacting spins, a macroscopic magnetization M is
present along the Z-axis, which is the sum of the Z-conponents of the
i ndividual nagnetic nonents. This nagnetization tips by an angle H At in
an interval of tine AA about this field (Fg. B-1.2). The time for which
the field H is applied can be so chosen that a9 = yH A = n/2, and after
this interval the magnetization M wll be in the XY-plane, along the
Y-axis. This corresponds to the populations in the two |evels of energy
becom ng equal as evidenced by the absence of a net Z-axis nagnetization.
The r.f. pulse applied for this characteristic tine to tip M by an angle
n/2 is called the n/2 pulse. If this time interval is doubled, the
magnetization precesses all the way to the -Z direction, and then this
pulse is referred to as the m-pulse. This condition corresponds to the

inversion of the equilibrium popul ations between the two energy |evels.

The free induction decay is recorded as an observable emf induced in
a pick up coil due to the time dependent (rotating at w , and
irreversibly decaying to zero due to T process) nagnetization. Normally
the same inductance coil is used both for irradiation and subsequent

detection, and a typical FID at this stage would be a decaying

(exponential ly) sinusoid.
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Measurenment of the spin-lattice relaxation time T,
=1

By recording the growth of the longitudinal magnetization to its
equilibriumvalue M progressively in time, the relaxation tine T can be
calculated. Such nonitoring of M can be achieved in different ways, and

some of the popul ar schenes are discussed bel ow.

1. Saturation recovery sequence: (n/2 - T - n/2 ...)

This is the sinplest of all the three sequences. It contains a
preparation n/2 pulse which is followed by ‘detection’ n/2 pulse after a
tine interval T (Fig. B-1.3a). Assuming that the spin system is at
equi libriumto begin with, the first n/2 pulse tilts the nmgnetization M
on to the XY-plane thereby creating the non-equilibriumcondition. If we
wait for tinme T after this pulse, then the Z-axis magnetization M would
have grown to a non-zero value and when the second n/2 pulse is applied
at this point, it tilts the anbient nmgnetization on to the XY-plane

which induces an FID in the inductance coil.

From Bloch equations it is seen that

(B-1.5) M_=M (1-e

for the initial condition M = 0 at T = 0, and describes the growth of

magnetization with T with the above pul se sequence.
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(B —1.3b) Inversion recovery.

(D — 13c) Saturation burst.



2. Inversion Recovery sequence : (r - T - n/2)

This sequence is shown schematically in (Fig.B-1.3b). The
preparation pulse is a n pulse and this causes the nmagnetization M to be
inverted to the -Z direction. A tine delay T is applied and the
magneti zati on woul d have evolved in the Z-direction from-M to a larger
value in this time, which is followed by a n/2 detection pulse which
gives rise to an FID whose anplitude depends on the value of M after its
recovery from -M in an interval of tine x. Thus plotting the
magnetization M as a function of x, the delay time, we get an
exponential recovery whose tine constant is T . If we solve the
Z-conponent of Bloch’s equations with an initial condition that at T=0,

M =-M, we get,

z o}
(B-1.6) M_=M (1-2¢""T)

z 12
Fitting the set of (tr, M ) pairs to this equation will enable us to
calculate T . In order to ensure that we satisfy the initial condition,
nanely M = -M at x = 0, we nust allow enough time to elapse after a
given pulse sequence so that the magnetization will recover back to its

equilibriumvalue M and the application of a n pulse will nake M =-M at
time x = 0. In an actual neasurenment, the sequence with a given x itself
is repeated several tines to average out the baseline noise and to

inprove the signal to noise ratio (S/N) of the FID.
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3. Saturation Burst or Saturation Conb sequence :

(f2 - A-n2- ...-A-n2) - x- (Burst) -

This sequence is inprovenent over the saturation recovery nethod.
The primary drawback of that nethod was the error incurred due to, either
incorrect pulse width or the r.f. field inhomogeneity. This problem is
taken care of in this nmethod by the repeated application of n/2 - pul ses
separated by time A where A is chosen so that, T < A<< T . Evenin the
presence of the above nentioned problens, after repeated application of
sufficient nunber of these pul ses, the magnetization along Z-axis is nade
zero exactly. This bunch of n/2 pulses are referred to as the "saturation
burst" or "saturation comb". After the application of a given conb, a
time delay T is inserted after which another burst is applied. As in the
case of saturation recovery nethod, the burst serves a dual purpose in
that, the first n/2 pulse of a given burst acts as the detection pulse,
apart fromthe burst itself acting as a preparati on sequence. Measurenent
of M as a function of x provides us a recovery curve, which is fitted to

equation (B-1.5) and T is thus cal cul ated.

Saturation burst sequence incorporates some of the advantages of
both the previously described sequences. It does not put heavy load on
the transmtter, as the duty cycle is kept at a |ow value by the inherent
delay tinme x used in the experiment, which is always larger than the
duration of the burst. Long waiting times are avoided as each burst
prepares the spin systemin its initial condition. But it does not natch

the dynamic range of M available in the inversion recovery sequence. The
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rel evant schematic diagram of this sequence is provided in Figure

(B-1.3c).

An interesting and useful spin-off of the inversion-recovery method
is the 'fly-by' neasurement of T wusing the zero-crossing mnethod. From

equation (B-1.6), it can be seen that M beconmes zero when

(B-1.7) T =T, 1ln2

If we can find out the tinme delay T for which the magnetization is zero
along the Z-direction, from that information, T can be estimated. But
this method is not as accurate as the other nethods due to the inherent

anbi guities present in neasuring the zero-crossover time delay T , but
zero

this is quite a useful technique in situations where a necessity for

qui ck succession of neasurements of T nay arise.

The methods given here are the widely used schemes. Numerous other
methods are also reported in literature and these nethods aim at
improving the sensitivity of the measuring technique as well as reduce
the experimental tine involved [ Canet et al.,1975; Freenan et al., 1971,
Heat |l ey, 1973; Edzes, 1975; Sezginer et al., 1991; More et.al., 1993].
Very wuseful tips and elaborate discussions are available on these

matters, in the treatise by Fukushima and Roeder (1981).

Measurenent of spin-spin relaxation tine T

The rate of decay of the FID depends not only on the spin-spin

relaxation tinme but also on the broadening caused by the Zeeman field
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inhomogeneity. Thus, the tine constant determined fromthe FIDis to be

denoted as T while the true spin-spin relaxation tine as T , and these two

are related by

(B-1.8) 1/T2 = 1/T, + yAH

where 78H is the broadening of the |line caused by the field

inhomogeneity.

Spi n Echoes :

Wien a n/2 pulse is applied, M is tipped on to the XY-plane. M
precesses in the XY-plane about Z-axis. Due to inhormogeneity in the d.c.
field as well as in local fields within the sanple, different pockets of
spins experience different Larmor frequencies and thus the total
magnetization, which conprises of the magnetic nonment of these different
pockets, phase out to zero. Even though the macroscopi c nagnetization M
become zero in the XY-plane, the magnetization within the pockets of spin
whi ch experience a reasonably honogeneous field (H +AH) takes nore tine
to decay truly irreversibly to zero, which is of the order of the true
spin-spin relaxation tine T . Suppose that these defocused spin pockets
are refocused by some neans, the non-zero magnetic noment in each spin
pocket will add up to give a total non-zero nagnetization in the XY-plane
once again, and the reappearance of the nagnetization in the XY-plane is
observable as the spin-echo. This fact was denonstrated by Hahn in his
fanous paper [Hahn, 1950], in which he has shown that two n/2 pul ses
applied in succession with an interval of tinme T separating them produces

after time ¢ from the second pulse a non-zero nagnetization, which is
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the Hahn echo. An echo essentially looks like two FID-s superinposed back
to back. The nore widely used Hahn-echo sequence, which consists of a n/2
pul se followed by a n pulse after tine T is given in Fig.{(B-1.4a). It is
nuch easier to form Hahn echoes in liquids as their T 's are large. (e
can understand the fornmation of echoes by |ooking at the evolution of the
magnetization in the rotating frane as follows (Fig.B-1.4b). W shall
use prinmed synbols (X',Y',2') to denote the directions in the rotating
frane. Let us assume that in the Z -direction there is a net
nagnetization M {A). After the =n/2 pulse is applied along the X
direction, the magnetization is tipped on to the Y axis (B). Now, if we
allow for sone tine t to elapse, because of the static field
inhomogeneity, different spin pockets having different Larmor frequencies
begin to dephase in the XY-plane (C). Spins which experience a Larnor
frequency greater than w (w +Aw, say) rotate in one direction with an

angular velocity Aw and spins which are slower i.e. whose Larnor

frequency is less than w nove in the opposite direction. After x, a
0

n-pulse is applied along X direction and this makes the various spin
pockets to precess about the field along X direction by an angle n. For
the sake of clarity, in Fig.(B-1.4b), the nagnetization of only two spin
pockets are shown whose Larnor frequencies are away from w by equal
anounts *Aw. Now, if one waits for the tine x after the pulse, the spin
pockets refocus on to the Y' axis and this net magnetization gives a spin
echo (£). Now, to measure T , we can record the echo anplitude for
increasing t-values and a plot of the echo anplitude versus t-values js

an exponential decay with a tinme constant given by T,.
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Carr-Purcell Sequence :

In this sequence [Carr et al., 1954] a train of mn pulses are
applied along -X direction at intervals x, 3tr, St,... etc. after the
first n/2 pulse, applied in the X direction and echoes will format the
intervals 2x, 4x, 6x and so on. Because the refocusing pul ses are applied
along -X direction, the echoes form along Y and -Y direction
alternatively. This method has the advantage that unlike Hahn sequence, a
single application of this sequence wll give us the entire echo
anpl i tude decay envel ope fromwhich T. can be neasured readily. But this
method still suffers from the limtation that, if the n pulses are not
exact in their width, the cunulative error on the echo anplitude leads to
a snaller neasured value of T . This problem can be taken care of by
phase shifting the adjacent n pulses by 180 . The Carr-Purcell sequence

is shown in Fig. (B-1.5a).

Carr-Purcell-Meiboom-Gill sequence (CPMG) :

A sinple nodification to the CP (Carr-Purcell) sequence is to apply
all the refocusing pulses along Y direction after applying the
preparation n/2 pulse along the X' direction (Fg. B-1.5b). In this way
all the echoes form along the Y' direction and the sequence with this
nodi fication is known as the CPMs sequence [Meiboomet al. , 1958]. This

sequence can be used for signal enhancenment of the echo al so.

Measurenent of Diffusion Coefficient

It was shown by Hahn and later by Carr and Purcell that the
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formation of spin echoes can provide us very useful information on the
translational diffusion in liquids [Hahn, 1950; Carr et al., 1954]. In
the Hahn echo sequence, as t is nade very large, the decay of the echo
anplitude is not only determined by the spin-spin relaxation process but
the self-diffusion of the nuclei also contribute to this decay. This can
be understood in the following way. Let us consider a case when diffusion
is not present. In this case, after the preparation pulse, in time T a
given spin pocket with a Larmor frequency (w +Aw) would have dephased by
an angle Awt or we can say that this spin pocket has a phase Awtr, in the
rotating frame. After the refocusing pulse, in time T, this spin pocket
accumul ates the sane phase Awt but in the opposite direction and at the
end of t s the net phase of this spin pocket is zero. This is true of all
such spin pockets and therefore all of themcoincide at the same point to
give rise to the echo of the maximum anplitude. But when diffusion is
present, during the tine interval T, the spins nove froma region of a
given Larnor frequency to a region of another frequency, and thus as the
time el apses there will be a change in the phase of any given spin pocket
as the quantity Aw itself is time dependent. Thus the phase accumul ated
by a given spin pocket before and after the n pulse are no |onger sare,
because of which a conplete refocusing of the spin pockets does not take

place at the end of T s after the n pul se.

Effect of diffusion on spin echoes can be quantitatively understood
by suitably nodifying the Bloch equations. [Torrey, 1956]. It can be
shown that the effect on the echo anplitude in the case of a Hahn echo
sequence is different from that of the Carr-Purcell echo sequence. The
Bl och equation nodified suitably to include the effect of translational

diffusion is given by
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(B-1.9) _SM(r,t) =g (M x H(r,t) {Mxl * M) (M_-M )k’ + D UM

22
and the term D V M represents the contribution to the rate of change of
the macroscopi c nagnetization M due to the presence of diffusion and D is

the "diffusion coefficient". Let H=H =0 and the Z-conponent of the
Xy
nmagnetic field will be the applied field which changes from one point to

other and this variation of the H can be expressed as
(B-1.10) H =H + (G.1)
A [o]

where H is an average value of the Zeeman field and G is the field
gradient. Substituting this expression in equation (B-1.9) and witing m

=M +iM , the nodified Bloch's equation can be witten as

(B-1.11) sm/at = tom - /T, - 17(6.F)m + D n

and introducing y¥(r,t) by the relation m = y exp(iw t-t/T ) this equation

nodifies to
. . S 2
(B~1.12) Y/t = =iy(G.rly + D V¢

VW can look at the solution of equation (B1. 12) in the light of

Carr-Purcell sequence or Hahn sequence and we shall do the first in this

case. In the case of Carr-Purcell sequence, n pulses are applied at
intervals t, 3t, 5T, ...(2n-1)t and the echoes format intervals 2T, 4rt,
61, ...2nx and so on. Assuming that the n pul ses are phase shifted by 90°

with respect to the preparation n/2 pulse, for an interval (2n-1)x to
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(2nH)T, the solution ¢y of (B-1.12) in the absence of the diffusion term

is given by

(B-1.13) v = A exp{-iy(G.r)(t-2nt)}

and the the influence of the term DV ¢ can be seen as making the
anplitude A time dependent. Substituting this solution back in (B-1.12),
we get the follow ng equation for the rate of change of A

(B-1.14) dA/dt = —ADyZGd(t~2nT]d

and integrating this equation within the interval (2n-1)t to (2n+l)x, we

get

(B-1.15) A{(2n+1)T} = A{(2n-1)T} exp {-(2/3)Dy°Go<>)

fromwhich it can be deduced that

p)
(B-1.16) A{2nt} = A(0O) exp {—{2/3)D3“G213n)

and A(O) is the anplitude of the unattenuated echo at time x = 0. The

attenuation of the echo anplitude at the tine t=2nx is

(B-1.17) A(t) = A(0) exp {-(1/3)Dy°G2t%t)

In contrast to this result, the attenuation of the echo anplitude in the

case of a Hahn echo sequence can be shown to be [Abragam, 1970]
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(B-1.18) A(t) = A(0) exp {-(1/12)Dy2G%t )

e can see from these equations that the effect of diffusion on the
anplitude of a Carr-Purcell echo train is seen as an exponential decay as
a function of the observation tine t. But in the Hahn echo sequence, the
echo anplitude is attenuated by the factor whose functional dependence on
the observation time t is exp(-t3). By a careful neasurerment of the echo
anplitude attenuation and a prior know edge of the field gradient G the
Hahn echo sequence can be used as an excellent method for the neasurenent
of the self-diffusion coefficient D In a typical diffusion neasurenent
scherme, the echo attenuation due to the translation of the spins is
exploited selectively, by inposing on the static Zeeman field H a linear
static field gradient G along the Z-direction and using formulae like
(B-1.18), the diffusion coefficient. D is calculated. In these
experinments, it is assumed that the field gradient Gwhich is inherent in
the static field is nuch smaller conpared to the applied field gradient
G . The sensitivity of the measuring technique depends on the highest
gradient one can produce and also on how long the observation tine
interval t can be. The forner is linted by the instrunentation being
enployed and the latter by the spin lattice relaxation tine of the given
sanple. CQurrently, self-diffusion neasurenent using NMR has becone a vast
and active field of research in itself and one can find excellent reviews

in literature like the one by Karger and others [Karger et.al., 1988].

As a part of the present work, a diffusion measurenent set up has
been devel oped by the author by augnenting the existing home-built pul sed
NVR spectroneter suitably and the instrumentation details are given in

Part-3 of this section (sub-section B-3). The setup is designed to make
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it possible to measure diffusion coefficients in liquids and liquid
crystals. Liquid crystals are interesting anisotropic systems in which
the spin-spin relaxation tine is nuch snaller than it is in the case of

liquids owing to the strong unaveraged dipol ar interactions among nucl ei.

There are certain difficulties in naking diffusion measurement on
this kind of systenms using the above nentioned nmethods. First of all, due
to strong spin-spin interaction in these conpounds, it is tough to form
the spin echoes. Secondly, these systens have high viscosity and it is
expected that the diffusion coefficient is relatively snall in these
systens. This puts a high denand on the largest field gradient one can
create, as can be seen from the attenuation factor given in equations
(B-1.15) and (B-1.16). It can also be observed that the tinme of
observation has to be made as large as possible to enhance the
sensitivity of the measurenent and this is restricted by the order of T
in the conpound. To take care of the first problem line narrow ng
techniques are enployed like Magic Angle Spinning (MAS) and there are
other multiple pul se techniques which selectively average out the dipol ar
interaction and naeke the T longer. It is difficult to create d.c. field
gradients of very large values, but high field gradients in a pulsed
manner can be sustained for small intervals of time (of the order of a
few hundred ps). One can analyze the effect of these pulsed field
gradients on the echo anplitudes and derive an expression for the
attenuation factor fromwhich the diffusion coefficient may be cal cul ated
(Karger et al., 1988]. It can be said that nost of the spin echo
techniques to study diffusion in various systens are all Pulsed Field
Qadient (PFG techniques. The first ever PFG technique was that of

Stejskal and Tanner, and the pul se sequence is provided in Fig. (B-1.6)
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[Stejskal et al., 1965). This is a sinple sequence in that, apart from
the Hahn sequence, two field gradient pulses in between the n/2 and n
pul ses are inserted, and the anplitude of the echo which forms at 2T is
nonitored as a function of either the duration of the gradient pulses or
the strength of the pul ses. The echo attenuation factor is given by
(B-1.19) Vv = exp [-7°D5%g% (8-(1/3)8)]

Here, g is the strength of the field gradient pulse and 5 is the duration

of the pulse and A is the tine interval separating the two gradient

pulses.

PFG techniques also have their own limtations. The fast rising
field gradient pulses may create eddy currents in the NWR probe body and
reflections from the pole caps of the magnets also cause residual field
gradients which nmay persist for a considerable anount of time. Any
msnatch in the gradient pulse anplitudes leads to attenuation of the
echo anplitude which may be construed as due to the diffusion effect.
Various other pulse schemes are available in literature which tend to
correct these problens [ Meerwall et al., 1989; Murday, 1973 Holz et.al.,
1991; Price, 1991; Heink et.al., 1991). There are methods reported to
circunvent specific difficulties pertaining to the systens studied
thereof. For instance the scheme suggested by Karlicek and Lowe addresses
the problem of |arge background fields created in powdered sanples of

considerable bulk susceptibility and circunvents this problem [Karlicek

et al., 1980]. Novel schenmes of neasuring diffusion using RF field
gradients is reported [Canet et.al., 1989]. Techniques are suggested for
neasurement of transverse relaxation rates as well as diffusion
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paraneters in a fast nanner [ More et al., 1993]. Sonme of the other
methods are available in the following references [Counsell, 1993;
Latour et.al., 1993; Merril, 1993]. Apart from the new nethods of
nmeasurenents, considerable inportance is given to the interpretation of
the results as well as theoretical nodeling of diffusion processes, in
literature [ Brooklevinson et al., 1993; Mirad et al., 1993; Araujo et
al., 1993]. The field of diffusion neasurements in micellar, porous and
polyneric systens as well as biological systens is a rapidy expandi ng
one and especially diffusion studies in systems with restricted and
fractal geonetries offers understanding of several new concepts and
potential applications as well. As, discussing about the finer details
of this interesting branch of NMR spectroscopy is beyond the scope the
present work, the reader is referred to the above said articles for

further details.
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SECTION B
PART 2

PULSED NVR SPECTROVETER

This section contains a brief description of the pulsed NWR
spectroneter, enployed for neasurements in the current work. The details
of the construction of various units and their functions are found

el sewhere {Venu, 1988].

Fig.(B-2.1) provides a block diagram of the pulsed NWR
spect ronet er. The spectroneter can be broadly divided into the
transmtter, the NWR probe and receiver. The transmtter has to generate
the appropriate pulsed r.f. radiation and anplify it to typically 100s
of volts and deliver it to the NWR probe. The probe is a matching
network nmade of passive elenments L, C and R and the sanple is kept
inside the inductance coil. At resonance, the inpressed voltage is
nultiplied several-fold and the nuclei are subject to a high voltage
r.f. field. The receiver picks up the very weak signal from the NWR
coil, and anplifies it in stages, to be detected by the phase sensitive
detector and processed through the low pass filter. Finally, the signal
is routed to a signal averager, which averages the signal for inproved

signal to noise (SYN ratio.

Transmtter :

1. Waveform synthesizer : This provides the continuous sinusoidal

voltage at the required Larmor frequency. Qutput voltage of this
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unit is few hundreds of mllivolts which is gated by appropriate
pul se sequence and anplified. A WAVETEK nake frequency
synt hesi zer (nodel No. 2500A) is used here, which has a range of

frequencies from0.2 Mz to 1100 MHz.

The power divider : This splits the input from the waveform
synthesizer into two parts and routes one to the r.f. mxing

circuit and the other to the PSD for detection purposes.

Pulse Progranmer : This unit generates the required pulse
sequences. A detailed description of the upP-based pulse
progranmer developed as a part of this work is postponed till
the next sub-section (B-3). In a sinple ninded configuration to
perform T experinents, the pulse programmer consists of a
master clock, two pulse generators and one delay generator. In
the case of inversion recovery sequence, the naster clock
provides the repetition rate of the pulse sequence. For
saturation burst, the master clock is not needed as the del ay
generator produces the trigger at the required repetition rate
to the first pulse generator and the output is used to gate the
second generator which is in free running node. This produces a
burst of pulses and the nunber of them in a burst can be
nodified with the help of the gating pulse and the rate of
generation of the second pul se generator. The delay generator is

BNC nodel 7010 and the pul se generators are BNC 8010.



4. RF mxing circuit For this, double balanced mxers
manufactured by Mni Grcuits conpany are used. A current driver
circuit is fabricated to bias the the DBMs, by this method

OV OFF ratio better than 80 dB is achieved [MLachlan, 1982].

5. Power anplifier (two stages)
e Medium power anplifier of ENI nake (nodel no. 310L) is used,

which has a gain of 50 dB and has a bandwidth of 250 kHz to 110
MHz.

e Hgh power anplifier is a hone built circuit with a 3E29 dual

tetrode tube, providing a gain of 10.

Probe:

Two designs of home built probes were enployed. One is the
series resonance probe [WG dark, 1973]. The other is a parallel
resonance circuit. The parallel resonance circuit has the facility
to change the Q factor and has w der bandwidth than the series

resonance circuit.

Receiver:

1. Pre-Amplif ier : The preanplifier nust have the ability to
recover from the overload due to the transmtter pulse and it
should also be able to provide reasonable gain to pick up the

weak NMR signal. Two conmercial units were used : MATEC 252 and



MATEC 253. Mddel 252 is tunable over a range of 0.5 Mz to 25
MHz and has an overall gain of 30 dB. Mdel 253 is a w de band
anplifier with a bandwidth of 0.5 Mz to 40 Miz having an

overall gain of 20 dB.

Wde-band amplifier : The signal output fromthe preamp stage is
further anplified by this unit. Conmmercial unit of MATEC make,

nmodel No. 625 with a bandwidth of 2 to 200 MHz is used.

Phase Sensitive Detector : Reference from the power divider is
taken in and multiplied with the inconing signal to detect the
signal selectively at the Larmor frequency and the phase
information is also kept intact. A Hew ett-Packard nake DBM is

used.

Low Pass filter : Recovers the FID envelope and filters out all
unwanted higher frequencies. This is a home-built n-section

filter.

Signal Averager : A TEKTRON X nake nodel 2230 signal averager is
enpl oyed to collect the FID signals sequentially and average out

the random noi se and thereby inmprove SN ratio.



Tenper at ur e Cont r ol

Home nmade P.I.D. circuit using calibrated Chromel-Alumel as
the sensor, provided good tenperature control up to 0.5 K. A gas
flow type cryostat is used. For Ilow tenperature work liquid
nitrogen vapours are needed while high tenperature work utilizes

dry air.
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SECTION B
PART 3

I NSTRUMVENTATI ONANDAUTOVATI ON

The basic pul sed-NVR spectroneter was described in the previous
section (B-2). The flexibility, versatility and ultimately the utility
of the instrument depends on the design of the pulse programmer. The
existing instrunment uses, as nentioned earlier, two pulse generators
coupled through a digital delay generator. The limtation of such an
arrangenent include restriction to only tw pul se sequences, necessity
for only nanual operation of the delay generator and the lack of
facility for automatic data collection synchronous with such a pul se
sequencer. In this connection, the fabrication of a mcroprocessor (uP)
based pulse programrer overconing sonme of the above problens, and
interfacing of the spectrometer to a PC for automatic execution of the
experiment are the author's efforts to upgrade the instrument. One of
the useful byproducts of such an exercise has been the denonstration of
the flexibility of the arrangement to perform in principle, diffusion
neasurenents with a fairly conplex rf and field gradient pulses. This
aspect of the instrumentation has been taken up nmore as a |ogical

extension of the effort to upgrade the facility available to the author.

This Section discusses in tw parts, the general pattern of pulse
programming including the present work of the author, as well as
interfacing of the different subunits to a PC, through GPlB/RS-232-C

buses.



PULSE PROGRAMMERS - A OVERVI EW

The utility of the pulse programmer depends on the flexibility of
the instrument, and in order to appreciate various considerations in
attenpting its design, it is useful to list all the relevant features,

as expected from experimenter’s point of view

(i) It should generate pul ses of variable w dths through independent
channels at TTL levels (typically 1 usec pul ses on the |ower side

and few mlliseconds on the higher side for NWR purposes).

(ii) It generate variable delays between any two pulses. For nost of
the sinple experinents, a resolution of, say, 100 usec in the
delay tine is adequate. The demand on the total range of delay

required is sonetines nore stringent.

(iii) The pul se programrer shoul d generate adequate nunber of triggering
and gating pulses to serve various other units Ilike the power

anmplifier, signal averager etc.

(iv) It should have flexible scheme of pulse nixings and provide a

desired pul se sequence in a given channel.

The programmer should have a flexible user-interface for changing the

various settings as well as triggering the generator into action.



There are a variety of methods reported in literature, for the
inpl ementation of pulse programmi ng, each one of them having a unique
desi gn phil osophy pointed towards a particular set of objectives and
requi rements of a given spectroneter, Mjority of the pul se progranmers

can be categorized into four broad groups

1. Single purpose hardware PP-s (or) hardw red PP-s
2. Hardware PP-s with flexible hardware control
3. Hardware PP-s with software control

4. Software pul se generators

1. The first category of pulse programmers are hardwired circuits,
designed for a specific pulse sequence. The early nodels of pulse
programmers were of this type [e.g.: Lind, 1972; Franconiet.al.,
1970; Shenoy et.al., 1976], and obviously these are not flexible

enough for nodern purposes.

2. The next generation of PP-s are the hardwired programmers with
control capability inplemented through hardware [Lind, 1972; Taylor
et.al., 1974; Conway et.al., 1977; Aducci et.al., 1977; Lalanne
et.al., 1970; Shenoy et.al., 1976; Ellet et.al., 1971] This category
of PP-s are also known as nodul ar programrers since several nodul es
each with a specific task are conbined together to generate the
required pul se sequences. The respective nodules have facilities to
reorgani ze the paraneters and thus a hardware-based flexible control

is possible in these systems. Typically the nodul es are divided into



the clock nodule, a series of pulse channel nodules and a control
nodul e. The clock nodule has a nmaster clock which may be operating
within a frequency range of 10-20 MHz and this nodul e provides the
clock inputs to the pulse channels, sets the repetition rate of a
given pul se sequence being generated which is achieved through a
separate counter -timer circuit in-built and inportant of all, should
start the pulse sequence. The pulse channel nodules have the
capability to produce pulses of variable width and the wdth
variation may be done in an analog fashion using trigger pulses and
monostable circuits or it may be digitally produced with help of a
dedi cated counter. The clock input from the clock nodule provides
with counting rate and that determines the resolution of the pulse
width generation. Qher counters within this nodule, set the delay
between pulses and a start trigger for the next pulse channel modul e
in the series. In this type of programmers, invariably, the user
interface is through thunb wheel switches or rotary switches. For a
fairly conplicated pul se sequence, the nunber of thunb wheels to be

operat ed becormes unmanageabl e.

To alleviate these problens, hardware pulse programrers wth
software control were designed, and here the paraneters, connected
with a given pulse sequence, are programmable through a wpP-based
circuitry or a uP-based devel opment board, the parameters of the
experiments being stored in menmory. Essentially, the uP replaced the
cunber sone process of changing thunb wheel settings to set different

paraneters. The basic organization of this programmer is simlar to
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that of a mcroconputer. W can identify the nenory unit, the control
logic circuitry and address counter. The data and instructions are
stored in the nenmory, and the control and logic circuitry reads a
given data from the location pointed by the address counter. Several
authors have adopted this approach of software controlled hardware
pul se generators [Ellet et.al., 1971; Matson, 1977; Aducci et.al.,
1979; Mhr et.al., 1983; Ader et.al., 1978, Hale et.al., 1986;
Saint-Jalmes et.al., 1982]. (e finds slight differences in these
approaches also. In one system only the timng data is stored in the
menory but not the instructions. A hardw red program selects these
val ues sequentially to generate a particular sequence [Lapray et.al.,
1976] . Sonme of them have the |ooping characteristic in built, such
that, a burst of identical pulses can be produced [Caron et.al.,
1978]. Aducci et.al., have used a Mtorola M802 pP wth few
peripheral chips like the 4K EPROM 2K RAM and a consol e connected to
the mP via a serial interface controller chip M850 and this
configuration provides the necessary software support to a
m croprogranmable logic system called the sequencer and these two
units are connected via parallel I/0 port controller M820. Al the
necessary information about the pul se sequence is stored in the RAM
of the mcroprocessor and the actual generation of the Ilevels,
widths, etc. are inplenented by the sequencer [Aducci et.al., 1979].
An excellent review on the various kinds of pulse programmers is

available [Geiger et.al., 1980].

The last category of pulse programmers are the so called "software"
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pul se generators. Here the tine delay between pulses is essentially
generated by the finite execution tine of the program and this fact
is used in the form of setting up "software counters" to count the
necessary delay [Wight et.al., 1973; Huang et.al., 1977]. In some
cases, instead of the execution tinme of instruction providing the
delay, the conputer clock gives a hardware interrupt to the CPU after
the required anount of delay tine, and thus a gating pulse
synchronous with the interrupt is generated. In all the nethods,
except the last one, a dedicated, somewhat complex logic circuitry is
needed to generate a pul se sequence, and a uP based systemor a micro
computer is inevitable to provide the necessary user interface.
However , these PP-s have the unique advantage that al nmost any kind
of pul se sequence can be produced with nminimal hardware support from
out si de. Since the pulse programming is effected by the
m croconputer, other wuseful functions of the conputer like data

col lection and nanipulation is integrated with the pul se programi ng.

The pul se programer devel oped as part of the current work bel ongs
to the last category. It is built around a stand-al one m croprocessor
devel oprent board which is interfaced via RS-232-C serial interface bus
to a PC. Such an interface provides the following flexibility, nanely,
the pulse programrer can function either in the "slave" node by
receiving all relevant information connected with any pulse sequence
from the PC or it can use the relevant pulse sequence data already

stored by the user in its own nmenory and function independently.
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The 8085 based Pul se Progranmer

SPECI FI CATI ONS

LOGC AND CONTROL

USER | NTERFACE

CONTROL LGE C

| NTERFACES

PULSE WDTH GENERATI ON

PULSE W DTH CONTRCL

PULSE W DTH RANCE
DELAY RANGE
ERRCR | N DELAY

SYSTEM CLOCK FREQUENCY

Based on |NTEL uPD-8085
chi p.
Hex-pad input and 7 segnent display
Internal - Software delay counter
External - using pPD-8253
Parallel Interface - using PPl 8255
Serial Interface - USART 8251
buf f er ed

Using 74123 nonost abl e

circuit and buffered CR gates 7432

Continuous variation with 10 turn

potenti ometer.

1.5 us to 100 us

23 us to = 100 s
=0.2 %

3 Mtz

73



PULSE SEQUENCES GENERATED

1. Sinple single pul se sequence with a variable tinme period
2. Inversion recovery sequence
{m = m = mf2) -~ STl -
3. Saturation Burst sequence
(n/2-8-n/2-0-...) == (W/2-8-n/2-B~-...) --
4. Jeener-Brokaert sequence for TlD measurements
(/2 - & - n/4 - ©t - n/4) —-
5. Spin locking Sequence for Tlp measurements
e TR
4. Hahn echo sequence
(n/2 -t - m) == ST1 -
5. CPMG sequence

(n/2 -t -m-2t-mn =) -- ST1 ==
6. Stejskal - Tanner sequence (Pg » gradient pulse trigger)
(n/2 -8-P - (t-4) -m=-4-P ) --5T
g g 1

7. Liquid crystal sequence

(al'l these pul se sequences are provided in Fig.B-3.1 and Fig.B-3.2)

Note; 1, Appropriate trigger pulses are provided for the digitizer and
anplifier units.

2. Upgradation to any other pul se sequence requires mninmal effort

as the available codes can be conbined suitably to generate a

gi ven sequence.
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INVERSION RECOVERY

[ I 2 [ JL

prd

SATURATION BURST

S | S | | | P W]

JEENER- BROKAERT

I R | I |

CPMG

nn_mn_n , nn 1.

STETSKAL - TANNER

SRS | R W I s ISP | N e N Y e B

— 3.1) Simple pulse sequences.
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OTHER FEATURES : # Cassette interface for hardcopy of
assenbly codes
# CRT Mnitor and ASAIl keyboard
included - Monitor code provided
# EPROM Assenbl er-D ssenbl er of 8085
instruction set included
# EPROM recorder avail able on board -

for hardcopy backup of codes

The Block diagram in Fig.(B-3.3) gives a sinple representation of
the pulse programmer, and the pulse progranmer is based on a mninmal

nunber of modular units, resulting in a sinple construction.

LOQ C AND CONTROL UNIT :

Al the information regarding the pulse sequence is processed in
this module. This includes the CPU (uPD-8085) with its nenory, the
progranmabl e tiner/counter (IC 8253) and a few other passive conponents.
Necessary information on the sequence generation is stored in the nmenory
as data and the algorithm which generates a given pulse sequence is
stored in the form of relevant 8085 instruction sets in the nenmory. In
one nethod, where the sequence is entirely software driven, appropriate
delay |oops are executed within the programwhen the code is initialized
and executed. The sequence can also be generated with the help of

HPD-8253. The appropriate nunber corresponding to the delay to be
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generated is loaded in the counter/counters of the 8253 and at the end
of the delay counting, a hardware interrupt is sent to the CPU for a
trigger pulse generation. Wth this nethod, we can achieve a better

resolution for the delay increment.

USER | NTERFACE:

A set of "hexadecimal keys", along with some utility functions
(like selection of the desired menory location or relocation of the
contents of a set of l|locations to sone other nenory area), are available
on the devel opment board for the user to interact with the uP-system and
a seven segnent LED display is also provided. Both these functions are

controlled by uPD-8279-5 keyboard/ display controller.

PARALLEL | NTERFACE :

The parallel port of the uPD system is controlled by the
programmabl e peripheral interface (PPI), uPD-8255. The data and control
registers are accessible by the host CPU and appropriate trigger pulses
at the end of the necessary delay generation is sent through the output
ports of 8255 to the pulse width control wunit, where the appropriate

pul se wi dths can be set.
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PULSE W DTH CONTRCL :

The schematic diagramof the circuitry in pulse width controller is
provided in Fig (B-3.4). The task of the pulse width controller is to
receive appropriate trigger pulses from the Logic and Control Unit and
generate pul ses of variable width. It is nade of three 74LS123 buffered
monoshot circuits which provides six independent channels, and the
outputs at each of these channels are further buffered through the R
gates 7432. The OR gate circuits are also used to do the pul se mxing
within the pul se programrer itself, for sone sinple two pul se sequences.
Appropriate trigger pulses generated at the parallel port of the Logic
and Control Unit is routed into the pulse width controller with help of
the edge connector J . These pulses trigger the array of buffered
nonoshot circuits, and for each trigger input a pulse is generated whose
width can be varied by a variable RC conbination. In principle, by
choosing a set of capacitors C we can generate the desired |large range
of pulse widths. But in the present system we have chosen a fixed val ue
of C with a variable R provided by a 10-turn trimpot to achieve a
maxi um pul se width of 100 psec. The circuit has in built d.c. power
supply for all the 1Cs. The whole circuit is housed in a sturdy neta
casing and the outputs are brought out through BNC connectors, so that

the desired pulses can be sent to the respective inputs in the

spect r onet er
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PULSE AND RF MXING CRQUI T :

After the pul se sequence is generated, the pulses are used to gate
r.f. voltages which are later anplified to high levels to be applied to
the NWR probe and this nodul e provides such an r.f. mxing facility. It
consists of a conbination of double bal anced mi xers and power conbiners
(Mni Grcuits) (Fig.B-3.6) and a current driver circuit [ MLachlan,
1982] which is used to bias the double balanced mixers for the best
ONCFF ratio (a 80 dB) and the cirucuit diagram of the current driver
circuit is shown in Fig.(B-3.5). In Fig.(B-3.6) we have shown two
i ndependent channels of mxers, but as can be made out from the figure
this configuration can be extended to any nunber of independent channels
of r.f. mxing, in a very sinple way. The TTL pulses from the pulse
sequencer is fed into the current driver circuit (Fig.B-3.5) and by
adjusting the variable 1KQ resistors, the mxing characteristics can be
optimzed. The outputs like A and B are fed into the DBM nodule (Fig.
B-3.6) and the r.f. is fed to the input "L". The quadrature hybrid unit
is shown to indicate the option that, if phase shifting of 90 is needed
between two pul ses, r.f. outputs of phase 0° and 90 can be tapped from
this unit and mxed with the individual pulses. For such applications,
these individual pulses are not nixed initially in the pulse width
control unit and they are generated separately on individual channels
and later mxed with the r.f. in the pulse and r.f. mxing unit, and

this feature is taken care of by the appropriate program
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SERI AL | NTERFACE :

The serial interface provides the necessary interlink between the
pul se programrer and an |IBM PG AT, which is being used as the master
controller for the entire environment. Al the assenbly codes devel oped
for the wPD controller are interfaced with other application prograns
witten in BASICA |anguage in the IBM PC AT, such that, pulse generation
is performed independently by the uPD programrer but it is synchronized
with the other instruments in the spectrometer by comunicating with the
PC through the serial interface. In fact, with a snall boot strap code
loaded in the uP programmer, the entire assenbly code pertaining to a
particul ar pul se sequence can be loaded on to the menory of the wP from
the PGAT via the serial port. The serial port is built around the
uPD-8251, which is also programmable from the host CPU. It has the
maxi mum baud rate of 9600 but since data throughput need not be very
high for the occasional control nessages or infornation to be exchanged
between the computer and uP-programmer, we have programmed it to operate
at a low baud rate of 300. For such a small rate, hand shake is not
necessary with the conputer and this makes the wiring as well as the
programm ng much sinpler. In this configuration itself we have found the

interface to work without any problens.

It may be instructive at this juncture to look at sone prograns for
generation of sone specific pul se sequences. Few of these prograns are
provided in Appendix-I1. For each programa flowdiagramis given tracing

the logic of the program and the corresponding assenbly program is
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provided next to it. Considering, for exanple, the sinple problem of
generating a single pulse sequence, the corresponding flow diagram is
given in Fig.(B-3.7). The flowchart is self explanatory and the steps
given in the flow chart are inplenented in the form an assenbly program
derived fromthe instruction set of 8085, and this programme is provided
in (Appendix |). Wth this program the PP generates the pul se sequence
with a set of tau values stored in specified locations of nenmory. The
pul se sequence is generated ad infinitum and advancing from one tau
value to other is done through an interrupt comunicated to the
processor by the nmaster controller, which is the PC, via the serial
port. Here the delay is generated in a separate subroutine. Division of
the prograns into such general nodules is quite desirable, as such
routines with general applicability can be readily adopted into other
prograns where simlar functions nay be needed. Several other prograns
were developed as a part of developing the pulse programmer, and a
sanpl e of sone inportant prograns are all provided in Appendix-I. The
prograns provided in the appendix are all recorded on cassette for a
hard-copy storage. These prograns can be either retrieved from the
cassette and loaded onto the appropriate menory |ocations and executed,
or they can be loaded by the master controller, the IBV PC-AT, via the
serial interface al so. Separate BASICA codes are devel oped, to interface
the pwP to the PC via the serial comunication interface and these
prograns are provided in APPENDIX-II, and are discussed under the

headi ng 'SOFTWARE' in the text, later.
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AUTOMATI ON

The need for automation of a group of instrunents like the pul sed
NWR spectrometer for control of the experinment, unaided data collection,
besi des analysis and display of data etc., is well recognized. But one
of the nmajor challenges in achieving this task seens to be to interface
different kinds of neasuring instruments and nake them transfer
data/information anong themin a reliable fashion. Initially, different
manufacturers were defining their own standards of comunication and
interface between their own instruments so that it was not possible to
interface any two arbitrarily chosen commercial instruments for data
communi cation. Wth the advent of "General Purpose Interface Bus" (GPIB)
defining an industry standard for the connection of various neasuring
instrunents and conputers, such interfacing of different instrunents was

nade possi bl e.

FEATURES CF GPI B

The GPIB environnent is basically nmade of instruments which are
classified as Talkers, Listeners and Controllers. Talkers are those
which only transmt data, Listeners are those which only receive data
and the Controller is both a Talker and Listener, and further it
controls all the activities in the bus. For a given Controller there can
be a total of 15 devices, Talkers and Listeners put together. Each
device is connected to the other or to the Controller with an [|EEE

cabl e whose maxi mum | ength can be 2monly. The recommended standard says

81



that the total length of the cable nust not exceed 20 neters within the

entire environnent.

Each device is assigned a "primary address"” and this address can
either be set by dip switches on instruments or one can set the address
using software conmmands sent to the instrunent. It is the Controller
whi ch deci des which device should transmt or "talk" and which are all
the devices which ought to receive the message or "listen". There can
be nore than one Listener in the environment but only one instrument is
allowed to be a Talker at a given tine. The GPIB is a 24 line bus with
8 dedicated lines for data transfer (contrast the fact that this type of
data transfer is bit parallel byte serial in conparison to the serial
interface which is bit serial byte serial). It has 3 hand shake I|ines
and 5 bus managenent lines. It is inportant to note that all the Iines
in GPIB are active LON This means that, to assert a signal on a given

line a device has to nmake that line O V from5 V.

HANDSHAKE PROTOCOL

For a reliable data transfer a handshake protocol is needed in the
GPIB environment and this facility is provided. A handshake protocol is
nothing but an exchange of electrical pulses via dedicated conducting
lines between instruments to provide a synchronization of the
instruments with one another, for data transfer. Nornally a handshake
protocol needs at least two lines out of which one is an input and the

other is an output line. The device can place a signal on the output
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line and wait for acknow edgenent from the other device. The nmonent such
an acknow edgenent is received, the handshake, for this sinple purpose,
is conplete. After this, successful data transfer can take place on the
bus. The handshake lines in the case of GPIB are DAV (DAta Valid), NRFD
(Not Ready For Data), NDAC (Not Data ACcepted). The conpl ete handshake
sequence for one data byte is shown in Fig.(B-3.8). DAV is the signal
controlled by the active bus Talker. It is used to communicate the state
of the bus data lines. Wen this signal is low the data on the data
lines is valid and have had time to settle to the correct logic |evels.
NRFD is the signal that the active Listeners wuse to hold off
transnission of a byte until all are ready to receive. NDAC is the
signal used by the active Listeners to force the Talker to hold data on
the data lines until all active Listeners have had time to accept the
information. The sequence of events shown in Fig.(B-3.8) for the bus

handshake is sinple:

1. NRFD goes high, signifying that all Listeners are ready for the
next piece of data.

2. The Talker recognizes this by placing the data on the data bus
and driving DAV low after waiting for the data to settle.

3. Listeners acknow edge by driving NRFD | ow

4. \Wen all of the Listeners have acquired the data, they allow
NDAC to go high, signifying their acceptance.

5. The Talker then releases DAV to end its part of the handshake.

6. The Listeners then pull NDAC low to prepare for the next bus

transaction.
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THE BUS MANAGEMENT LI NES :

To manage the GPIB environment, the Controller sends several
commands to all the devices and these commands can be divided into
uniline comrands and multiline commands. The uniline commands are sinply
signal s ascertained on the dedicated lines of the bus nanagerment. The
uniline commands or functionalities of the bus managenent |ines can be

seen as follows :

1. ATN (Attention) - The ATIN line is one of the inportant
nmanagerment lines. The state of the ATN line determ nes whether
Controller information on the data is to be considered data or a

mul tiline command as described bel ow.

2. IFC (Interface Cear) - Setting the IFC line true (low) causes

the bus to go to a known state.

3. REN (Renmote Enable) - Setting the REN line low sends the REN

command. This sets up instrunents on the bus for renote

operati on.

4. EOI (End or Identify) - The EOI line is used to send the end
signal which usually terninates a nulti-byte transfer sequence.
5. SRQ (Service Request) - The SRQline is set |ow by a device when

it requires service fromthe Controller.
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One of the inportant features available in the GPIB standard is the
serial polling function. Wen an instrument or instrunments request(s)
attention of the Controller, the Controller begins a Serial Polling
sequence and gets a status word from each of the instruments which had
requested for service. Depending on the information available in the

status word, the Controller takes necessary action.

MULTI LI NE COMVANDS

The nultiline comrands are sent by the Controller on the data bus
by ascertaining the ATN line. These commands can be further divided into

Uni versal, Addressed and Unaddressed groups.

Uni ver sal Commands

LLO (Local Lockout) - This command is used to lock out front panel
controls on devices so equi pped.

DCL (Device Clear) - After a DCL is sent, instrumentation equipped
to inplenment the conmand will revert to a known state. Usually,
instruments return to their power up conditions.

SPE (Serial Poll Enable) - The SPE command is the first step in the
serial polling sequence, which is used to determne which
instrunent has requested service with the SRQ command.

SPD (Serial Poll Disable) - The SPD command is sent by the
Controller to remove all instrumentation on the bus from the

serial poll node.
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Addr essed Conmands

Addressed commands are multiline conmands that nust be preceded by

a listen command derived from the device's prinary address before the

instrunent will respond. Only the addressed device will respond to each

of these commands.

1.

SDC (Selective Device Oear) - The SDC command perforns
essentially the same function as the DCL command except that
only the addressed device wll respond. Instruments usually

return to their default conditions when the SDC command is sent.

GTL (& to Local) - The GIL comand is used to renove
instruments fromthe remote node of operation. Al so, front panel
control operation will usually be restored, if the LLO command

was previously sent.

GET (Qoup Execute Trigger) - The GET command is used to trigger
devices to perform a specific action that depends on device
configuration. Athough CGET is considered to be an addressed

command, many devices respond to GET wi thout being addressed.

Unaddr essed Cormands

The two unaddressed commands are used by the Controller to renove
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all Talkers and Listeners from the bus sinultaneously. ATN is |ow when

these nultiline conmands are asserted.

1. UNL (Unlisten) - Al Listeners are renoved fromthe bus at once

when the UNL command is placed on the bus.

2. UNT (Untalk) - The Controller sends the UNT command to clear the

bus of any Tal kers.

Apart from these specific comrands, there are other addressed
commands which are MLAA (M Listen Address), MA (M Talk Address) and

these commands are derived fromthe prinary addresses of the devices.

After looking at the various commands, we can see the typical way
by which the Controller will be able to coordinate a byte transfer and
in the case of service request, how the Controller carries out a serial
poll of all the devices. For data transfer, the Controller first sends
an IFC command to clear the bus and asserts the REN line to place the
devices in renote operation. After this, UNL and UNT conmands are pl aced
on the data bus by asserting the ATN line, and the Controller then
places the MIA for the specific device, by placing one by one the MA
command for all the Listeners. During these commands the ATN is line is
still asserted. After conpletion of the task, the Controller unasserts
ATN line. Now, the Talker and Listener(s) communicate to transfer data.
At the end of all data transfer, the Talker is configured to assert the

EOI |ine, which tells the Controller that the transaction is conplete
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and thus the Controller places the UNT and UNL conmands on the line and

thus the bus is ready for the next set of data transfer.

Wien devi ces have requested for service by asserting the SRQ line,

the Controller enters into serial polling in the follow ng way.

1. The Controller sets the ATN line true.

2. The SPE (serial poll enable) conmand is placed on the bus by the
Controller.

3. Adevice on the bus is addressed to talk.

4. The instrument then places its status byte on the bus to be read
by the Controller. The ATN line is nade false at this point.

5. The Controller then sets the ATN line |ow and places SPD (serial
poll disable) on the bus to end the serial polling sequence.

6. Steps 3 to 5 are repeated for all the other devices.

Devi ce Dependent Conmands :

Al the commands, discussed so far pertain to the basic control of
the bus. Now in order to provide a facility by which the Controller can
conmmuni cate with a specific device, certain "device dependent commands"
are needed. Device dependent commands are string of characters sent by
the Controller to a particular device as data. The device interprets
such a string as a coomand and perforns a specific function. As exanpl es
we can consider two i nstruments, like the TEKTRONX 2230

digitizer/signal averager and the Keithley 195A digital nultineter. In
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the case of the 2230 system when a string of characters given by "CH1?"
is sent on the data bus, the scope responds by placing on the data bus
the following information "CH1 VOL:<nl> COU:AC". The string "CH1?" is
interpreted by the digitizer as a query as to what are the current
settings in channel 1 of the scope and sends a reply back to the
Gontroller indicating that the VOLTS/DIV setting is nl and the coupling
is AC In the case of DMM 195A, a string like "R1X" will be interpreted
as a command to set the resistance neasurement range. Thus, different
instrunents treat different sets of characters as device dependent
commands. As of now, there is no accepted industry standard for the
format of device dependent conmands but sonme manufacturers |ike
TEKTRON X have defined their own Codes and Formats Standard for device
dependent commands. Few exanples from this standard are considered

below.

Each conmmand has what is called a "header" and this header is as

self explanatory as possible for the function it perforns.

exanpl e : INIT

a command which initializes the scope. A header nay have an "argurnent"

al so which is to be separated fromthe header with a space.

exanmpl e : SAVEREF REF4

Wien argurment itself requires another argument, the two arguments are
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separated by a colon.

exanpl e : ACQ REP:SAMPLE

Wiere the header has multiple argunments, the arguments (or argunent
pairs, if the argunent has its own argunent) nust be separated by

commas, such as

exanmpl e : DAT ENC:BIN, CHA:CH2

Miltiple commands can be put in one line and each command can be

separated from the other with a senicol on.

exanpl e : DAT ENC:BIN,CHA:CH1; WFMPRE

Here DAT is the header of first conmand which has nultiple argunents and

WMPRE is the header of another conmmand.

GPIB PROGRAMM NG | N | BM PC ENVI RONMENT :

Though stand alone GPIB Controllers are available from comerci al
sources, integrating the ability of a GPIB Controller into a conputer
has obvious advantages. Apart from the controlling ability, the
conputer's conputational and programm ng power can be put to good use.
Standard circuit boards called "Add on" cards are available which can be

connected to one of the expansion slots of the IBMPC which nakes the
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PC function as a GPIB Controller. Some of the standard cards avail able
in the market are the PC-11 and PC-IIA cards manufactured by National
Instrunents Inc. In the configuration inplenented for the present work,
a National Instrunents PG Il card was used. This card is treated as any
other peripheral device attached to the conputer and a device driver
need be placed in the configuration table of the conputer before
booting. The manufacturer provides the necessary device driver and al so
a high-level language interface program and by far the nost popul ar
high level Jlanguage being used for this purpose is BASICA  The
flexibility of BASICA to performeven nachine |evel operations with ease
and the inpressive graphics nanipulation capabilities makes it one of
the ideal languages for GPIB programmng. Device drivers in other

| anguages |ike PASCAL and C are al so avail abl e.

The BASI CA pr ogr anme :

Appendix - |l gives the listing of some of the prograns devel oped
to control and perform experinents in the GPIB environnents along with
the wP-based pulse programmer. Every BASICA - GPIB program has a
declaration block and in fact this is provided as a separate file along
with the driver. 1In the prograns listed, one normally finds this
declaration block to be fromstatenents 1 to 6. This declaration block
loads a machine level routine known as the "BIB.M" into specific
location of the system RAM and this works in cooperation with the BASI CA
interpreter. This routine acts as the translator between the BASI CA

statement calls and the machine level |anguage driver. Before one
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attenpts to wite a program one configures a table of the GPIB
environment with a utility called IBCONF.EXE. This utility allows one to
specify, for each device, all its inportant characteristics starting
from the primary address of the device. Thus, the table gives a
realistic information to the device driver about what the devices are,
whi ch are connected in the bus. The device driver is nade of a nunber of
routines, each one performing a specific task of 1/0 or control between
the Controller and the device(s). The manual gives a conplete |isting of
all the routines. Depending on the level of operation, these routines
can also be divided into categories. Wth the group of routines at the
lonest level, we can perform sonme of the bus nanagenent tasks |ike
setting the REN line, for instance. At the highest level, certain
routines just take the BASICA variables as operands, which are either
used to send a string of data to a device or receive data from a device
and the routine takes care of all the handshake fornalities and other

control tasks to conplete the conmunication autonatically.

Imredi ately after the declaration statenents, the functions |BFIND
are executed which return into the integer variables like BRD%, the so
called device descriptors, which are derived fromthe prinmary address of
each device. Even the GPIB board has to be accessed via IBFIND and a
device descriptor value is returned in the variable BRD%. After the
device descriptors are assigned to each device on the bus, all the
functions are accessed through the basica CALL statenents and each of
these statenents have two paraneters. The first one is the device

descriptor of the particular instrument we are accessing, and the second
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one will be either a string variable (e.g. CMD$) or a nurerical variable
(e.g. V%), which will be taken as the argunent for the subroutine
functions. The string variable wll normally contain the device
dependent command strings. For instance, to wite a command like "CH1?
VA" onto the 2230, we assign this string to a variable called CMD$,

say, and we execute

CALL IBWRT (SCOPE%, CMD$)
The function then conpletes the task of placing the string on the bus to
be read by the scope. Here SCOPE% contains the device descriptor for the
TEK 2230 scope. After this function call if we execute
CALL IBRD (SCOPE%, ANS$)
the response to the previously sent query will be read into the variable
ANSS. It is a renarkable fact that just to perform I/0 between devi ces,

these are the only two function calls needed.

ERRCR CAPTURE AND STATUS MONI TORING

When a reasonably conplex program is devel oped with nmany devices on
the bus, it 1is desirable to have sonme error capture and status
nonitoring facilities and the handler provides this facility. For the
execution of each function, a status variable IBSTA% is updated. Each

bit in the IBSTA% variable being set or reset conveys a specific
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condition in the bus. For exanple, if the data transfer is successfully
conpleted, then the eighth bit is set. If a device has requested for
service by asserting the SRQ line, the 12th bit in IBSTA% is set. If an
error has occurred, then the 15th bit of this variable is set. The
program should be coded in such a way that, after finding an error
condition, it must go and exam ne another variable called the IBERR%.
Each bit in IBERR%Z conveys a specific error, which occurred in the bus.
It may be worth nentioning that some of the Controllers provide the
facility that the SRQ assertion can be brought into the BASICA program
as a hardware interrupt using the "ON PEN ..." statenent. Such a
facility is inplemented in PC-1IA, for instance. Another feature
inplenented with the handler or driver is the auto-serial polling
facility by initiating which the program can be nade to automatically
polI the devices at regular intervals and collect the status bytes from

the respective devices into appropriate variabl es.

Sone of the prograns are provided in the Appendix-I1. The subunits
are configured, and prograns are devel oped such that even in the absence
of the upP based pulse progranmmer, standard experinents like T
neasurenents can be carried out with all the units entirely under the
@B environnent, provided of course they are all GPIB conpatible
(Appendix -11). One can further devel op other useful prograns perform ng
different tasks, like retrieving waveforns from the digital storage
oscil | oscope onto disk files and performng signal averaging to inprove
the N ratio, etc. The GPIB facility devel oped by the author has been

used successfully in other applications like automation of a Field
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Cycling NWR spectroneter and pulsed NQR spectroneter, in the sanme

| aboratory.

SCFTWARE  DEVEL CPVENT

Apart from the programs developed in specific reference to the
pul se programmer devel opment and the automation environnent, an
integrated approach was taken to wite several other prograns to anal yze
the data collected from specific experinents and provi de outputs of them
in presentable formats. A list of programnames and their categorization

are provided in Appendix - II1.

The software which was devel oped as part of this work can thus be

categorized under three broad headings. They are:

1. 8085 - Assenbly programi ng
2. BASICA | anguage progranm ng

3. ASYST | anguage programmi ng

Programmes of first type are presented in Appendix-I. BASICA
prograns are of two types. The first type pertains to the progranmm ng
for automation of the spectroneter. The second contains prograns to
extract T. values from the nmagnetization recovery data from standard
experinents like the inversion recovery or saturation burst, and also
non-linear least square fit prograns to fit the T. data as a function of
tenperature to a specific nmicroscopic nodel. These programs were witten

using the grid and gradient search algorithns. A group of prograns were



also witten to do sinple manipulation of data like sorting of a data
file and to plot the data in desired formats. Finally, the third type
of programs witten in the ASYST scientific programm ng |anguage. ASYST
is a coomercial software which is nade of conpact scientific subroutines
and it has the conplete structure as that of any other programi ng
| anguage. Exanples of these prograns are available in Appendix-I1I1. V¢
have witten prograns in ASYST progranmng environnent also, to fit our
T data to the mcroscopic nodels. Because, it borrows all the salient
features of the inportant programmng |anguages |ike, FORTRAN, PASCAL
and BASICA, the ASYST code is very conpact and very quick in running. It
works on an IBM conpatible PG AT with 512 Kbytes of base nenory and with

a math coprocessor like the |INTEL 80287.

Wth this effort by the author on the development of a software
controlled pulse progranmer and different types of programs to control
the experiment, collect and process data, as well as analyze and displ ay
relaxation measurements, the available pulsed NVR instrument could be
upgraded to perform an automated experinent with reasonable flexibility

and conveni ence in one environnent.

DI FFUSI ON MEASUREMENT

As a part of developing assenbly level progranms for somewhat
involved pul se sequences also, prograns are developed to effect
neasurenents on translational diffusion based on nuclear spin echo

modul ations in the presence of pulsed field gradients, (including the



sequence for neasurenents in liquid crystals [Blinc et al., 1971,
Zupancic et al., 1974]). In the process, the necessary hardware (like

field gradient coils, power driver etc.) is also fabricated.

For generating large field gradients to enhance the sensitivity of
the diffusion apparatus, a circuit which can send large pulses of
current to a pair of Helmholtz coils were needed. For this purpose, we
have adopted the electrical and nechanical design reported by Karlicek
and Lowe [Karlicek et.al., 1980], which was originally intended for
diffusion neasurenents in solids wth large bulk susceptibility.
Fig.(B-3.9) shows the circuit diagramof one of the two current pulsers,
which are used in the generation of large nagnetic field gradients.
Fig.(B-3.10) shows the gradient coil arrangement used to generate the
gradients across the sanple and Fig.(B-3.11) provides a view of the
cross-section of this arrangenent. It consists of a cylindrical Teflon
former in which, four vertical grooves of 1.5 nmwidth and 2.5 mm depth
are nade, which are at 90 to each other. About 20 turns of two
i ndependent set of wires (SN 33) are wound in the opposite directions
into the grooves so that, d.c. or pulsed field gradients in the opposite
senses can be obtained from these two sets of coils, when appropriate
d.c. or current pulses are applied to them The teflon former has a
cylindrical hole coaxial to the axis of the cylinder and its inner
dianeter is 6 mnm A support glass tube is inserted into this hole in
which the sanple is kept with the r.f. coil wound on it. Standard
signal s have been tested in the presence of these field gradient pul ses.

Applying a field gradient nodifies the FID as well as the spin echoes,
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and the signal takes the shape of a Bessel function, approxinmately. The
di stance between the adjacent nodes of the wiggles gives us an estinmate
of the field gradient strength [Murday, 1973]. Qur prelimnary
measurenent on water and benzene showed that, we could get a field
gradient of about 250 Gauss/cm with an application of 3 Amps of d.c.

current.

The d.c. sources used for pulsing the current in the circuit are an
array of batteries used in automobiles. The circuit (Fig.B-3.9) consists
of an inverting anplifier formed by Q and Q and a Darlington type
current anplifier made up of Q and Q. The bias to the Darlington
configuration can be varied and in effect the current delivered to the
helmholtz coils can be varied by adjusting the bias of the inverting
anplifier configurationv The input | is only to trigger the pulser to
turn the inverting anplifier on and this is derived from the source of
the pulse progranmmer. Thus it can be seen that the pulse anplifier is
operated in its extreme operating regions, nanely the cut-off and

saturation regions. This circuit was fabricated and tested successfully.

Now it renmains to apply the relevant pulse sequence to different
systens to neasure diffusion coefficients and calibrate the unit for
optinal performance. Since the pulse programmer is readily equipped with
the necessary pul se sequences to neasure diffusion coefficients, both in
liquids ( like the CPMG and Stejskal and Tanner sequence), as well as
liquid crystals (the liquid crystal sequence, refer to Fig.(B-3.2)), the

above arrangenent is in principle ready for use. However, necessary



effort is still required to standardize and calibrate this set-up for

regul ar diffusion nmeasurenents.
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SECTION. C

NMR_ INVESTIGATIONS ON.
TRIS (ALKYLAMMONIUM)
NONAHALOGENO DIBISMUTHATES



SECTION C
PART 1

REVI EWOF AsMXy COVPOUNDS

Alkylammonium hal ogeno bismuthates investigated in this study have
the general formula [(CH.). NH ]. Bi X,, where n varies fromO to 4 and
X is Cl, Br and | and belong to a general fanmly [(CH3)4—nNHn]3 M Xy
where M can be B or Sh. The structure of these conpounds shows
considerable variety (1-D chains, 2-D layers etc.) and the nature of
cations as well as the specific halogen in the conpound are known to play
an inportant role in determning the structure of these conpounds
[Jakubas et al., 1990a]. Investigations wusing different physical
techni ques show that the cations are situated in the free space avail abl e
between layers of anions and that they exhibit reorientational notion.
The order-disorder type structural phase transitions nost of these
conpounds exhibit are found to be related to such reorientational notions
of the cations. Proton NMR neasurenent is one of the powerful techniques
to investigate the structural and dynanmic properties of these conpounds,
and the results of such resonance and relaxation investigations are
presented in the following sections. This section begins with a brief
survey of sone interesting related aspects of A.M.X conpounds based on

i nvestigations using other physical techniques.

BONDI NG AND STRUCTURAL CONSIDERATIONS :

A |kyl ammonium substituted conpounds belonging to the AM.X.fanly
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exhibit different structural configurations but their inportant comon
characteristic is that each anion is strongly bonded to its immediate
nei ghbours and such cooperative bonding leads to chain and |ayer
structures of the anions with infinite expanse, though such fornations
are not unique to the AM.X famly alone. The formation of different
structures in these conpounds are determned by many factors including
the type of bonding between the atons and geonetrical and space filling
considerations in an infinite lattice, anong others. The detailed
under standing of such structures and the different factors which govern
their formation is a subject of study in structural chemstry. To
appreciate these factors in the context of the AM,X, fanily, we shall
look at some ideas related to the bonding anmong atonms and some basic

aspects of formation of solids fromthis point of view

Bondi ng anong at ons

Qut of the different types of bonding schenes found in nolecul es

sone inportant ones relevant for the present purpose are outlined bel ow :

(i) One of the commonly encountered bonds is the ionic bond or the
polar bond. This bond forns between charged atoms or groups of
atoms. The ionic bonds form between highly electropositive and

el ectronegative el enents.

(11) The next inportant type is the covalent bond, formed by the sharing
of two electrons by the bonding partners. It is observed that this
kind of bond is nost favourably formed in the case of elenents

which do not differ greatly in their electronegativity.
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(iii) Metallic bonds form a separate class found in netals and alloys.
Here, there is a conplete delocalization of some of the val ence

el ectrons, unlike the coval ent bonds.

(iv) In formng a crystal, the weak inter atomc forces due to Van der
Waal's interactions play a domnant role and there are many cases

where groups of atons are held together by such forces.

(v) Anot her inportant class of bonds are the hydrogen bonds, which are
special cases of Van der Wal type bonds. Hydrogen bonds form
nostly between elenents of strong electronegativity. The bond is
formed between two like, or unlike, atons via the hydrogen atom
like N...H...0, 0...H..O. In nost cases, the lone electron pair
in the atoms being bonded devel ops a dipole noment which interacts
with Hto form the hydrogen bond, and depending on the directional
property of the bonding orbitals of the lone electron pair the

directional property of the hydrogen bond is determ ned.

(vi}  Co-ordination bonds form between netal atoms and non-netallic
elenents where the non-netallic elenent donates both its bonding

electrons to the netal and a bond is forned between them

Oten, nore than one type of bonding may be present in a nol ecule.
For exanple, in the case of A M X, conmpounds, the bonds within the cation
and anion are covalent while the bonding between the anions and cations
is essentially ionic in character. But in the case of alkylammonium

substituted compounds in A M_.X famly, the bonding between the cation
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and ani on conplexes are not so strong as in the case of ionic bonds, as
is evidenced by the free reorientations that the cations are able to
undergo in the interstitial spaces forned by the anionic conplexes. In
sone of the A.M.X conpounds, both netal-netal interaction as well as
covalent bonding may be sinultaneously present and an exanple in this

case is the compound K.WCl

Geonetric and Topol ogi cal consi derati ons

The formation of any given conpound is determined by a linited
nunber of possible ways in which a group atons can be arranged in space,
apart from energy and symmetry considerations. For instance, in the
formation of a conpound |ike MX where the atons do not lie on the sane
line, the M- X and X - X distance and the interbond angle < X - M- X
are all related to one another, so that these can assune only a linited
range of values restricting the kind of structures in which MX can
exist. Such geonetric considerations are applicable from the sinple
exanpl e given above to conplex nolecules as well, which explains the
existence of only a linted nunber of types of structures for a given
chemcal conposition of the conmpound. The structures of majority of
solids can be derived from certain fundamental set of forns in three
dimensions called polyhedra and certain basic forms in two dinensions
called nets. Wereas polyhedra are closed structures, nets have infinite

expanse.

Pol yhedra are geonetrical shapes assuned by conpounds in three
dinmensions and the constituent atons are situated at the vertices of

these structures. The nearest neighbours of an atom in a nolecule,
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conplex ion, or crystal, define a polyhedral coordination group, the
nunber of vertices of which defines the coordination nunber of the atom
Nornal |y, any given polyhedra is a closed structure made up of polygon
faces like triangles, squares, hexagons, and so on. Among all types of
polyhedra the tetrahedron and the octahedron are the nost prevalently
occurring structures in solids because, for these structures, the
vertices represent the most symmetrical arrangenent of four or six points
around a central point. Wen a crystal is described in terns of
coordination polyhedra around the cations, it becomes a system of
pol yhedra joined together by sharing vertices, edges, or faces. There are
five basic polyhedra called "regular polyhedra", denoted by the names
tetrahedron, cube, pentagonal dodecahedron, octahedron and icosahedron.
There are also other three-dimensional structures derivable from these
basic structures and they are called "sem-regular polyhedra”. Any given
conpound is formed as a conbination of these fundanental structures only

and these are shown in Fig. (C-1.1).

Plane nets are arrangenent of atons in a 2-D plane with each point
connected to a given nunber of neighbouring atons. Al the basic forns of
plane nets are shown in Fig.(CG1.2). Any kind of layered structure in a

conpound falls into one of these types.

CLASSIFICATION OF CRYSTALS :

Wth the restricted type of bondings possible anmong atons and the
geonetrical and topological constraints present in the formation of a
given conpound, all crystals can be classified in tw and three

dinensions in a particular way. Such a classification of crystals is
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Polyhedra and Nets
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(C-11) Regular and semi-regular polyhedra.
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provided in the formof a chart in Fig.(G1.3) [Wlls, 1975]. The four
groups listed within the dotted box are closely related types of ionic
structures, all of which involve tw distinct kinds of charged units.
These are finite one-, two- and three- dinensional ions in addition to
discrete ions (usually monatomic). The lines joining different structures
narked with the letter H indicate that one form can be derived from the

other through the formation of hydrogen bonds.

The different groups which can be considered wunder |ayered
structures are represented diagrammatically in Fig.(C-1.4). Each class is
denoted by synmbols like a, b, etc. In the kind of conpounds denoted by
(a), i denti cal layers repeat after one another in a direction
perpendicular to the individual layers and these are held together by Van
der Waal's bonds. In (b ) of conpounds, layers are held together by
hydrogen bonds forned in between the layers. In (a ) type of crystals, a
guest molecule is found in between identical layers and it is to be noted
that the layers are electrically neutral in character as also is the
nol ecular group in between the layers. In the type of conpounds denoted
by (b), sonme foreign nolecule like H.Ois found in the interleaving
layers, through which hydrogen bond is forned between layers. (c )
contains identical layers which are charged and this charge is
neutralized by the oppositely charged group found in the interstitial
site. Finally, (d) type conpounds have layers of two different kinds
alternating, and these layers are also of opposite charges. The

electrostatic attraction between the layers stabilizes the structure.

The different one dinensional chain structures feasible are

illustrated in Fig.(C1.5). Conplexes which exhibit chain structures
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contain groups, AX., AX., AX sharing one or nore X atons.

Armong the A M_X compounds, and specifically those having the
alkylammonium groups as their cations, the tetramethylammonium
substituted conpounds belong to the category where the discrete cations
with a finite charge are found in the interstitial sites of the anionic
structure, and these cations bal ance the charge on the framework. A large
nunber of trimethylammonium and dimethylammonium halogenometallates
belong either to the category ¢ or to b where there is hydrogen bondi ng
between the halogen in the anion and the N atom in the cation. In
contrast to these structures, the methylammonium hal ogenonetal | ates have
a one dinensional chain structure which is forned fromthe sharing of two
of the six vertices of an octahedron and this leads to the so called

pl eated ribbon structure.

In the formation of an entire class of crystals, hydrogen bonds play
an inportant role as can be seen from Fig.(C 1.3). Thus the nol ecul ar
crystals can be conbined by hydrogen bonds to form either 1-D chain
structures or 2-D layered structures. There can be other interlinkages

possible to forminfinite 2-D and 3-D structures as can be seen from the

chart.

A3H2X9 COVPOUNDS AND TRIS(ALKYLAMMONIUM) ENNEAHALOGENO METALLATES:

There are a nunber of conpounds with the chemcal formila A3”29~
vwhere X stands for the hal ogen atom and M stands for a suitable netal
atom The cation A can be a univalent elenent like K, Cs or Rb, or it can

be a nore conplex organic group like the al kyl anmoni um group, pyridinium

108



group, etc. Were the cation is not a conplex group, the conpounds are
cl ose packed structures belonging to the general formnula AMX . These
are formed by stacking AX layers, one over the other, and the
interstitial spaces created by such a stacking are occupied by M atons.
If all the interstitial holes are occupied by Matoms, it results in AMX.
structure. If only tw out of three holes are occupied, the A.MX

279

structure ensues, and the fornmation of A MX, is possible if one half of
2 b

all the holes are occupied by M atons [Wlls, 1975]. Al the earlier
known A_M X conpounds belong to such close packed structures. In such an

arrangenent, the M atom is surrounded by six X atons leading to the MX
b

octahedra, and anong all the known forns of A M X, conpounds either the
vertices or faces of these octahedra are shared, but seldom the edges.
Several exanples can be cited in this respect. The conpounds with the
univalent group-I1 elenents like K, Cs and Rb, and other elenents like Tl
in place of A and trivalent atons like Cr, Mo, W V and Ti in place of
the metal atom M have been synthesized quite early [Powells et al.,

1935]. Anong these conpounds, sone of them have face sharing MX,

octahedra and sone of them have vertex sharing MX, octahedra. Exanples of

o]

the fornmer type are: C53T12C19, Cs3Cr2C19, Cs381219, Cs3Sb219, Cs,V,Clg,
C 3 . .

s3T12C19, K3w2C19 [Hoard et al., 1935; Powells et al., 1935; Brosset,
1935; Wessel et al., 1957; Watson et al., 1958; Lindqvist, 1968]. The
confacial bi-octahedral arrangement of M.X anion in the case of face
sharing conpounds is illustrated in Fig.(C1.6). Exanples of the other
t ; .

ype (vertex sharing) are: Cs3Fe2C19. Cs3Sb2C19. C53A52C19' Cs3E312Br9
(Lazarini, 1977]. In this latter type the vertex sharing among the MX

octahedra leads to hexagonal holes in the solids as car. be seen from

Fig. (C-1.7a).
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These conmpounds with their close packed structure provides a
contr ast to tris(alkylammonium) nonahal ogeno diantimonates and

dibismuthates. In these conpounds al so, the MX. octahedra are vertex or
fa

face sharing leading to chain or layers forned by the anions, but there
is a large amount of free space available in between these chains or
layers and the cations are situated in such free spaces, having
consi derabl e anount of freedom for reorientations {Jakubas et.al.,1990a].
The resenblance in fornulae of conpounds of this famly with the earlier
ones is purely due to the geonetrical requirenents of the structure,
rather than to the chenmical simlarities of the el ements. The presence of
different cations in this famly of conpounds affects the entire
structure of the conpound drastically. Thus, the tetramethylammonium
conpounds of this famly stabilize confacial bioctahedral structures of
the anions, as shown in Fig.(C1.6) [lIshihara et.al., 1992; Jakubas
et.al., 1993b]. For the dimethyl and trimethylammonium conpounds, we get
the two dinensional corrugated |ayered structures [Jakubas, 1990a]. But,

in these cases, the ring structure formed by the MX, octahedra shows
6

considerabl e amount of distortion and the void created within the ring
does not have perfect hexagonal symmetry (Fig.C-1.7b). The formation of
the hydrogen bond linking the anions and cations is one of the ngjor

causes of this distortion observed in the anionic structure, leading to

ferroelectricity in these solids [Cdaniec et.al., 1988; Jakubas et.al.,
1986, 1987, 1988, 1989b; Idziak et.al., 1988; Kallel et.al., 1985;
Miniewicz et.al., 1989, 1990; Kosturek et.al., 1990]. In the case of

3
methylammonium cations, we get a pleated ribbon structure of the M X, ™
ions, in principle extending to infinite distances in one dinension

(Fig.C-1.8).
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(C - 16 Face sharing M X¢ octahedra in MyX§~ anions.



(C - 178 Corrugated layer formation in M>X§anions With undis-
torted voids.

(C- 176 Corrugated layer formation in M Xg~ anions with distort-
ed voids.



(C -1.8) Pleated ribbon structure of M, X5 anions which extends
as one dimensional chain.



An  inportant addi ti onal feature observed in the case of
me thylammonium conpounds is the sensitive dependence of the anionic
structure on the type of halogen atons al so. Thus, when X corresponds to
Cl a pleated ribbon structure or the zig-zag chain of the BiX, octahedra
is found in these conpounds, and when X is changed to Br the anion
assunmes the corrugated structure shown in Fig.(C-1.7a). Here, every BiX
octahedron shares three of its vertices with three nore neighbours, and
within the ring structure a hexagonal free space forms. It is to be noted
that these voids have perfect hexagonal symmetry in contrast to that of
the dimethylammonium and trimethylammonium substituted compounds. Wen
the halogen atom is changed to I, the anions form discrete confacial
bioctahedra, as shown in Fig. (C-1.6) [Zaleski et.al., 1990, Jakubas
et.al., 1986, 1990a, 1992, 1993; Ishihara et.al., 1992; Miniewicz et.al.,
1990]. In addition to these conpounds, the tetraethyl anmoni um anal ogue of
S Br and Bi Br are also grown, and in these conpounds too the M,X
anions have the confacial bioctahedra structures [Zaleski et.al., 1989a].
The considerable anount of freedom available to the cations s
corroborated by the larger uni® cell volune of these conpounds, in
conparison with some other A3M2 9 conpounds, and Table (C-1.1) provides

these details for the two sets of conpounds.

In stabilizing large netal conpl exes, the large anions in a conpound
are always stabilized by the presence of large cations of equal and
opposite charge [(Basolo, 1968; Martinsen et.al., 1977] and this rule
seens to be well adhered to in nany conplexes involving the elenents B
and Sb. Qite a few conpounds are synthesized with large anionic
structures stabilized by bulky cations, most of them being organic

conpl exes: (NZHS)“SbZBr”, (NZHS)lOSb3Br19' (NZHS)6 HBI3BI‘16. 10}{20.
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TABLE C - 1.1

COMPOUND SPACE GROUP a b - ﬂ UNIT CELL
VGLLBHIE
(A7)
Cs_Bi_1 P6_/mmc 8. 41 .18 1297
3 *2'p 3 &
K_W 1 (:2 7.16 16.16 717
c . »
4 2 9 6h
Cs_TI1_cl 9.58 9.58 9.58 83 .48 BE3
(CH_) N P6_/ 9.25 o7 1610
[ LR !3 o7 mme 274
Sb_cl
2 9
[{CH_) N] P6_/mmc 9.265 21.93 1630
34 3 3
Bl _cl
2 9
[(CH_) N) P6_/mmc 9.499 22.23 1736
34 3 3
Sb_Br
2 9
[(CH_) N] P6_/mmc 9.521 22.46 1763
34 3 3
Bi_Br
2 9
o
L(C_H_)_NH_] P2 /C 12.36 13.91 18.94 102 3185
2§52 23 1
Bl _Br
2 9
]
[(C_H_)_NH_) P2 s/C 12.86 14.57 19.37 102 3550
252 23 1
B1_1I
29

TABLE SHOWING THE CRYSTAL STRUCTURE DATA ON SOME A3Mj>Xg
COMPOUNDS AND ALKYLAMMONIUM HALOGENO METALLATES



(N2H5)5813114.6HZO, (N2H5)6}{8114119.10.H20 [ Pugh, 1954], [CSHSNH)GBithlls
[Aurivillius et.al., 1978]. Qher stoichiometries for the anion with Bi
are also reported, narely, Bi.Cl ", B Cl and B Cl [Remy
et.al., 1928; Plyushehev et.al., 1968, Landers et.al., 1980]. In this

line of solids the conpound [(C.H.) ,N]. Bi,Cl,, (TEACB) is unique in that
<« 24 6 o JU

it has one of the largest anions, i.e. Bi,Cl,, " [Zaleskiet.al., 1989].
This compound is very different from those belonging to the famly

[(CH),_NH 1. Bi, X,, and is one of the systems investigated using proton

NVR nmeasuremnents as a part of this work.

RELATED STUDI ES ON TRIS(ALKYLAMMONIUM) ENNEAHALOGENO DIMETALLATES

Mst of the conpounds from the tris(alkylammonium) nonahal ogeno
dimetallates exhibit order-disorder type structural phase transitions. A
nunber of physical techniques have been enployed to study these
transitions and their relationships with other structural properties
[Jakubas et al., 1990a]. The nunber of reports available on the Bismth
substituted conpounds is neager relative to the Antinmony substituted
conpounds. For exanple no previous reports have been made on two of
Bismuth  substituted conpounds, tris(trimethylammonium) nonachl or o
dibismuthate (TMACB) and tris(dimethylammonium) nonachloro dibismuthate
(DVACB), to the best of the author's know edge. Mst of the physical
techniques reveal that the the anionic structures exist in chains, or
layers, or cage like structures, with free space in between, and the

cations are situated in this space undergoing reorientations in all these

conpounds.

Both powder and single crystal X-ray diffraction techniques have
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been used to reveal the structure of these conpounds [Hall et al., 1986;
Ishihara et al., 1992; Jakubas et al., 1987; Kallel et al., 1985] and the
single crystal structure X-ray work on some of these conpounds show the
presence of inequivalent cations [Hall et al., 1986; Jakubas et al.,
1986a]. Differential thermal analysis (DIFA) on these conpounds shows the
signature of the above nentioned structural phase transitions, [Ishihara
et al., 1992; Jakubas et al., 1990b, 1993b] and these are also used to
estimate the entropy change following a phase transition [Jakubas et al.,
1990a] . The range of values one observes using this nethod provided
additional information about the conpound; for instance, the change in
entropy following the transition at 168K in the Antinony conpound MABA is
11 kJ/mol and this conpares well wth observed values for the phase
transition of plastic crystals, thus indicating a |arge degree of freedom
of reorientation for the cations [Jakubas et al., 1985]. NQR spectroscopy
also reveals the presence of structural phase transitions in such systens
[Ishihara et al., 1992]. The variation of halogen NCR frequency as a
function of tenperature shows that at the phase transition tenperature,
either there is a splitting of a single NQR line into a multiplet or the

NR line conpletely di sappears.

The phase transitions have been studied wusing other physical
t echni ques al so, i ncl udi ng dielectric di spersion, pyroel ectric
measur enent s, Raman and infrared scattering experinents etc. I'n
dielectric nmeasurerments, the real and imaginary part of the dielectric
permttivity ¢, (¢ and e") recorded as a function of tenperature at
electric fields of different frequencies show a steep rise at the
tenperature at which a structural phase transition takes place. The

tenperature dependence of tan5 (i.e. c"/e') also shows a steep rise in
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the vicinity of the phase transition tenperature and reaches a naxi num
around the transition tenperature. An increase in the tand value is
indicative of the increased dissipation in the nmedium and it shows that
there is a lag between the applied oscillatory electric field and the
dipoles which try to follow this applied field. This means that the
dipoles are less free to reorient as one approaches the transition point.
Quite a few conpounds belonging to the alkylammonium nonahal ogeno
metallates group have been investigated using dielectric relaxation
studies [Jakubas et al., 1990al. Al the methylammonium salts of this
famly have been the subjects of study for dielectric neasurenents and
they reveal the presence of at least one structural phase transition as
indicated by the tenperature dependence of the permttivity e [Jakubas et
al., 1990a; 1990b]. 1In (CHaNH) Sb2C19 (MACA), one structural phase
transition was observed at 208K as evidenced by an anomaly in
permttivity at this tenperature [Jakubas et al., 1986a]. In the Bronine

anal ogue of this conpound (CH NH ) Sb,Brg (MABA), two anoralies were
observed in both ea'and cc' (dielectric constants along a and c axes)

recorded as a function of tenperature at 168K and 131K [Jakubas et al. ,
1985, 1986b]. In (HNH ) Sb I (MAIA), dielectric neasurements showed
the occurrence of a phase transition at 148K [Zaleski et al., 1990]. The
three Bismuth anal ogues of these conpounds were also investigated, and
dielectric measurenents on (CH NH ) Bi,Cl, (MACB} show a gradual
increase in ca' . ' and g ' from 300K onwards reaching a maxi num at
385K, which is indicative of a structural phase transition. Above this
tenperature this conmpound is found to enter a plastic phase where there
is considerable anount of freedomfor the cations to reorient [Jakubas et

al., 1989a]. Simlarly pernmttivity measurenents on the Bromne and

lodine anal ogues of the Bisnuth substituted conpounds, namely (CH NH,)
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BiZBr9 (MABB) and (CH3NH3)3 B1219 (MAIB), also show signatures of phase
transitions [Jakubas et al., 1990b], revealing that there is a notable
disorder in these systens and the cations have considerable freedom to
undergo reorientations. Mst of the dielectric studies are reported al ong
with pyroelectric measurenents and such studies are useful to identify
polar phases in these conpounds like the ferroelectric phase or
ferrielectric phase. The ferroelectric nature of these compounds is
associated with the ordering of the cations. Due to the hydrogen bondi ng
between the cations and the halogen atons of the anion groups, such
ordering brings about a spontaneous polarization in these conpounds

[Mniewicz et al., 1990; Jakubas et al., 1986b; Zal eski et al., 1990].

Conpounds wher e the cations are dimethylammonium and
trimethylammonium groups and the netal atom is Antinony, [(CH ) NH |
Sb Cl (DMACA) and [(QH ) NH]  Sb,Cly (TMACA), nave beeninvestigated
using dielectric and pyroelectric neasurenents, leading to the
observation of structural phase transitions and other polar properties
[Glaniec et al., 1988; Jakubas et al., 1987; 1988], but it seens that, no

study has been made using these techniques on the Bisnuth substituted

conpounds of this famly, till date. In DVACA and TMACA, the SbCl,
6

octahedra form 12 membered rings within a unit cell creating hexagonal
voids in between and these ring structures extend in the crystallographic
ab plane to form layers. Such layers are stacked one over the other,
along the c-axis. The cations are either situated within the layers in
the hexagonal gaps or they are found in between the layers [Gdaniec et
al., 1988]. This arrangenent |eads to dynanic inequival ence anong the
cations because of the different nolecular potentials experienced by the

cations within the layers and in between the |ayers. Hydrogen bonds are
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formed between the N atonms in the cation and the Cl1 atons, so that this
leads to a slight distortion in the arrangenent of the anions. Actually,
the shape of the void between the SbCl rings is then a distorted
hexagon. The cations in these conpounds are also found to undergo fast

reorientations.

Anong the tetranethyl anmonium substituted conpounds, [(CH.) NI
Sb Cl9 (TEMACA) and [(CH3) N] SbZBr9 (TEMABA) were subjected to
dielectric neasurenents and the tenperature dependence of c¢' shows
anonalies at 223K and 189K respectively, confirmng the presence of a
structural phase transition in these conpounds al so. Dilatometric studies
on the Bismuth substituted conpounds [(CH ) NI Bi Cly (TEMACB) and
[(CH3)4N]3BizBr9 (TEMABB) show that at 151K and 183K respectively, there
is a sudden increase in the quantity AL/L, plotted as a function of
tenperature, along a and c axes while heating the sanples from |ow
tenperature. This further shows that, there is an increased freedom for
the cation reorientation in this conpound in the high tenperature phases
[Jakubas et al., 1993b]. In all these conpounds it has been found that
the reorientations of the cations slow down near the vicinity of these
transitions. This is an inportant observation in the light of the

infornmati on one gets from proton NWVR neasurenents in these systens.

Raman scattering studies and infrared (IR) spectroscopy were
enployed to investigate some of these conpounds [Jakubas et al., 1988,
1993a; Iwata et al., 1993; Belkyal et al., 1993]. They show the
exi stence of different vibrational and rotational nodes in the compounds.
The presence of these nodes and their intensity are sensitively affected

by the structural properties of the conpound, and therefore these studies
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al so show the signature of structural phase transitions. A nolecule can
undergo different kinds of vibrational notions and these include the
stretching and the bending notions of the bonds within the nolecule. A
given nolecule is infra-red active only if there is change in its
electric dipole nmoment when it wundergoes one of these vibrational
nmotions. On the other hand, the presence of a Raman band is decided by
the change in the electric polarizability of the molecule in question,
when it undergoes such a nmotion [Straughan et.al.,1976}. The anplitude of
the stretching or bending notion of the nolecular group will be affected
by the surrounding nol ecular potential and this will in turn be reflected
in the intensity of a particular band in an IR or Raman spectrum C all
the possible nmodes of vibration, quite a few of them are energetically
degenerate and they will give a Ranman or IR band at the same wavenumber.
Wien there is a considerable rearrangement of the atomc positions
following a structural phase transition, some of these degeneracies may
be lifted which may lead to the formation of new bands, or such a
rearrangenent may lead to a suppression of some bands also. Thus, the
Raman and IR spectra recorded as a function of tenperature will give us
the indication of a structural phase transition and the extent to which
it affects the nmolecular surroundings. For instance, the IR spectrum
recorded in DVACA at 300K shows that there is no splitting in the bands
corresponding to the vibrations of the DVA cation, indicating that at
this tenperature the structural i nequi val ence anong these cations
revealed by X-ray studies are not reflected on to the IR spectrumat this
tenperature [Jakubas et al., 1988]. IR studies have been nmade on the
methylammonium conpounds MABA and MABB [Jakubas et al., 1993a] showing
the presence of structural phase transitions in this solid. MABA has two

structural phase transitions at 168K and 131K and MABB shows structural

117



phase transitions at three tenperatures, nanely 188K, 140K and 104K. The
hi ghest tenperature phase is a parael ectric phase and the cations exhibit
isotropic reorientation. The spectra around 300K of these conpounds show
only one band which is a result of the dynam c averaging caused by the
isotropic reorientation of the cations. Raman spectroscopic study on a
related compound MACB al so shows the insensitivity of the spectra to the
i nequivalent methylammonium cations being present in this conpound
[Belkyal et al., 1993; Jakubas et al., 1989a]. It is observed that a
careful scrutiny of the Raman and IR spectra wll provide very useful
information about the dynamics in the system In MACB, tenperature
dependent high frequency Raman spectra shows that there is a rocking
motion of the CH groups about their 3-fold synmetry axis and this
dynanmics is considerably faster conpared to the ON axis reorientation of
the cation. The tenperature variation of the low frequency Raman spectra
in this conpound does not show any sudden change in the positions or
intensities of the bands at the phase transition tenperatures 349K and
247K, but there is a continuous broadening of the lines as one goes from
300K to 393K. Such a change is attributed to the order-disorder processes
being present in the system [Belkyal et al., 1993]. A few other
techniques, like Brillouin scattering, were also enployed to study these

systens [Iwataet al., 1993].

Al the techniques highlighted above provide complementing
information regarding the structural phase transitions in these
conpounds, depending on the type of coupling the technique provides to
the mcroscopic details of the system |In this respect, NV measurenents
becone a valuable tool to investigate the mcroscopic dynamc processes

taking place in these systens. Proton relaxation time measurements are
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particularly suited to study these systems with the tinme w ndow accessed
by this technique being convenient to study the type of dynamcs
associated with these systens thereby providing conplenentary information
to the above said techniques. The reorientational motion of the cations
in these conmpounds are coupled to the order paraneter of sone of these
phase transitions, and in this context proton T and M neasurenents
provide an ideal probe to look at the dynamics of the cation and the
internal notions present thereof, since changes in the rates of
reorientation |leave a discernible signature on the T or M data
depending on the tine scale of such reorientational processes. In the
following sections, we provide details on the proton T and M
nmeasurenments performed on trisfalkylammonium] nonahal ogeno dibismuthates
as a function of tenperature and Larmor frequencies, and discuss the

anal ysis of these results in the light of phase transitions they exhibit.

The systens studied are given below along with their acronyns in

par ent hesi s.

1. [(CHy), N]4 Bi,Cly (TEVACH)

2. L(CH;), N), Bi,Br, (TENABB)
3. [(CHy), NH], B1,Clg (TMACB)

4. [(CH3), NH ] Bi,Cly (DVACB)

5. [CH:j NH3]3 812C19 (MACB)

6. () Bi,Cly (AMB)
7. (NH4)381231‘9 (AMBB)

8. [(C2H5)4N]6 BiSC13O (TEACB)

Sone details pertaining to T and M? neasurenents conmmon to all the
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systems investigated, are given beow.

Crperimental Details - Genera

T neasurenents

Spect r oet er

Pul se sequences used

Tenperature variation

Tenperature sensing and

control

M neasurenents

Spect r onet er

Tenperature variation

Tenperature sensing and

control

Home nade pul sed NMR spectromnet er

I nversion recovery, Saturation burst
Gas flow type «cryostat - liquid
ni trogen vapours for |ow tenperatures;

hot air for high tenperatures

Calibrated Chromel-Alumel thernocoupl e
for sensing; home nade PID controller
for tenperature control; stability

better than 0.5 K

JECL nake Cross-coi l type aw
spect r onet er

Gas flow type cryostat - liquid
ni trogen vapours for |ow tenperatures;

hot air for high tenperatures

Calibrated Copper - Constantan
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thermocoupl e for sensing; conmercial
tenperature controller; stability

better than 1.0 K
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SECTION C
PAdR T2

RELAXATI ON AND RESONANCE STUDI ES ON

[(C113)4N]3 812619 AND [(CH3)4 N]38128r9

In this section the results of proton T. and M, neasurenents on the
two tetramet hyl anmoni um conpounds of this famly, nanely, [(CH.) N].
812C19 (TEMACB) and [(CH3)4N]3 BiZBr9 (TEMMBB) are presented and
di scussed. Such neasurenents on the Antinony anal ogue of these conpounds,
nanel y, [(CH3)4r\l]38b2C19 (TEMACA) and [(CH3)4N13 Sb,Bry (TEMABA), show
that, structural phase transitions are present at 223K and 189K
respectively and at the respective transition tenperatures, there is a
notabl e change in the dynamcs of the cations [Jagadeesh et al., 1992,
1993a]. Substitution of the heavier netal atom like B in these
configurations, which |eads to the conpounds TEMACB and TEMABB, i ncreases
the unit cell volume observably as evidenced by X-ray studies on these
conpounds [Jakubas et al., 1988, 1993; Ishihara et al., 1992]. Such an
increase in the volune, presunably, will affect the freedom for the
tet ranet hyl anmoni um cation as a whole as well as the internal dynam cs of

the cation, nanely, the nethyl group reorientations and the and T and M

ought to reflect the dynam c properties of these nol ecul ar groups.

TEMACB and TEMABB crystallize in the P6 /mmc space group and they
are isostructural with their Antinony counterparts, nanely TEMACA and

TEMABA [Jakubas et al., 1988; 1993]. The Bi Cl1 " anions exist as
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individual confacial bioctahedra in these conpounds and the TENMA cations
which have tetrahedral symetry are situated in between the anionic
groups and they can wundergo isotropic reorientation under suitable
conditions. DTA, NQR and dilatometric measurements on TEMACB and TEMVABB
reveal the presence of structural phase transitions at 151K and 183K
respectively [Ishihara et al., 1992; Jakubas et al., 1993]. D latonetric
nmeasurenents show that, both in TEMACB and TEMABB, thermal expansion
coefficients (a) along the a and ¢ crystallographic axes above the phase
transition tenperature are smaller than those bel ow the phase transition
tenperature, inplying an increased amount of disorder in these solids
bel ow the phase transition tenperatures [Jakubas et al., 1993]. But the
relative change in the volune of the unit cell, is nore in case of TEVACB
than in the case of TEMABB, across the transition tenperatures. |In what
follows, let us look at the results of proton T and M. neasurenents,
made as a function of tenperature and Larmor frequency, in these two

conpounds.

6pecific betails

[(CH3)4N]3812019 (TEMACB)
T1 data :

Larmor frequencies of 39.8, 8 and 4 Mz

observation

Tenperature range 385K to 77
M, data :
Tenperature range 425K - T7K

126



variation of T, with 1/T in TEMACB : Fig.(C-2.1)

M
2 Variation as a function of tenperature in TEMACB : Fig.(C2.2)
Qptimzed notional paraneters : Table (G2.1)

TEMACB

RESULTS

TEMACB was prepared by the slow evaporation technique by mxing
stolchiometric ratios of the parent conpounds [NNCH ) ]ClL and BiCl in
HCl. COvystals had the habit of hexagonal plates and were colourless.
Hermental analysis on this conpound gave the follow ng percentages for
the elenents C Hand N: C- 15.54% (15.03% expected), H - 3.847. (3.78%
expected), N - 4.487. (4.37% expected). Polycrystalline sanple of the
conpound was sealed in 6 mmand 8 mm glass tubes under 10 torr vacuum

for T and M, measurenents.

The T vs. 1000/T (T e« tenperature) graph for TEMACB at the larmor
frequencies 39.6, 8 and 4 Mt is shown in Fig. (G2.1) and the M
variation as function of tenperature is shown in Fig.(C 2.2). Looking at
the T data, we can identify a high tenperature portion which ranges from
around 370K to 150K and a |low tenperature region which is below 150K till
77€. The feature which characterizes the high tenperature region is that
T is independent of frequency in this range. At 151K, we can observe an
alnost vertical junp in the T. values for both 8 and 4 Mz data, and
interestingly such a junp is not seen at 39.8 Miz. The low tenperature
range data is characterized by frequency dispersion of the relaxation

data, as well as specific signatures (mnima) as a function of
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tenperature at the different Larmor frequencies. At 39.8 Mz and bel ow
151 K, formation of a T mninum is seen which is followed by another
mni num which is shallower than the mninmm immediately below the phase
transition tenperature. In the case of 8 and 4 MHz, the formation of only
two minima are seen but at 39.8 MHz, there is a flat region in the T
data below the second nmininmum which is followed by a rather steep
increase in T. around 90K. A discontinuity in T. data is observed in the
case of 8 MHz data also, for instance. The slope of the T. data on the
higher tenperature side of the nininum imediately below the phase
transition is nore conpared to the slope on the |ower tenperature side.
In fact, as we nove from the higher frequency 39.8 MHz towards the |ower
values like 8 and 4 MHz, the slope of T data on the lower tenperature

side of the first mnimum becormes progressively shallower. M data show a

constant value at around (0.5 + O. l)Galuss2 till the tenperature 140 K,
and at 77 K it is 11.5 Gauss?
DI SCUSSI ON
An interesting feature of the T data is the steep fall in the T

value at 151K at which DTA, NQR and dilatonetric studies on this conpound
has revealed first order structural phase transition [Ishihara, et.al.,
1992; Jakubas et.al.. 1993]. Actually, Ishihara et.al., have quoted a
value of 155K for the transition from their DIA studies but Jakubas
et.al., have quoted a value of 152K in the heating run and 151K in the
cooling run of the DSC neasurenents, for the phase transition. Further,
their dilatonetric studies reveal the existence of a structural phase

transition at 152K only. Wile this transition |leaves a clear signature

128



on the NWR relaxation data, we did not observe any notable thernal
hysteresis of the transition tenperature. The T data have no frequency
di spersion above 151K, and the sudden jump of T at this tenperature,
acconpanied by a frequency dispersion of the relaxation rates indicates
that there is a discontinuous junp in the correlation time of certain
dynamic processes which could be effectively nediating the relaxation
process around this tenperature. However, the absence of observable
discontinuity around 151K at 39.8 MHz alone is to be noted. Such a
behavior is plausible at least in principle, if the location of the
mni num happened to coincide with phase transition tenperature at this

Larmor frequency. Qur quantitative analysis of data indicates this fact.

To quantitatively account for the observed behaviour of the T data
and extract relevant dynamc paraneters associated with the possible
dynanmics present in these systems, a suitable theoretical nodel is needed
which takes into account the possible notions of the tetramethylammonium
cation and the internal notions present within this group, nanely the
nethyl group dynamics, and which can provide a relationship between the
spin-lattice relaxation rate and the relevant dynamc paraneters of the
above said nmotions in these conpounds. Therefore, to enable the analysis
of the data further, we shall look at such a nodel for the dynam cs of

the tetramet hyl ammoni um group in these type of solids.

MIH FCOR SPIN LATTICE RELAXATION RATE ASSOCIATED WTH TEMA GROP

DNAM GS :

In order to arrive at an expression for the proton spin lattice
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relaxation rates of tetramethylammonium cation, the relevant notions
associated with this group are to be considered. In this connection, we

can identify two cases.

(a) The reorientation of the methyl group about its three-fold axis, and
assuming the time of flight between any two positions to be
negligible, the "dwell time" or the average tine for which the group
is oriented in a given equivalent configuration is the correlation
time T .

(b) The reorientation of the entire tetramethylammonium (TEMA) cation
corresponding to a stochastic junp process with an infinite nunber

of equivalent orientations characterized by a correlation time T

Both these processes are thermally activated, leading to Arrhenius
dependence on tenperature for both the correlation times. For exanple, =

can be witten as,

(C-2.1) T =T exp(Ea/kT]
Her e, TO is the correlation time at infinite tenperature and Ea is

the potential barrier, providing a neasure of hindrance for reorientation

between any two equival ent positions.

Now, to provide a connection between experinent (T ) and theoretical
model (T S), let us consider a pair of nuclei connected by an
internuclear vector r, reorienting about an axis 2'. Let the angle

subtended by this vector on the Z2' axis be given by A and the azimuthal
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angl e of rotation of this vector about 2’ be given by ¢’ , where, ¢’ is
neasured with respect to a reference frane rigidly attached to the
internucl ear vector. Let the applied static field direction be Z, and, in
principle, the Z axis can undergo reorientation about the Z-axis. Let #
be the angle subtended by the Z axis on the Z axis and let ¢ define the
azimuthal angle of this axis. Both these reorientations can be either
looked upon as either the case (a) or the case (b), as we discussed
before. Let us denote by x , the correlation tine for the reorientation
of the internuclear vector about Z and let x be the correlation tine
for the reorientation of the rotation axis Z about the Z axis. W nake
an inportant assunption here, nanely, the notion about one axis is not

related to the notion about the other and essentially, these two

processes are uncorrelated. The spin-lattice relaxation rate is given by

[BPP, 1948

. 4.2 -6 .
(C-2.2) /T, = (3/2) ¥ B 0 1(I+1) [ () + J,(20 )]

The lattice functions F (r,¢,¢) and Fz(r,6,¢) defined from the dipolar

interaction Hamiltonian can be witten in convenient forns as
i 2
(C-2.3) FllU = (x+iy)z i Fz(l} = (x+iy)
and here x, y and z are the direction cosines of the internuclear vector
on the (X Y 2 coordinate system attached to the applied field

direction. From the various angles defined above, the direction cosines

can be witten as [Wessner, 1962]
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(C-2.4) x = sinh cos6, 266¢' + cosh sind cos¢ - sind sing sing’

<
]

sinA cos¢ sing’ + sinA cos® singcos¢’+ cosA sint sing

z = cosA cos?® - sinA sind® cos¢’

and the lattice functions F and F,., in terns of these variables is given

by

(C-2.5) F,(t) = [(1/2)(3cos”a-1)sindcos +
+{1/2]sinAcosA(coszﬂ—sin2ﬂ+cosﬂ)ei¢
+[“\/2lsin.ﬂ‘.cos.ﬂ(coszﬁ-sin21.‘}—cosv.‘))t:e‘ttp
-(1/4)sinzﬂ(sinﬂcosﬂ+slnﬁ)eiz¢
-(l/'ﬂl)5'1n2:£!(s.’mei*r.:osf}—s1m?)e_iz'ilh ] ei¢

and
(C-2.6) F,(t) = [(1/2)(3cos’A-1)sin"0 +

e

+51nAcosA(51nﬁcosﬂ+sinﬁ)el
. -i¢’

+sinAcosA(sin®cos®-sind)e

+(1/4]sinzﬁ(l+c0520+2cosﬂleiz¢

f[1/4)Sln2A(1+COSZG—2COSﬁ)e_iZ¢ | eZ:lqb

In these expressions the terns in ® and <p describe the reorientation of
the 2° axis and the terms in ¢’ describe reorientation of the
internuclear vector about the Z' axis. These tw types of notions are
supposed to occur independent of each other. W can group the terns in
egns. (G2.5) and (G-2.6) internms of the variables (A ¢' ) and (¢, ¢)
ad rewite the functions F and F, accordingly. As an exanple we shal

consi der the function F..
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(C-2.7) Fy(t) =fg +fig +fg +fg +18

where,
fa = (1/2)(3cosza—l)sin0coso e1¢
fb = (1/2)sinAc056(coszﬂ—sin20+cosﬂl e1¢
fc = (1/2)sinﬁccsa[coszeﬁsinzﬂ—cosﬂ) e1¢
fd = —(l/a)sinZA(sinﬂcosﬂ+sin6] el¢
f_ = “(I/Q)Sinzﬁ(sinﬂcosﬂ—sinﬂ) el¢
and
i _i¢’ _ -ig' _2ig’ -2i¢’
g, =1 g, = P B, T By -

Wth these notations, we can wite the ensenble average of the lattice

function F as

- € - -
(C-2.8) <F, (t+T)F, (t)> = | E=a<fj (tso)f, (t)g,(ten)g, (£)>

Wth the assunption that the tw reorientational processes

i ndependent of each other, this equation can be recast into

- e - -
(C-2.9) <Fy (t+x)F, (t)> = <x'J (t+1:)fk{t)><gj(tﬂ')gk(th
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Ensenbl e average of the termg :

V¢ can evaluate the ensenble average of the functions g, which has
the only time dependent variable ¢’ . Pyconsidering the notion to be
either of type a or of type b. But certain general relations can be
established first. Let p (¢' +¢* , ?) be the probability of finding the

internucl ear vector at an angle ¢ relativeto ¢ ' at time T, given the
o]

condition that at time t=o, the vector was aligned with an azimuthal

angle ¢ ' . Then g(t+t) can be witten as
(C-2.10) glt+t) =Y glg "+¢ ') p (¢ "+¢ ', T)
] (o] ]
where the summation is over all the possible values of ¢ ' . Wth this

definition of g, we can wite the ensenble average of g to be,
(C-2.11) <gj(t+r)gklt)> = <[L gj(¢ﬂ'+¢ ") py(e )+ ", T g (t)>

where, the average on the right hand side of eqgn.(C-2.11) is over all the

possible initial values of ¢

Case (a)

Considering Case (a) to be applicable here, there are three
equivalent orientations, 120° apart and we can define the occupational
probabilitiesas p (¢ '), p (¢ '+120°) and p (¢ '-120°), and assuming the

o o o o0 o o
junp process to be randomwith a correlation time « , and also assuning
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that there is an equal a-priori probability for the occupation of each
orientation, the rate per unit tine of junping fromany given orientation
is 2/ (3T ) and we can wite an equation for the rate of change of

probability with respect to tinme for the orientation ¢ ' as
(c-2.12)dp/gt =(2/3T) {C-,p,(qbo' )°+(I/2)p(¢o L +120)+(1/2)p <(,¢ o -120)]

Such sinmilar equations can be witten for the occupational probabilities
corresponding to the other two orientations, nanely, P (¢'+120) and

p (¢ ’'-120). By suitably decoupling these equations and solving themwith
0 o

the boundary conditions, pl¢ ',0) = 1, p(¢ '+120,0) = O and

pupo' -120,0) =0, we get the sol utions given by

(G2.13.a) ple¢ ",T)= (U3) + (2/3) exp (-T/T)
(C-2.13.h) IO +120°,T) = p(¢o’-1200,r) = (1/3) - (1/3) exp(-1/7)

W can substitute the expression for the probabilities into equation

(C-2.11) and cal cul ate the ensenbl e average of the g functions to be,

(C-2.14) <explzi¢ ' (t+1)]expl+ig ' (t)]>

= <expl[2i¢ ' (t+r)]expl¥2i¢ '(t)]> = expl(-it :/'rc)

and the average for terms where j=zk, is zero.
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Case (b) :

Assuning the reorientational process to be given by Case (b), we can
wite down the occupational probability of finding the internuclear

vector at the angle (¢ ' +<p ') at time (t+x) by the Gaussian distribution
o]

as

(C-2.15) plg '+¢ ' ,x) = (U2 (iTT) Y
C

o

exp(-¢ ’ 2y 4x)
c

By substituting this expression into equation (C-~2.11), we can calcul ate

the ensenmbl e average to be

(C2.16.a) <explti¢ ' (t+t)]exp[ +i¢ '(t)]> = exp(-iT :/-rc)
(C-2.16.b) <expl(*2i¢ ' (t+T)]exp(¥2i¢ '(t)]> = exp(-4 ‘T !/T)
Ensenbl e average of terns f

From BPP nodel, the ensenble average of functions f depending on the

coordinates ® and ¢, can be witten as

(C-2.17) <f_j (t+r)fJ[t]> = <fJ lt)fj(t)> exp(-it :/rCJ.)

Substituting expressions from eqns.(C-2.16) and (C-2.17), we can wite

for the ensenbl e average of the lattice function F ,
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-
(C-2.18)  <F| (t+T)F, ()i = (1/30) (Jeos’a-1)® exp(-it {45,

1

+ (1/10]Sin22A expl-it :/(1/tc +1/tc)]

1

+ (1/10)sin4A expl-it :/(]/-rC +4/TC]]

1
The other <F (t+x)F (t)> are simlarly evaluated. By taking the Fourier
transform of the respective space functions we get the followng

expression for the spectral density functions.

(C-2.19) Jw =k, [ A %o B 2T, c ez
—_— +
1 + wzrz 1 + uztz 1 + uzrz
c1 cz2 c3

wher e,
T = [(1/7_.) + (1/% )]_]
2 c1 5

-]

B ™ l[l/rc1] + (Q/Tc)]

A = 1/4(3cos®s-1)?

B = 3/4(sin2A)

e |
c = 3/4(sin A)
K =4/5 ; K = 2/15 K = 8/15
o] 1 2

These expressions can be substituted in egn. (CG2.2) to arrive at the
formila for the spin-lattice relaxation rate and such an expression is in
general applicable to any reorientational process like that of the TEVA
cation, where, the reorientational rate of the nethyl group about its
three-fold axis is given by x and the isotropic reorientation of the
entire cation is characterized by the rate x . Wth the reasonable

assunption that the interaction between two protons on two different TEVA

137



groups are negligible conpared to the intragroup interactions, and taking
into account the distribution of angle & in a polycrystalline conpound,
the expression for spin-lattice relaxation rate for the TEMA group

dynam cs can be witten as [A bert et al., 1972],

(C-2.20) (1/T]] = A g(wo,‘rcal +Bglo,t. )

where,

glw 1) [t 7(1+0°72)] + [4t /(1+40°T°)]
(o] C C oC c oC

and

-1 =1 |
-
cz2 C c1

Here the factors A and B are given by

6
(9/20) (¥ h/r°)

>
"

and

(3720) (%% + (277100 (%/r8)

w
[

In the above expressions, r is the interproton distance within a
nethyl group and r, is the distance between the center of two adjacent
nethyl groups. Assuming the standard dinensions for the tetramethyl
ammoni um cation, nanely, GH bond length as 1.09 A and the GN bond
distance as 1.5 A these distances are conputed to be r = 1.78A and r, =
3.04 A Substitution of these values in the formula for A and B, we get

A = 805 x 10° s~2 and B = 461 x 10° s 2. The di pol ar interaction
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between the protons within a nethyl group will be nodified by both the
motions, nanely the reorientation of the CH. group as well as the
isotropic tunbling of the TEMA cation. On the other hand, the interaction
between the protons belonging to two different nethyl groups wll be
affected predominantly by the isotropic reorientation of the TEMA group
only. One of the assunptions which makes this point valid is that,
normally the methyl group reorientation is nuch nore rapid conpared to
that of the isotropic tunbling of the cation, since the nethyl group is
nuch smaller in conparison to the bulky cation and this rule wll be
violated only in conditions where the nmethyl group itself is highly

hindered and reorients at a conparable rate as that of the TEMA cation.

Eqn. (G- 2.20) can be witten in another convenient formas the sum of
two relaxation rates (T ') and (T ") , where, (T') is the
spin-lattice relaxation rate due to the nodulation of the dipolar
interaction between protons within a given nethyl group, and (T") is
the relaxation rate corresponding to the nodulation of the intermethyl

group interactions.

-1 _ ,y -t Wyl
(C-2.21) T1 = (Tl) + (Tl )

The spin-lattice relaxation rate contribution due to the nodul ation

of the intra nethyl group interaction is given by,

1

(G 2.22) (/T )7 = (3720) (305" (glw,, T ) + 3glu,,T )]

c2

Here, r is the interproton distance within the methyl group.
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The contribution to T due to the intermethyl group interaction can
be conputed by assunming that at the center of each three spin set of
protons of a nethyl group, effectively only one proton is resident but
the strength of relaxation is miltiplied by a factor of 3 to take into
consideration the physical presence of three protons in a given nethyl

group which is assumed to undergo very fast reorientations about their Cj

axes [Albert et al., 1972). Accordingly the expression for (T ") , 15
given by
(C-2.23) (177" = 3 (9/10) (a*n%/r]) glu,,T,,)

and in this formula, the distance r,, is the distance between the center
of one three spin set(CH, group), to the other. The dipolar interaction
between the protons within a nethyl group will be nodified by both the
notions, nanely the reorientation of the CH. group as well as the
isotropic reorientation of the TEMA group. One of the assunptions which
nakes this point valid is that normally the nethyl group reorientation is
much nore rapid conmpared to that of the isotropic tumbling of the cation,
since the nmethyl group is much snaller in comparison to the bul ky cation.
This could be however violated only in conditions where the methyl group

itself is highly hindered and reorients at a conparable rate as that of

the TEMA cati on.
Looking at the functional formof g(w), we can see that when T is

very snmall such that wt << 1 ( which inplies high tenperatures as given

by the Arrhenius formula, eqn.(C-2.1)), T. is' independent of w and is
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proportional to T . On the other hand, at very low tenperatures where T
-1 -2

becones large, i.e., wr >> 1, T. s proportional to w . Inbetween the
two extrenes one can expect to get a mninum corresponding to the
respective T and thus for the two reorientational processes we wll get
two well resolved T. mnima in a plot of T vs (1000/T), provided the two
correlation times are quite different. The conditions for the occurrence
of T mnima for both kinds of reorientation is given by wr = 0.616, and
substitution of this condition into the T formula gives the follow ng
expressions for the mnimumvalues of T owing to the isotropic tunbling

of the cations as well as the C, reorientation of the methyl group.

(G 2.24) - -1 3 #*n® | 27 'n? ) 1.4252
' imin = =
TEMA 20 r® 10 r° v
ad
4.2
(G 2.25) (T, ) 1 ) 27 ¥'h% ) 1.4252
CH,, 10 a

At 8 Mz for exanple, the mninum value corresponding to the nethyl
group dynanmics is 4.4 ms, and the T nininmum value due to the isotropic

reorientation of the TEMA group is 7.6 ns.
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DI SCUSSI ON

Normal 'y, the bulkier TEMA cation undergoes slower tunbling at any
given tenperature and therefore it is reasonable to expect the TEMA group
notion to give a mininum at a higher tenperature to the methyl groups.
Fromeqns. (G 2.24) the expected value of the mnimumfor the isotropic
reorientation of the TEMA cation is 38 ms at 39.8 MHz, 7.6 ms at 8 M
and 3.8 ns at 4 Miz. Sinlarly the expected mnima value due to the
3-fold reorientation of the nethyl groups calculated with the help of
eqn. (G 2.25) are : 22 ms at 39.8 MHz, 44 ns at 8 Mz and 2.2 ns at 4
MHz. But, it can be seen that the mninma values imediately below the
phase transition are all systematically lower than the val ues expected
for the TEMA dynamics but they are all higher than the val ues associ ated
with the nethyl group dynamics. The possibility that the mninmm
imediately below the phase transition may correspond to nethyl group
inplies that either the mnimum due to TEVA group dynamics nust be
present at a nuch higher tenperature than the one in region of this
observation or the TEMA m ni mum nust occur below this minimum The latter
possibility is ruled out because the methyl group can never be nore
hindered than the bulky TEMA cation itself. If the first case were to be
true, the M. value in this tenperature should indicate that the TEVA
noti on has slowed down considerably but the observed value of 0.5 G‘:lUSSZ
corresponds to fast isotropic tunbling of the TEVA cation thus ruling out
the first case also as a possibility [Andrew et.al., 1972]. Thus, the

first mninum shoul d be corresponding to the TEMVA dynanics only.

In order to account for the observed mnima values (inmediately
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bel ow transition)one can infer that sone of the nethyl groups have their
T mninumat or very near this tenperature to add to the relaxation rate
effectively in this tenperature region, thereby naki ng the m ni num deeper
as is observed. This assignnent corresponds to the presence of
dynamcally inequivalent nethyl groups in the conpound and many such
instances were earlier reported. [Tsang et.al., 1976; OReilly et.al.,
1967; Sundaram et.al., 1986; Venu et.al., 1987; Watanabe et.al., 1989;
Furukawa et.al ., 1989, 1990]. Specifically, in other solids belonging to
the M, X, group al so such instances of dynam c inequival ence anong nethyl
group are reported [Jagadeesh et.al., 1992, 1993a, 1993b]. Further, the
values of mnina which occur after the first one are shallower than what
one expects to get if all the nethyl groups are having the sane
correlation tinme and give a mninum at the same tenperature. This fact,
conbined with the observation that the slope on the |ower tenperature
side of the first mninmum decreases wth decreasing frequency, also
points out a wide a distribution of correlation tines of the nethyl
groups. Thus, the expression for the spin-lattice relaxation rate given
by Albert's fornula can be nodified in the following fashion to take into
account the proposed dynamc inequivalence anmong the nmethyl groups,

nanel y,

=] A B c
(G 2.26) T, =xAglor ) +yA g(u.rcz) +zAgloT )

D A
+pA g(w.rcz) + ... +B g(w.tm)

where, X, y, z, p, etc., are the inequival ence factors for the respective
methyl groups and T , T, T , x , etc. are the corresponding

L (o] c2 L2
Correlation times. A non-linear least square fit programwas used to fit
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eqn. (G 2.26) to the data in the entire tenperature range and such a
fitting did not provide a consistent set of paraneters for all the Larmor

frequencies even after an extensive search using the least square

pr ogr am

A careful scrutiny of the data shows that independent of the Iarnor
frequency the T. data show a steep increase bel ow 91K. Nornally, such an
increase is treated as natural wth decreasing tenperature, in the
absence of any other effectively participating dynam c process at |ower
tenperatures. |If this were so, the corresponding activation energy
estimated from the data is around 25 kJ/mole. The T. m ni num associ ated
with such a large value of activation energy will shift very little with
tenperature fromone Larnor frequency to another. Thus, the data at 8 MHz
should show the presence of such a mnimum around this tenperature which
is not the case as seen from the data. Further, around this tenperature
at 8 Mz there is a discontinuity in the T data. Thus it seens that, the
sharp rise in T at 39.8 Miz and the discontinuity in the data at 8 Mz
nay correspond to sone physical anonaly in the solid, in this tenperature
region, probably another structural phase transition. Thus, the data were
refitted to the equation (G 2.26) avoiding this anonmal ous behaviour, thus
only in the tenperature range 151K - 91K. Many possible conbinations of
nethyl group inequival ences were tried in this range and the set fitting
the data consistently at both the frequencies corresponds to the
i nequival ence factors : x = 1/12; y = 1/12; z =5/12; p = 1/12. Thus, the

expression for T , fitting the data consistently in this tenperature

range is given by
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(C-2.27) T1_1= (1/12) A glo,Th,) + (1712) A glo,T5)

(o D A
+ (5/12) A g[w.tczl + (1/712) A g(w,-rcz) + B g(w,'tm)

The solid line passing through all the data points is the curve of
best fit and the optimzed dynamc parameters, (E ,t ) are provided in
Table (C-2.1). The presence of such a wde distribution of the
correlation tinmes within a limted tenperature region is observed in
other systens as well [Furukawa et.al., 1989, 1990; Venu et.al., 1987].
In the calculation of the dynamc paraneters corresponding to widely

separated mnina in T , the slope of the respective mnimumdetermnes E

1 a

and the position of the mninumon the tenperature scale fixes the val ue

of T . But in cases where there are nore than one m ni na present adjacent

to one another, the slope corresponding to each mnimum wll not be
clearly discernible and also the position of the mnima wll not be
clearly identifiable. |In that situation, it <can be argued that,

similation of the experinental data with a given set of inequivalence
factors for the mininma may not be unique and one nmay be able to sinulate
the data with an entirely different set of inequivalence factors and
corresponding dynamc paraneters as well. Such problens regarding the
uni queness of the nodel can be renoved by collecting T data as a
function of, at least, two different Larmor frequencies, and insisting
that the given nodel fits the data at both the frequencies for the same
set of dynamic paraneters within the estimated errors for them The
uni queness of the nodel is ensured by such a procedure as the shift of
the position of the mnimmfromone frequency to the other on the 1000/T
scale is sensitively dependent on the dynami c parameters and the overall

behavi our of the data as a function of tenperature is decided sensitively
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TABLE (C-2.1)

SYMVETRI C GROUP

TENVA CH

3
k. To Ea
(kJ/mole) (s) (kJ/mole) (s)
TEMACB
above P.T. 10.0 + 0.5 (7.3 £+ 0.1)E-13
bel ow P. T. 13.5 =+ 0.5 (5.9 + 0.05)E-14 35.0 + 0.5 (8.9 + 0.3)E-22
(CH-A)
2.0+ 0.5 (3.2 % 0.2)E-09
(H-B)
8.0 + 0.5 (1.6 + 0.2)E-13
(cH-c)
21.0 + 1.0 (6.0 + 1.0)E-24
(cH_-D)
3
TENVABB
above P.T. 7.0 + 0.5 (2.5 + 0.2)E-12
below P.T. 14.5 + 0.5 (8.0 + 1.00)E-14 16.0 + 0.5 (3.5 * 0.5)E- 16
(cH_-a)
3
9.0 + 0.5 (4.5 + 0.5)E-13
(CH -8)
16.5 + 0.5 (1.0 + 0.5)E 15
(ci-c)

OPTIMIZED DYNAMIC PARAMETERS FOR THE COMPOUNDS TEMACB

AND TEMABB



by the proper choice of the inequivalence factors. Thus, only an
appropriate nodel would satisfy the requirement of fitting the data at

nore than one Larmor frequency with the sane set of E, T and
" a o

inequi val ence factors. In the case of TEMACB T data were collected at
three frequencies and it is found that the above given nodel fits this
data well at all the three frequencies with a given set of dynamc
paranmeters, within error. Even in the case of other conpounds
investigated as a part of this work T data were collected at nore than
one Larmor frequency to ensure the uniqueness of the nodel used to fit

t hese dat a.

It is notable that (1/12) of the nmethyl groups tend to have a
mninum at the sanme tenperature where large TEMA cations also have. This
indicates that this set of CH groups (CH -A) are highly hindered that
their dynamics is as slow as that of the TEMA groups. This seens to be
uni que to the behaviour of the methyl groups in these conpounds. In fact,
in the antinony analogue of this compound (TEMACA) also, such highly
hindered nethyl groups are observed and their inequivalence factor is

/12 as well.

Mention has to be made about the unusually small value of T in the
case of CH -A The hindering potential for this methyl group has a large
value of (35.22.0) kJ/nole but activation energies of 21+2.0 kJ/nole or
nore are not uncommon [Albert et.al., 1972; Mihajan et.al., 1972,
Tsuneyoshi et.al., 1977, Ratcliffe et.al., 1977]. In conparison, the TEMA
group has a smaller activation energy of (13.0 £ 1) kJ/nole. Even though

the E for the CH-.-A group is large, the fact that it forns a mininmm
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around as low a tenperature as 150 K necessarily inplies that the
correlation tine at infinite tenperature for this notion is rather snall.

In fact, if the T value is of the order of the normally observed val ues
o

like 10 s, say, then the expected mninum for the CH.-A group wll be
at a nuch higher tenperature and with the TEMA group itself formng a
m ni mum around 150K, this is an inprobable situation. This inplies that,
even though the hindering potential for the CH.-A group's reorientation
is rather high, (which is normally determined by the structural
consi derations), the coupling of this group to the phonon spectrumin the
solid is rather nore efficient int that it is able to undergo relatively
fast notions despite a large hindering barrier. In fact, such simlar

situations, where the hindering potential is rather high (= 125 kJ/mole),
but the T is also very low (= 10'2 s) have been observed in the cationic

reorientation of pyridinium conplexes [Tai et.al., 1990]. Such a line of
understanding is applicable to the values corresponding to the CH -B
groups al so, where, the activation energy is very low but T is very
high, the mninum thus fornming around 140K for this group. As far as the

values corresponding to group CH.-D is concerned, the T is very snall
5 o

though the E value is within a reasonable range. It is however to be
noted that with the anomal ous behaviour of data around 91 K, the data
could be fitted only within a truncated range. In fact, mninmm due to
CH.-D does not occur within this range, but we have only a marginal
influence of its mnimum in the vicinity of this range, adding to the
relaxation rate. The corresponding dynamcs paranmeters of this group

could be decided obviously with considerable anbiguity only (refer to

Table C-2.1).
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The nodel we have assuned thus far is consistent with the val ues of
M. The low and constant value of M at (0.5+0.1) Gauss indicates fast
isotropic reorientation of the TEMA cation as well as fast notion of all
the methyl groups [Andrew et.al., 1972]. r2 value has increased to a
value of 11 + 0.5 Gauss by 77K. Wth a résidual second nonent of 0.5
Gauss , if 1/12 of nethyl groups have reached rigid lattice limt along
with the TEMA groups and if 11/12 of the nethyl groups are still in the
motionally narrowed limt, the expected M, is 11.6 Gauss [Andrew et
al.., 1972]. The observed value of 11 Gauss? at 77K is close to this
value and T values conputed for the different groups at 77K indeed show

that only the nmotion of CH -A group along with TEMA group have reached

rigid lattice limt by this tenperature (t = 4.98¢2 s), while the
CH -A
other nethyl groups are still undergoing fast reorientations (x =
CH -B
1l.4e-7 s; X = 5.3e-8s; x = 2.0e-21 s), confirning such a
CH.-C CH_-D

scenario. Thus, this confirms our initial assunption that, the 1/12 of
nethyl groups with an activation energy of 35 = 2 kJ/mole is as hindered
as the TEMA group as far as the reorientational dynam c processes are
concerned. The wing-like structure observed at 77K in the CW spectrum nmay
be attributed to one of the following reasons : (i) it may be correspond
to the condition where the dynamcs of TEMA cation is conpletely frozen
and CH groups are still undergoing fast reorientations ([Polak et al.,
1973] or (i1) it may be due to the conplete freezing of the dynam cs of
sone of the inequivalent nethyl groups [Venu, 1985] or (iii) it may al so

be due to the nethyl groups exhibiting tunneling.

The T. data above 151 K is dispersionless, and from the M data,

this region corresponds to the isotropic tunbling of the TEMA cation and
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fast reorientation of all the methyl groups. Contribution to the T.

from TEMA dynanics is expected to be dominant in this region, with a
negligible contribution comng from 1/12 of the nethyl groups also
(CH.-A). The activation energy derivable fromT vs T data in this region
then essentially corresponds to the isotropic reorientation of the TEMA
group. The values of E and T conputed fromthis linear portion of the
T data above the phase transition tenperature are given in Table
(C-2.1). From the paraneters belonging to the TEMA group, both above and
bel ow the phase transition tenperature, the correlation time at the phase
transition tenperature as we approach it from a higher tenperature is
conputed to be 1.98e-9 s, whereas from |lower tenperature, the T value
is 2.5e-9 s. Assuming that wr <<1 in the dispersionless region, T value
is conputed for the above two T values to be 22 ms and 16 ms
respectively. As can be seen from the T data, as we approach the
transition point from the higher tenperature, the T value is 20 ns and
this is in very good agreement with the cal cul ated val ue. The val ues of
T for the tw correlation times show that for the given anount of junp
inthe correlation time, a perceptible change in the value of T. at 151 K
is expected. In fact, with the mninum being forned near the phase
transition tenperature in 8 and 4 MHz, the condition wt <<1 may no | onger
be strictly valid and one should expect to see a frequency dependence on
the extent to which the T. value junps froma value of 22 ns and this is
indeed the case as can be seen fromthe Fig. (G 2.1). Returning back to
the observation of the absence of a signature of the transition on the T.
data at 39.8 MHz, first of all we can verify from the values of dynamc
paraneters of TEMA conputed below the transition that the mninmmat 39.8

ME is indeed forning at around 151K and secondly for the above nentioned
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values of T-S, nanely, 1.98e-9 s and 2.5e-9 s, the T values at 39.8 Miz
are calculated to be 39 ms and 38 ms, respectively and this is not

perceptible within experimental errors.

The observed anonaly in T values below 91 K perhaps may correspond
to another phase transition, but there is no other supportive evidence
from other techniques to corroborate this possibility. However, in the
famly of alkylammonium hal ogeno antimonates and bismuthates, replacing
the antinony atom by bismuth has systematically reduced the transition
tenperature in all the conpounds of the famly, and in alnost all the
compounds of the Bismuth group, a low tenperature anomaly is always
observed. For exanple, in DVACB which has a dimethylammonium cati onic
group, there is a very steep rise in the value of T by an order of
magnitude within a tenperature region of 1 at around 78 K, which
strongly suggest a structural phase transition. Such transitions are seen
in these compounds only after the substitution of the bulky Bismuth atom
in place of Antinmony. In fact, it has been reported in literature in the
context of tetraalkylammonium netal chlorides that substitution of a
heavier netal atom brings down the phase transition tenperature in those
compounds, which is consistent with our observation also ([Kahrizi et.al.,
1990]. Apart from the netal atom the halogen atom also plays an
inportant role in determning the structural phase transitions [Kahrizi
et.al., 1991]. Another renmarkable feature in connection with this
conpound is that there is no signature of this on the M, data though a
clear signature of the phase transition is observed on T data. The junp
inthe T being only from1.98e-9 s to 2.56e-9 s, which was sufficient to

cause a perceptible change in the value of T.,' this change in T is not
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sufficient to cause a line width transition, a line width transition

occurring only at time scales corresponding to inverse of linewidth

(107%).

It is clear that, substitution of a heavier netal atom like Bi, in
the place of Sb, has caused considerable structural inequivalence anong
the groups in the solid, thereby bringing about a |arge degree of dynanic
i nequi val ence anong the methyl groups. Mre inportantly, the observed
phase transition is associated with the freezing of the isotropic notion
of the cation. It will be interesting to conpare the features of this
solid with other tetramethyl groups in the famly, but we shall postpone

that detailed discussion to a latter section.

[(CH3)4N]3 BizBl:"g (TEMABB)

'I‘1 data :
Larmor frequencies 39.6 and 8 Mz
Tenperature range 370K - 77K
Hz data :
Tenperature range : 390K - 77K
Variation of T with 1/T in TEVMABB : Fig.(CG2.3)

M2 variation as a function of tenperature in TEMABB : Fig.(GC2.4)

ptimzed notional paraneters : Table (C-2.1)
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TEMABB
RESULTS

TEMABB was prepared by nixing the parent conpounds {N(CH.).} Br, and
BiO in a suitable acid nmedium like HBr and evaporating the nixture
slowy at constant tenperature (= 40° C). Oange coloured crystals
separated out from the solution and elenental analysis on the conpound
showed the following percentages of C Hand N : C - 10.625/. (10.602%
expected), H - 2.70% (2.669% expected), N - 2.78% (3.091% expected). The
crystals were dried and powdered and seal ed under 10 torr vacuum for
measur enent s.

Wth respect to the T data this conpound has qualitatively simlar
features as that of TEMACB i.e., there is a discontinuous junp in the T.
value at 183 K and at a lower tenperature like 122 K, there is again a
steep rise in the value, which is present only at 39.6 MHz but not at 8
M and data at 39.6 MHz shows a shoulder like structure. This conpound
is found to exhibit a first order structural phase transition, as
verified by DIA and dilatometric nethods at 183 K, [Jakubas et al., 1993]
and thus from the precedence of the previous conpound, we can say that
this steep fall in this T data is also associated with that structural
phase transition occurring at the tenperature 183K. (Once again T data
show a di spersionl ess region above 183 K and bel ow the transition, we see
a mninmum followed imediately by a snmeared shoulder like structure. At
39.6 Miz the T value increases rather sharply around 122K, and such a
signature is not observable in the case of 8 Miz data. M, val ue remains

constant around (0.6%0.1) Gauss till the observed tenperature 160K and

at 77K, its value is 24 + 1 Gauss?.
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DI SCUSSI ON

Following the lines of argument as in TEMACB, we tried to fit the T
data to eqn.(C-2.26), with the various conbinations of inequivalence
factors and it is found that, no consistent set of the notional
parameters are available for which the T data can be fitted at both the
frequencies in the entire tenperature range. Thus, the data were
consequently fitted in a restricted tenperature range 183K - 120K,

avoi di ng the anonal ous region bel ow 120K as before, to a nodel given by,

(C-2.28) 7,71 = (1/6) & glo,Th ) + (1/3) A glo, 7))

c A
ca) + B g(w.rm)

+ (1/6) A glw,T
In contrast to the chlorine analogue TEMACB, in this conpound 1/6 of
the nethyl groups are contributing to the mnimum at around the sane
tenmperature where the TEMA groups also do. Further, it is observed that
in TEMABB the mninum has formed nuch closer to the transition
tenperature than that of TEMACB. The shoulder Ilike structure follow ng
the first minimumis slightly sneared out and fromthis feature it can be
said that 1t occurs because of the presence of nore than one minima |ying

adjacently. The fitted paraneters, (E, T ) are presented in Table
a o

(C-2.1). Conpared to TEMACB, these values are all in a reasonable range.
The fitted curve is shown as a solid line through the data points at both
the frequencies in the Fig. (C-2.3). The E value for the TEMVA
reorientati on above the phase transition is 7.0%0.5 kJ/mole and from the

above given nodel, the value below is 15+¥1.0 kJ/nole. It may be recalled
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that in the case of TEMACB, the corresponding values are 10+1.0 kJ/mole
and 13.0%1.0 kJ/nole, respectively. In both these cases it is clear that
the phase transition to a low tenperature phase has increased the
hindrance for the reorientation of the cation. Fromdynanic paraneters it
is observed that in the chlorine conpound, the CH -A group is the nost
hi ndered group of all the three methyl groups. But here, in the Brom ne
compound the other groups are also having a hindrance of a conparable
order. In fact, the dynamics of these methyl groups in TEMABB being
conparable to one another 1is reflected in the freezing of the notion of
both CH -A and CH -B groups by 77K. This fact is reflected by M which
has reached a value of 24 Gau352 by 77K. This value corresponds to the
freezing of the isotropic notion of the TEMA cation as well as /2 of all
the methyl groups in the system [Andrew et.al., 1972]. This can be
verified from the values of the notional parameters of the different

met hyl groups.

The substitution of Bromne in place of Chlorine has narginally
reduced the hindrance for the TEMA notion above the phase transition from
9.621.0 kJ/mole to 7.0#0.5 kJ/nmole. But below the phase transition
tenperature, the hindrance for the isotropic tunbling of the cation seens
to be simlar in both the cases. A remarkable observation in connection
with the tetramethyl substituted conpounds in this famly is the fact
that, in the conmpounds TEMABB, TEMACA and TEMABA, wth exception of
TEVACB, at their respective phase transition tenperatures, T
corresponding to the isotropic tunbling of the TEMA cation tends to reach
a common value, within error. The T values as one approaches the phase

transition point from high tenperatures are : X - 2.4e-10s,
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TEMABA ~ - .- TEMABB - - - — - . -
T - 2.7e-10s, T - 3.3e-10s. This feature is further

di scussed later.
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SECTION C

TA4R I 3

RELAXATI ON AND RESONANCE STUDI ES ON
((CH3)3 NH]]H.!ZCIQ AND [(CHJJZ Nng'J BJZCIQ

Trimethylammonium (TMA) and dimethylammonium (DMVA) cations are |ess
synmetric in conmparison to the tetramethylammonium (TEMA) cations which
have tetrahedral symmetry. TMA cation has an axis of three-fold symetry
called triad axis and simlarly DVA cation has a two-fold symmetric axis
which is the diad axis. Unlike in the case of TEMA cations which do not
have any unique axis of reorientation, for TMA and DVA cations, the
triad and diad axes are preferred axes of reorientations, respectively.
Because of the lower synmetry nornally isotropic notion takes place at
much higher tenperatures in these cations in contrast with the TEVA
counterparts of these conpounds. [(CH3)3 NH]3 Bi_Cl_, (TMACB) and [(CHS’Z

2779
NH ] BiZCl9 (DMACB) are the Bisnuth substituted conpounds of the title
famly which contain the TMA and DVA cations, respectively. Till date,
no other data seens to be available on these compounds to the best of
the author's know edge but the Antinony substituted counterparts of
these conpounds were investigated with different techniques [Jakubas et

al., 1990]. [(CH:;)3 NH]3 Sb,Cly (TMACA) is monoclinic and crystallizes

in the space group Pc and the structure contains SbCl, octahedra
6

interlinked to each other by vertex sharing to form a two dinensional
network [Kallel et al., 1985]. The cations are situated in between these
layers and inside the ring like structures formed by the MXs octahedra

and these are connected to the anions via N-H..ClL hydrofen bonds.
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Orystal structure data reveal the fact that cations are undergoing fast
reorientations in this conpound [Kallel et al., 1985; Jakubas et al.,
1989] and DSC, dielectric and pyroel ectric neasurements on this conpound
revealed a structural phase transition in this conpound at 367K and it
is found that this conpound exhibits ferroelectricity [Jakubas et al.,

1986] .

[(CH3)2 NH2]3 Sb2C19 (DVACA) is also monoclinic and crystallizes in
the space group P2 /a and it has a simlar structure as to that of
TMACA Here also, the cations are either situated in between |ayers of
M X, anions inside the hexagonal voids present within a layer [Gdaniec
et al., 1988] and they are linked via hydrogen bonds to the anions. A
structural phase transition is observed in DVACA at 242K wusing
dielectric dispersion studies and IR spectroscopy, In both TMACA and
DVACA the fornmation hydrogen bonds tend to distort the anionic structure
and this may be related to the observed ferroelectricity in these
compounds. Proton NWVR neasurerments on TMACA and DVACA revealed the
presence of TMA and DVA cations which are dynanically inequivalent and
the reorientations of the cations are associated with the observed phase
transitions in these conpounds which is nmanifested as clear
discontinuities in the T data [Jagadeesh et al., 1993a, 1994].
Substitution of Bismuth in such a case will necessarily bring about some
changes in the dynamc properties of the cations as it was in the case
of tetramethylammonium conpounds and it wll be of further interest to
look for possible presence of structural phase transitions in the Bi
substituted conmpounds and their influence on the dynamcs of the
cations. In this section the results of T. and M. neasurenents on the

conpounds I(CH3)3 NH]3 Bi c19 (TMACB) and [(CH3)2 NH2]3Bi2C19 (DMACB)

2
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are presented discussed.

[((';}{3}3 NH]S B12C19 (TMACB)

Gpeeific Details

T neasurenents
Larmor frequenci es : g and 39.6 Mt
Tenperature range : 425 K to 77 g
M. neasurenents

Tenperature range of observation 370K to 77K

T. data fitted to the appropriate nodel : Fig.(G3.3)
M variation as a function of tenperature . Fig.(C-3.4)

Qptimzed dynam c paraneters : Table (C-3.1)

TMACB crystals were grown by slow evaporation technique from the
parent conpounds [(CH3)3NH]C1 and BiCl:3 in asuitable acid nedium (HCL)
and the well grown crystals were made into powder and dried before they

were seal ed under 10 torr vacuum in glass tubes for neasurenents.

TMACB

RESULTS

T. data, collected at larmor frequencies 8 and 39.6 MHz, can be
considered, for convenience, corresponding to two regions. Region |
(above 300K) and Il (below 300K). In region I, the data show a well
formed shoul der which is followed by a rather broad nminimum including a

shal l ow region around 167 K at 39.6 MHz, and around 135 K at 8 Miz. At
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about 100K, the T shows a snall discontinuity at both the frequencies.
The data do not show well resolved mnima which can be attributed either
only to the TMA dynamics or to the nethyl group dynanics. But the wi de
m ni num suggests that, a rather wde distribution of the correlation
tines nmay be present for the relevant dynanic process in this conpound.
M, value is constant at 1.5+0.1 Gau332 at higher tenperatures, and which
it increases to 2.5:0.1 Gauss® as the sanple is cooled to about 140K. At

2
77K, the M7 val ue has increased to 6+0.5 Gauss
DI SCUSSI ON

If all the TMA cations are undergoing isotropic tunmbling, while the
nethyl groups are undergoing rapid reorientations the expected M. is
1.240.1 Gauss [ Andrew et.al., 1972]. |In this context the value of
1.5%0.1 Gau532 indicates the possibility that the i sotropic
reorientation of some of the TMA groups nay perhaps be frozen by NWR
time scales. To analyze T data, a relevant nodel is needed which can
take into account the following dynamics in TMA which are : (i) the
reorientation of TMA cation about its triad axis and (ii) the
reorientation of the nmethyl groups about their C axes and an expression
for the spin-lattice relaxation rate should be derivable in terms of the
correlation times associated with the above said notions from the nodel .
Such a suitable nodel is discussed in the follow ng before analyzing the
T data of TMACB further. Sinlar considerations apply in the case of
the DVA cation and the follow ng section, therefore, also includes the
nodel relevant for the DVA dynamics, which is used to analyze the T

data in the case of DVACB.
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THE MODEL :

I'n working out the nodel for the spin-lattice relaxation rate in the
case of a symetric cation like tetramethylammonium ion, two kinds of
nol ecular notions were assumed to be present. he is the C
reorientation of the nethyl group and the other is the isotropic
reorientation of the TEMA cation as a whole (Section C-1). The TEMA
cation has perfect tetrahedral symetry (assumng that the cation is not
distorted due to other crystal field forces), and this tetrahedron has
four 3-fold symmetric axes and three 2-fold axes. The isotropic tunbling
of the TEMA cation can be |ooked upon as the random reorientation of
these synmetry axes in space and this kind of a notion is also referred
to as the reorientation about the pseudo symretric C and C axes, in
literature [ Takeda et.al., 1982; Sato et.al., 1982, 1986a, 1986b,
1987]. Wile calculating T it was assumed that the isotropic
reorientation of this cation has innunerable nunber of equivalent
orientations in space and the probability of finding the ion in any one
of the equivalent positions evolves as an exponential function in time
which resulted in a sinple exponential time dependence of the
correlation functions of the space dependent terns in the dipolar
Hamiltonian [ Woessner, 1962]. However, owing to the tetrahedral
symmetry there is no other lower order notion possible in the case of a
t et ramet hyl ammoni um cation except for the internal motions of the methyl
groups. But an interesting situation arises, when we consider a
trimethylammonium (TMA) or a dimethylammonium (DVA) ion. Here, owing to
the presence of the lone protons in one or tw of the apexes of the
tetrahedron, the nolecule assunes a lesser order of symetry. In the
case of TMA, this has only one preferred axis of 3-fold synmmetry (the

triad axis) and DVA has only one preferred axis of 2-fold symetry (the
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diad axis), and at any given energy reorientation of these ions about

these synmetric axes are nore probable for energetic reasons.

In the light of this, new nodel taking into account the finite
nunber of equivalent positions of the nolecules are needed to calculate
the spin-lattice relaxation rates due to the dynamcs of the TMA and DVA
cations. The nodels devel oped by Sjoblom et.al., and Venu et.al. taking
care of these factors, are applicable to such systens, as for instance
in the case of conpounds TMACB and DVACB, respectively. W shall discuss
these nodels briefly below, leading to an expression for the spin

lattice relaxation rate.

Trimethyl Ammoni um Dynamics

The basic idea behind this nodel, and simlarly the nmodel for the
DVA cation dynamics, can be nentioned as follows. For exanple in TMA
any given proton in a methyl group can contribute to the relaxation
process by the nodulation of its interaction with two of its immediate
nei ghbours within the methyl group, six other protons in other nmethyl
groups and one nore lone proton. This nodul ation can come about by (i)
the reorientation of the nethyl group about its C axis, (ii) the
reorientation of the TMA cation about its triad axis and these two
nmotions can in principle be uncorrelated. But we can envisage two other
possible notions, i.e. (i) the correlated notion of both the TMA cation
and one of the nethyl groups (ii) the correlated notion of TMA and two
of the methyl groups. Each pair of protons which are in the positions i
and j have an occupational probability p. and owing to the

aforenentioned reorientational processes, this probability beconmes time
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dependent. The site probability of a given position ij wll have an
outflowi ng conponent due to the fact any one of the above processes can
take this pair away fromthe position "ij" and simlarly it wll have an
i nfl owi ng conponent, since, these can also in principle bring any other
pair of protons to this position "ij". It is clear that the tinme rate of
change of the probability p is proportional to these outflow ng and
inflowing conponents which in turn depend on the reorientational rates
of the processes. Let us define "r" to be the average rate of
reorientation of the CH group, "R to be rate of reorientation of the
TMA group, and R and R' are the reorientation rates of the correlated
nmotion of TMA and one methyl group, which we shall call the first kind,
and the correlated notion of the TMA ion and two of the nethyl groups,
which we shall call the second kind. It is worthwhile to note here that
the inverse of the rate of reorientation gives the dwell tine of the
nmolecule in one of the allowed configurations and the reorientation
gives us the average rate at which a given configuration of the nol ecul e

changes to any other possible configuration.

Referring to Fig(C-3.1), as an exanple, let us consider the proton
pair 12. This pair can reach (i) positions 23 and 31 due to the rotation
of the methyl group only at a rate r/3 and reach 12 itself at a rate
2r/3; (ii) positions 45 and 78 by the reorientation of the TMA cation
alone at a rate R/3, and reach 12 itself at a rate 2R/'3; (iii) positions
23, 31, 56, 64, 89 and 97 at a rate RV12 , positions 45 and 78 at a
rate R/6, and reach 12 itself at a rate 5RV6 due to the correlated
notion of the first kind, and (iv) positions 23, 31, 56, 64, 89 and 97
at a rate R'/6 and 12 itself at a rate R' due to the correlated notion

of the second kind. W can simlarly figure out the various
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(C-31) Modd of the trimethylammonium (TMA) cation.



reorientation rates with which other proton pairs within a nethyl group
can reach various positions. These reorientations wll be able to
nodul ate the intra-methyl proton-proton interactions. By symetry, we

can see that

Pa3 = P3yi Pgs = Pygi 3nd Pgg = Pgy = Pgg = Pyy

and we can wite the rate equations for all these probabilities. As an

exanpl e, the rate equation for the pair 12 is given by

’ - 2., 2% ., Sp " o R R
(E=3.1) Pyg = (5r # R # GBY 3R pyg € (S % 97 5 ) (hag005)
e G g
+ (545 ) (Pgs*Pag) *+ (1% § ) (Psg*Pgya*Pgg*Pgy)

Because of the equality of the probabilities due to symetry, we have

only four unique probabilities Pia Pss and Pgg 2S far as the

Py
intramethyl group interactions are concerned, and we have four unique
rate equations for these probabilities. Since, each probability is
coupled to the other three through the rate equation, these can be

elegantly witten in the formof a matrix equation as given bel ow

(G3.2
d/dt 1 - 2 R' R" 2 R R 2 .9 p .
- 4 = 4 = =R + = - 4 = R“ P
12 = 11 6 3 3 3 3 a 12
p i R" R' R" 2 R* R" p
23 =% = # = d =4 = R+ =+ = 23
3 12 6 22 6 3 3 2 3
R R' R' R" 2 R 2
Pss -4 = -+ = =p'# = & = R" pcs
3 6 6 3 33 3 3 23
P R* R" R R' R" r R R" d P
56 - = - = % = - = 4 = 44 56
12 6 3 4 6 3 6 3 )

Here, each diagonal element is given by the sumof all the other terns
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in the respective row, with a negation. For exanmple, d is given by
-(=r + &R+ =R'+ R"). Finding out the solution to the above set of
equJationa canGbe sinplified by taking linear conbination of the
probabilities p and p as Well as p and Pgcand we can recast the

above equation as the follow ng.

(C-3.3)
dsdt
= +-R+ R"""R' ZR + P
= - = |repeliprali £ oty =
P12 Pa3 & 3 8" 3 Pia” Pag
- R R' R" R5.. 4 -
Pas™ Psg - Wl = - r+-+-R',-R" Pas™ Pa3
3 12 6 36 3

Similarly, taking the linear conbination p,,+2p,, and p +2p.., we can
wite down an equation sinmlar to (C3.3). These tw equations can be

solved for the initial conditions : p12(0)=1. (0)

Py =p45(0)=p56[0)=0.
From these solutions we obtain the following expressions for the
individual probabilities, which are once again witten in the formof a

natri x equati on.
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(G3.4)

12 = % 2 4 2 1 e 5t
Pas -1 -2 2 1 e %ot
Pis 2 -2 -1 1 e X3t
Pes -1 1 -1 1 :
wher e,
k. =1 % 3 R'+ 3 R"
1 4 2
k2 =r +R+R +R"
and k3 =R + R +R"

In a simlar fashion, we can wite down the rate equations for the
site probabilities of inter-methyl proton pairs and al so the lone proton
- nmethyl proton pairs, and a solution of the same can be worked out. In
the case of the intermethyl group interaction the expression for the
fol l owing uni que probabilities can be obtained, nanely p,,. P.icr Pogr
P . Pgyr P, which are also exponentially decaying functions of time

with the time constant given by k , k , k., k and k , where k to k

e}
are as defined in eqn. (G3.4) and k. and k are given by the follow ng

equations.

(G3.5) K

n
)
—

+

'

3 R'+ 3 R"
2 4

ke =2r + R+ R" + R"

Now these probablilities are connected to the correlation functions

of the space dependent parts of the dipolar Hamiltonian, by defining

(G3.6) x W - p W _p ()
mn mn mn

wher e,
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F (0) =7h (l—SCoszﬂ )
mn s m
3
mn
2.2
-1)* "
F (1) = F (-1) = 7 u sin®_ cosd e l¢mn
mn mn 3 m m
r
mn
2.2
1) .
5 (2) = F (=2) . 7 h Sinza - 12¢ﬂm
mn mn -3 mn
r
mn

The correlation function for the intramethyl proton pairs can be witten

as

(C=3..F) G(t]ln =

1 . .
e 3 [ <x12(0] Xlz(t)> + <X23(0] x23(t]> ST

+ <X9?(D) XQT[t)> ]

Each of these averages can be expressed as a sum of terns with the
individual probabilities corresponding to each pair. For instance, the

term <X ~(0)X (t)> can be expressed as

(C-3.8)  <X,(0)X,,(£)> = X ,(0) [py,X;,(0) + pyr(X,,(0)4X,, (0)) +
Pys (Xg5 (04X 6(0)) + po (X (014X, (0) +

X89(0)¢X97{0]]

Substituting simlar expressions for all the pair correlation functions
in eqgn.(C-3.7), w arrive at the following concise form for the
correlation function pertaining to the intra nethyl group dipolar

interaction. For the sake of clarity, we are dropping the index K. here.
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(C-3.9) GIt) ira = P1201 * Pp3Cs * PysCs * PgeCy

Here, we have grouped all the terms with respect to the probabilities
Py5» Poqr Pac and pe.. As an exanple, the coefficient of the probability

p in the above equation can be given by

L[y ' ‘ ‘ ;
(C-3.10) Cy= = [1X 51"+ X, 17+ X
+ iXggtt 4 IX

+ :x45:2+ X 1% X 1% X

Detailed expressions for all the terms are available [Sjoblom et al.,
1975]. The explicit forms of the probabilities can be substituted from
the equations like (G3.4) into eqn.(C3.9) and the terns with respect
to the x -s can be regrouped again to give the follow ng expression for

the correlation function.

3
(C-3.11) e¥(t) «: T gPaett
intra B i
Here,
- H_ e B _ K B
(C-3.12) k=22t -cFeact-c
[T T T n H
KZ 4C] 2C2 2{'_‘3 + C‘q
T H H_ ~H n
AR ARS ARS A XA

An expression sinmilar to (G3.12) can be derived for the intermethyl
group interactions and the lone proton - nethyl proton interactions. The
general expression for the spin-lattice relaxation rate of the proton i

due to the nodulation of its dipolar interaction with proton j can be
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witten as [BPP, 1948]

- -1 = I(I+1) 1 2
(C-3.13) (T, JU = (3/2) — [JU (w) + .l1j

{Zwoll
h

and the spectral density functions J(w) are related to the correlation

functions of the lattice functions by the relation

[+ ]
(C-3.14) IH ) = [G Ho(z) &7 gr
mn o mn
]
Substituting the correlation functions for the intra, inter and |one

proton interaction terns into the above equations, we arrive at the

following general formula for the spin-lattice relaxation rate for the

dynam cs of the TMA cation.

9 2 3 i ki 5 " kJ
(c-3.15) (/T ) =— [ |g K¥ ———  + gLF —2 —
200° p=1 |7 K2+ (uw )2 FEUY 6 s (uw )
i o o
(intra) (inter)

2 2
kn + [uuD]

(lone-proton)

Absorbing the prefactor outside the brackets in egn. (C-3.15), the

expression for T can be rewritten as
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2 3 kn 5
(C-3.16) (1/T,) = T | k¥ —— + z
1 2 2 =
-1 k iF (pwol

(intra) (inter)

3 K
MK

n=1 n

P, TR
2 2
kn + (uuol

(lone-proton)

The relaxation constants X', L’ and M are evaluated nunerically for
given dinensions of the trimethylammonium cation and for a
pol ycrystalline sanple, and these constants are given in Table (C-3.1)
[Sjoblom et.al., 1975]. It has been shown that, the values for
spin-lattice relaxation rates seem to be fairly independent of the
inclusion of the correlated notions of nethyl groups and the cation
(wth rates R and R'). So, a sinpler nodel would be to neglect the
rates of correlated reorientations R and R', and this sinplifies the

expressions for the tine constants of the probabilities to

(C~3.17)
k] =r
I.(2 =r +R
k3=R
k4=2r
ks =2r + R
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TABLE (C-3.1)

RELAXATI ON CONSTANTS (x 10°) K's, L's AND M’s FOR THE TMA GROUP

H 1 S L¥ M ¥

1 1 24.22 1.74 0.63
2 48.45 7.28 4.30
3 19.99 11.68 6.86
4 1.16
5 2.39

2 1 94.84 .6.83 2.56
2 193.08 29.49 17.29
3 81.22 46.65 28.16
4 4.58
5 9.78



D et hyl Ammoni um Dynani cs

The dimethylammonium ions differ from the trimethylammonium cation
in that, it has only a diad axis of rotation and it has two equival ent
configurations which can be sanpled by the pure diad rotation and there
are two lone protons. Fig.(CG3.2) illustrates the geonetry of a DVA
cation with all the proton pairs nunbered. The nodel [Venu et.al., 1993]
proceeds in a simlar fashion to calculate the rate equations for the
individual site probabilities of the various proton pairs, which are
then solved to arrive at the probabilities.Using these the correlation
functions of the lattice functions are worked out for the intra, inter
and lone proton - methyl proton contributions, the details of which are
readily available [ Venu et.al., 1993]. W shall provide bel ow the final
expression for the spin-lattice relaxation rate for the di et hyl ammoni um
dynamics, and the relevant relaxation constants K , L and M are

provided in Table (C-3.2).

2 3 k 5 k
(c-3.18) (1/T,) = AR LR il ISR W) e TSN
m=1 m 2 2 p=4 p 2 2
=1 k™ + (pw ) k™ + (pw )
m o P o
(intra) (inter)
3 k
£ i -
n=1 n

2 2
kn + [puo)

(lone-proton)

The above fornulae are valid in the case where there is no dynanic
i nequi val ence anmong the cations or the methyl groups. Were there is a
possibility of dynam c inequival ence anong the nolecul ar groups, these

have to be suitably nodified to incorporate the inequival ence factors.
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TABLE (G-3.2)
RELAXATI ON CONSTANTS (x 10%) k's, L's AND M's FOR THE DMA GROLP

. 1 o o -
1 1 30.59 3.00

2 25.43 1.68

3 11.88 4.50

4 1.23

5 1.62
2 1 122.34 12.36

2 101.74 7.08

3 47.5 17.64

4 5.07

5 6.17



To facilitate this, the relaxation rate in the case of, for exanple, TMA
dynamics can be rewitten regrouping terms wth respect to the
individual reorientation rates r and R and thus leading to a sum of
spectral density function terms depending on the correlation time for
the methyl group reorientation and the cation reorientation as in the

case of TEMA dynamics [ A bert et.al., 1972].

2
(C-3.19) (1/T,) = F | (K *+L ' +M, ') —F v [, Y R
1 1 1 1 2 2 2 2
pe=1 r+uw (r+R) " +pw
R 2r
+ (K."+L.'"+M.")——— + (L,'"+ L.'") —m
3 3 3 Rz 4 pwz 4 5 (2r)2+ uwz

Considering the fact that the nethyl group dynamcs are nuch faster at a
given tenperature than the cationic reorientation, we assune that r > R

and in such a case the above formula can be nodified to be

(G 3.20) (1/T1) - Agluwr) + A" g"(w,r) + B g(w,R)

ne~n

wher e

>
"

(K1 +L1 +H1 +K2 +L2 +M2 )

A'= (L4 + LS )

o
n

(K3 + L:3 + M3 )

__zer
(2r)2+[uw)2

and glo,r) = =t : g (w,r) =

r2+(11w)2
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Now, the presence of dynamcally inequivalent mnethyl groups or TMA
groups can be incorporated with ease in eqn.(C 3.20). For instance, if
r. and r, are the reorientation rates of two dynanically inequivalent
methyl groups with inequivalence factors x and y, and sinmilarly if Ry
and R, are the reorientation rates of two dynanically inequivalent TNA

groups with inequivalence factors p and q, then these factors can be

substituted into eqgn. (C 3.20) as

(C-3.21) “/Tl) =

[ e )

x[ A g(m,rl) + A g‘(w,rl) +
p=1

y[ Aglw,r,) + A" g (w,r,) ] +p B glwR,)

+ qB g(w,Rzl }

The formula for the dimethylammonium dynamcs can al so be regrouped in
terns of the individual correlation times of the nethyl group and the
DVA cation, and the inequivalence, if any, can be incorporated in the

formula in a simlar fashion.

Data below 300 K : (region I1I)

The expected values of minima for CH. notion at 8 MHz and 39.6 Mz
are 4.0 ms and 19.8 ms, respectively as conputed from eqgn. (C-3.16).
Sinmlarly, the nmnima values for the TMA dynamics are 9.5 ns and 47 ns
at 8 and 39.6 MHz respectively. The broad mininumin T data at 8 MHz is
around 9 nms and the least value of T at 39.6 MHiz is approxinately 35
ns. These values do not match with the mnina val ues corresponding all

the methyl groups giving a minimumat this tenperature. But the observed
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mninum at 8 MEz near 9 ms cannot be, obviously, assigned to TMA
dynamcs either, due to the follow ng reasons. First of all, if we were
to assign this to the reorientation about the triad axis of all the
cations, then the shoulder like structure has to be necessarily due to
the internal dynamcs of the nethyl groups. This in turn would inply
that the methyl group dynamics is slower than the TMA group dynam cs
which is not physically acceptable. Secondly, if this mninmnumat 8 Miz
has to be treated as a well resolved ninimum attributable to the TMA
dynanics solely, then at 39.6 MHz this nininum should have noved towards
hi gher tenperatures, and nore inportantly, the value of the m nimum at
39.6 Mz nust scale as the Larmor frequency, which is not the case (the
mninumat 39.6 MHz, being at least 7 to 8 ns deeper than the expected
value). The shallow nature of the mnimum of the T data further
indicates that it is not due to a single correlation tine of the
assigned nmotion. So, suitable model necessarily incorporating certain
dynam ¢ inequival ence anong the nethyl groups and/or the TMA groups is
necessary, and from the above discussion the shoulder like structure
should primarily correspond to the dynamics of at |east sone of the TMA
groups. The small discontinuity observed in the data around 100K at both
the frequencies seens to correspond to a possible structural phase
transition, and hence the data is restricted upto 100K only while
fitting to the nolecular nodels. Simlar restriction on the high

tenperature side (region |) also apply ( see the subsequent discussion).

Mbdel s with several conbinations of inequival ence factors anong the
nethyl groups and TMA groups were tried, wth data at two Larnor
frequencies providing additional and unique check on the self

consi stency of the nodel parameters. Substituting various inequival ence
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factors in eqn.(C-3.20), a non linear least square fit program was
enployed to fit the above nodel to the data at both the frequencies in
the tenperature range 300K - 100K. After extensive conputation, it was
concluded that the conbination of inequivalence factors, which is able
to sinmulate the experinental data very satisfactorily are : x = (1/6); y
= (1/6); z = (4/6) and p = (1/6); q = (1/6); r = (2/6), where x, y and z
correspond to the inequivalence factors associated wth three
i nequi val ent TMA groups (TMA-A TMA-B and TMA-C), and simlarly p, q and
r correspond to the inequivalence factors for the nmethyl groups (CH,-A,
CH-B and CH-C). The optimzed dynamc paraneters (E and x ) are
provided in Table (C-3.1). Fig.(C-3.3) gives the data at both the
frequencies and the solid line which runs through the points are the
fitted curves with the mninmm possible summed squared deviation. The
theoretical curves are extrapolated beyond 100K and are shown in
Fig.{(C-3.3). There is a systematic deviation of the experinental data
fromthe theoretical curve at both frequencies near 100K, and the snall
discontinuity thus seem to correspond to a possible structural phase
transition at this tenperature. It may be noted that in both the Bisnuth
based conpounds which we discussed in the previous section (TEMACB and
TEMABB) we find some anonalies in the T data at |ower tenperatures
typically around 100K. Thus, the anonaly observed in the present
compound at about 100K seem to correspond to the presence of a
structural phase transition. From the notional parameters tabulated in
Table (C-3.1), we can conpute the correlation tines for all the groups
at 77 K and it is seen that, the TMAA is well intorigid lattice limt,
whereas the correlation times of TMA-B and TMA-C are of the order of
10-4 s by this tenperature. From the correlation tines of the nethyl

groups, it is seen that all the methyl groups are still undergoing fast

176



"SOAIND
pony oy ore syutod eyep ydnoxyy sour prog -6 %g
S[HNE(HD)] W (L/0001) Jo uonouny © se L[ jo uonerres

(,. M) 1/000}
o | | ! 6 & G

| 1 1 | |

(er—2)




‘1p0ig E(HNF(EHD)] ut  Jo monounj e se &gy jo uorperrep  (y°g — )

(M) JANIVIAIWIAL

08¢ 00€ 0ce vl 09
1 1 1 1 | 1 e ] = o
eo——1d—H66—H5—O0F i
jw/gé le

N

-~

P!

I =

o lg S

v

L o

N
-8




TABLE (C-3.3)

MOLECULAR GROUP INEQ. Ea T0
(kJ/mole) seconds

TMVA A U6 27.0+1.0 (7.0%£1.0)E-15
TVA B Ue6 11.0%1.0 (1.2+0.2)E-11
TVA C 4/ 6 13.0+1.0 (2.0%1.0)E-13
CH A 16 11.5%0.5 (6.0i | .0)E-14
CH B 16 10.5+0. 5 (1.5%0.5)E- 13
CH C 2/6 7.0%0.5 (9.0%0.5)E-13

OPTIMIZED DYNAMIC PARAMETERS FOR THE COMPOUND

[(CH3)3 NH]3 Biz Clg



reorientations near 77 K. |If triad rotation of all the TMA cations are
frozen by NWR time scales by 77 K, then one would expect to get a Mz

value of 9.9 Gauss , but in the present case the M at 77K is only 6
2

Gauss . This indicates that not all the TMA groups are frozen conpletely
by 77K, as can be seen from the individual correlation tines of these
groups at this tenperature. The increase of M. wth variation of
temperature from 140K downwards, as we cool the sanple to 77K may be
expected to the smooth. Such a smooth increase is observed in the case
of TMACA, the antinony anal ogue of the present conpound [ldziak et.al.,
1987]. The discontinuity found in the T data around 100K is snall
indicating that the junp in the correlation time of the associated
motional process nay not be very large. If the junp in the correlation
time is not very large, such that the associated dynanics has not
reached the vicinity of the rigid lattice limt, it nmay not show up as
an increase in the M, data al so. Such instances are also noticed in the
previous two conpounds in the Bismuth group (TEMACB and TEVABB) [refer
Section C-2]. In the antimony analogue of this conpound TMACA a
discontinuity in the T data around 125K was reported at 90 MHz, but a
systematic study of the same conpound in lower range of larmor
frequencies ranging from4 Mz to 39.8 MHz did not show any such feature

[ ldziak et.al., 1987; Jagadeeshet.al., 1993a].
Data above 300K : (region I)

Based on our assignment of different notional processes as above,
one normally expects the high tenperature T. data to show a

di spersionless region, while such is not the case (Fg. C-3.3). Such

slope changes are seen in cases where there is a structural phase
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transition in the solid as for instance in the case of the
tetramethyl-antimony conpounds of this fanily (TEMACA and TEMABA) |
Jagadeesh, et.al., 1992, 1993b]. But the dispersion in the T1 data
observed in this case is different in that after the T. values for the
two different frequencies nerge at a point around 300 K, the data al nost
imrediately peel off above this tenperature without having any portion
of dispersionless region further. D fferent possibilities were
considered to explain this peculiar behaviour of the data at high
t enper at ur es. e possibility coul d be t hat there my be
cross-rel axation of the protons at 8 Mz through the Chlorine NQR |evels
as the NQR frequencies are supposed to lie around 8 Mz in these
conpounds. But, normally, this kind of cross-relaxation through the
energy levels of sone other nucleus will be discernibly effective in
cases where the relaxation processes of the host nuclear species
(proton) are inherently inefficient, and the T.-s through this
relaxation are rather large (say, a few seconds), and in the present
case this is not so. Thus, for TMACB this cross relaxation process does
not seema priori to be responsible for the observed variation of T . To
confirm this, data were collected at tw other frequencies (5 Miz and
19.5 MHz), and the nagnified portion of the high tenperature data is
shown in Fig.(C3.5). |If cross-relaxation were responsible for the
observed deviation in the data at 8 MHz, then the T values at 5 Mt
must be higher than the values at 8 Mz at the corresponding
tenperatures. But, such is not the case (Fig.(G3.5)) ruling out
cross-relaxation process. Another process could be the self-diffusion of
the nol ecul es concerned. There are many instances where self-diffusion
medi ates the relaxation process in other solid systens [Ishida et.al.,

1985, 1989 ; Iwai, 1993; Hattori et.al., 1990; Tanabe et.al., 1991].
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In such cases, the T values depend on the larmor frequency. But,
considering the rather high value of the second nmonent (1.5 Gauss ) in
this tenperature region, conpared to expected |ow values (= 0.05 Gauss )

with effective diffusion, even this possibility cannot be considered.

W had noted earlier that the M. value at these tenperatures shows
the possibility of the isotropic motion of only sone of the cations to
be frozen. For an asymetric nolecular group like TMA, the isotropic
motion is a highly hindered process and one would expect this to take
place at fairly high tenperatures, but if there is considerable amunt
of freedom available for the cation for sonme reason, this motion can
take place even at these noderate tenperatures. In the present case,
therefore, there seens to be some TMA cations whose notions are |ess
hindered, and their T mninmumdue to isotropic reorientations is above
300 K, higher than the maxi um tenperature in the present study. As we
nove towards the lower tenperature side of this minimum the T values
scale like w at any given tenperature, and they increase with
decreasing tenperature, their relaxation rates becones progressively
negligible. This allows for sone other |ower order dynam c process, |ike
the triad reorientation, becomi ng nore domi nant, and as a result the T
vs 1/T curve could take a downward turn, and as we go further down in
tenperature, the dispersion of the data, which is essentially due to the
process governing a higher tenperature mninmm and whose inportance to
T is rapidly decreasing, disappears snoothly and all the data points
join together to form a dispersionless region. Normally In a nornal
case, this dispersionless region persists for a finite tenperature range
bel ow which the mninum due to this loworder dynamics is expected to

form But in the present case no sooner the data from different
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frequenci es converged towards a comon point (s 300 ms at 300K}, the T.
shows dispersion below this tenperature, and this kind of a behaviour is
not common. This "sudden discontinuity" in the T. data suggest the
occurrence of another structural phase transition, as a result of which
the correlation tine changes in a discontinuous fashion, leading to the
abrupt change in the qualitative description of T wvariation wth
tenperature. Thus, one way of accounting for the high tenperature
behaviour of this data is to assune that the dispersion in data seen
above 300 K is indicative of the isotropic notion of sone of the
cations, and to explain the sudden onset of dispersion below 300 K as
due to a phase transition in this tenperature region. To corroborate the
above proposition, we note that in all the Bi conpounds there is a phase
transition corresponding to the high tenperature transition in the Sb
anal ogue but the tenperature of this transition is lowred in all the
cases. Therefore, in a way, followi ng the general pattern, we can expect
a phase transition in TMACB around 300 K corresponding to the phase
transition observed at 367K in TMACB. The hi ghest tenperature reached in
these nmeasurenents is around 425 K and from the general trend of the T.
data at this tenperature, it looks like the T mnimm due to the

isotropic notion of the cation may formonly at a higher tenperature.

To summarize, there is a signature of 1isotropic notion of the
trimethylammonium cation in the conpound TMACB in high tenperatures and
a possibility of a structural phase transition at 300K exists. The T
data which show a shoul der like structure followed by a broad mnimmis
fitted to Sjoblom et.al.'s nodel, in the tenperature range 300 K to 100
K. The trimethylammonium cations are dynamcally inequivalent in the

ratio 1:1:4 and the methyl groups are dynamcally inequivalent in the
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ratio 1:1:2:2. It is clear that when B is placed in place of Sh, this
causes a large degree of structural inequivalence in the system as
evidenced by nore nunber of inequivalent sites available in these
conpounds conpared to the Sb conpounds, as, for instance in the Antinony
anal ogue of this conpound (TMACA) there are only two inequivalent set of
TMA cations and nethyl groups in the ratio 1:2 [Jagadeesh et al.,
1993a] . In general in the AMX famly of solids there is a
consi derabl e anount of structural inequival ence which is nore pronounced
in the case of Bisnuth substituted conpounds which is reflected in the
form of dynam c inequival ence anong the nol ecul ar groups. Structure data
can in principle reveal the presence of such an inequival ence but there
seens to be no structure data available in the case of the TMACB, to the
best of the author's know edge. A signature of |ow tenperature phase
transition, possibly associated with the nethyl group dynamcs, is seen
at 98 K. The activation energy of TMAA is high at 27+1.0 kJ/mole
conpared to the other trimethylammonium groups. The hindrance for this
group is rather high and this is also supported by the fact that, at
77K, this group is well into the rigid lattice limt, whereas the other
two TMA groups are just reaching this condition by this tenperature. The
nodel we have assumed with the specified inequivalences is comensurate
with the behaviour of the M data as a function of tenperature

(CH.). NH.]. B1,Ll. LUMALB)

Gpecific Details

T nmeasurenents

Larmor frequencies : 8 and 39.6 M&

Tenperature range : 435 K to 77 K
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M. neasurenents

Tenperature range of observation 370K to 77K

T, data at 8 and 39.6 Mz, with the

fitted curve : Fig.(C3.6)
Mz variation as a function of

tenperature : Fig.(CG3.7)

Qptimzed dynam c paraneters : Table (G3.2)

DVACB crystals were grown by evaporating a mxture of the parent
compounds  [(CH ) NH ]Gl and BiCl in HCl nedium at a constant
tenperature. The clear crystals were powdered and dried and sealed in

glass tubes at 10 torr vacuum

RESULTS

T data at high tenperatures (= above 250K) at 8 Miz show the
formation of a mninumwth a rather steep slope. This ninimum is not
seen in 39.6 Mz data within the high tenperature linmt investigated,

and it is expected to shift to higher tenperatures wth increasing

2
frequency. The M data is at a low value of around 1.0+0.2 Gauss above

2
390 K, and at 390 K, the M value increases sharply to 440.5 Gauss .

As we go down in the tenperature scale, the T. data at 8 and 39.6



Mz nmerge together and below 250K they do not show any frequency
dispersion. At 152 K, there is a perceptible dowward junp in the T
val ue and below this tenperature, a fairly broad mninumis seen at both
39.6 as well as 8 Miz. Further, the data at 39.6 Miz show a shoul der
like structure below 91 K and the lowest point on this shoulder is at
140 ms. In the low tenperature region the Mz value increases from
approxi mately 4 Gauss to 104l Gauss around 240 x. A 77 K, the value

of M7 has increased to 12+1 Gauss .

DI SCUSSI ON

From the value of M, expected for the isotropic motion of the DVA
cation, this notion of the DVA cation seens to be present above 390K.
The increase in this value to 4.0+1.0 Gauss corresponds to the freezing
of isotropic notion of only 50% of the DVA cation. The other 50% of the
DVA cations, which have nore freedom for reorientation give a mnimmin
the T at a relatively low tenperature (= 400K at 8 MHz) conpared to the
fairly high tenperatures at which isotropic motion of these kind of
cations are expected to give a mnimum Thus, we assign the high
tenperature mninum to the isotropic reorientation of the 50% of the
cations (simlar to the case of TMACB). The high tenperature data,

between 435 K to 295 K is fitted at both the frequencies to a sinple

nodel with

(C-3.22) T =

|
—
RIO

glw, )

where a is the inequival ence factor (2 in the present case) and Cis the

equality factor and this is also optimzed as a part of finding out the
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nmost probable values for E and T . A non linear |east squares program
was enployed to fit the data at both the frequencies. The optimzed
value of C was found to be 1.6e9 s . The fitted dynam c paraneters E
and T , for the isotropic reorientation is tabulated in Table (C3.2)
and conputed curves are shown in Fig.(C3.6). Formation of T mninum
due to isotropic reorientation of the DVA caton around such realtively
low tenperatures is observed in the conpound ([CHq)zNﬁzlz ZnCl, also

[Manjula, 1993].

The dispersionless region of the data bel ow 290K with the observed
tenperature dependence corresponds to the reorientation of the DVA
cation about its diad axis. This is because the conparatively slower
nmotion of the bulky DVA cation is expected to have a considerable
contribution to the spin-lattice relaxation rate in this internediate
tenperature region than the fast reorienting methyl groups. As one can
perhaps anticipate from the figure (C-3.6), if the vertical dowward
junp at 152 K were not there, this dispersionless region would have
cont i nued to end up eventually in a mninmm corresponding to the
dynam c process. The discontinuity at 152 K causes the T value drop
from 170 ms to approximately 120 ms. This can be conpared with the
simlar abrupt jumps we observe in the tetramethylammonium conpounds
TEMACB and TEMABB. This junp, thus, seens to correspond to a structural
phase transition in this system |In the antinony anal ogue of the same
conpound, DMACA, it is found that there is structural phase transition
at 242 K, which nmanifests as a sharp jump in the T data and immediately
below the phase transition, the isotropic notion of the DVA cation
conpletely freezes and only the reorientation of the DVA cation about

its dlad axis is seen in the T data ( Jagadeesh et.al., 1994]. If we

184



SOAIND
PNy o) ore syutod eyep ydnoxyy souil prjog -6t
‘CHN*HD)] W (L/0001) Jo wonpuUNy © sk 1T jo uonerey  (9¢ — 9)

(,. M) L/000!

&/ /] 6 2 ¢ & /
o

| ﬁm T \ [
_ un w / m
f an‘ mj =
; . @&) / I
“ ZHW 08 — © * \ i

ZHW 968 — X 8 :

0T

001

000T

(sw) *'p



1ot
(g N(EHD)] Ul [ Jo uonouny e se e Jo uwoneurep  (L'g— D)

() FINLVIAIWAL

08¢ 00€ 0co g 09
1 - 1 | 1 L | ! 1 O.O
- 0¥
=
- 0°8
9 \w
PO ' -
roer s
& V)l
W
-
j
- 0°91
— 1 D02




follow the pattern we have observed so far for all the conpounds,
perhaps the transition which was observed in the case of DVACA at 242 K
has shifted to a corresponding tenperature of 152 K in the case of

DMACB.

It is also to be noted that whereas no T mnimum due to the
isotropic tunbling of the cation was observed in DVACA in the typical
tenperature range covered, in case of DVACB we have seen the nini num due
to the isotropic nmotion of the cation. The minima value expected from
the theoretical nodel for the diad axis notion of the DVA cation at 8
and 39.6 MHz are 21.5 ms and 106.5 ms, respectively. Simlarly, the
expected mnina values for the methyl group notions at 8 and 39.6 Mi
are 4.6 ns and 28 s, respectively. It is clear fromFig (CG3.6) that,
neither of the mnima corresponds to any one of these values, and in
fact the minimumvalue at 8 Mz is around 9 ns which is higher than the
val ue expected for the methyl group and lower than the value expected
for the DVA motion. This feature is simlar to the case of the data at
39.6 Mz also. These observations as well as the shoulder like structure
found at the lower tenperature side of the data at 39.6 MHz inply that
there is dynam c inequival ence among the different nolecular groups in
DVACB. W have tried several model s incorporating different
conbi nations of dynam c inequival ences which will fit the current data,
and the inequival ence conbination which fitted the data consistently at
both the frequencies is given by x = /2 and y = /2 (x and y are the
i nequi val ence factors for the methyl groups). There does not seemto be
any dynam c inequival ence anong the DVA cations as given by this nodel.
This is a remarkable deviation from the data observed for TMACB where

the TMA groups are also found to be dynam cally inequivalent. From these
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inferences we may suggest that the phase transition at 152 K has changed
the structure of the solid considerably such that the DVA ions are all
dynamcally equivalent below the transition tenperature. W note,
however, that we have fitted the data with a lint on the points on the
| ower tenperature given by 79 K. The fitted curve is quite good at both
the frequencies, as can be seen from Fig.(C3.6). The optimzed
parameters are provided in Table (C-3.4). Such a situation was also
observed in the conpound [(CH:;)Z NH 1 2nCl,, wnere the DMAcations do

not show any dynam c inequival ence [Manjula, 1993].

As in the case of TMACB there are no structural or any other
information available for DVACB also, but the proton spin relaxation
data point to the possibility of an increased amount of structural
i nequi val ence in the systemwth the introduction of the Bismuth atomin
place of Antinmony. At 78 K, there is a rather steep junp of the T value
from around 200 ms to 2100 ms at 39.6 MAz and this should be
corresponding to a low tenperature phase transition in this system A
simlar discontinuity is observed around this tenmperature in the case of
the 8 Mz data also. As has been noted in the case of the last three
Bi smuth conmpounds, TEMACB, TEMABB and TMACB, in DVACB also there seens
to be, thus, a low tenperature phase transition, thereby establishing
the general trend of an additional |ow tenperature transition in Bisnuth
conpounds unlike the case of Antinony compounds. Noting the fact that
the M, value is around 12 Gauss at 77 K, sone of the dynanics of the
systens seenms to have been positively frozen by this tenperature. |If

2-fold reorientation of all the dimethylammonium cations are frozen,
then the second nonent for such a condition is calculated to be 14

2
Gauss [Andrew et al., 1972]. On the other hand, if we extrapolate the



TABLE (C 3. 4)

MOLECULAR GROUP INEQ. E:_1

(kJ/mole)

hi ght enper at ur es

DVA — 35+1. 0

| owt enper at ur es

DVA — 11.5+0. 5
CH3 - A 172 11.5+0.5
EH_J - B 1/2 2.0+0.5

T
o

seconds

(4. 5%0. 5) E- 13

(6.0+1. 0) E- 14
(7.0+1.0)E-15

(2.020.2) E-1 |

OPTIMIZED DYNAMIC PARAMETERS FOR THE COMPOUND

[(CH3)2 NHz]3 Biz Clg



correlation times for the different dynanics to 77K, calculated with the
hel p of the dynami c paraneters given in Table (C3.2), it is seen that
none of the notions have reached the rigid lattice limt. Now the
observed second monent value points to the fact that at least sone of
the notions are frozen at 77 K. Thus, these considerations strongly
inmply that the well-defined phase transition observed at 78K nust have
caused a drastic change in the correlation time of the different dynamc
processes, and that it nmust have slowed down the dynamics to a large
extent due to the transition.

To summarize, in the case of the dimethylammonium conpound DVACB, a
mnimum due to the isotropic notion is seen at high tenperatures. Two
wel | defined phase transitions are observed at 152K and 78K, and the
second transition seened to have caused a large change in the
correlation time associated with the respective dynamcs. Dynanmc
i nequi val ence anong the nethyl groups are observed in the ratio 1:1 but
surprisingly, the DVA cation does not seem to exhibit any dynanic
i nequi val ence. M>data show that the isotropic motion of 50% of the
cations are frozen by 395K and the renmaining groups are also frozen by
230 K. A general trend of the orientational disorder is being increased
in the case of the Bisnuth based conpounds in contrast to the Antinony
based conpounds is also observed. It is well recorded that the conpounds
TMACA and DMACA show ferroelectricity in their low tenperature phases
and the ability of these conpounds to form hydrogen bonds between the
cation and anions seens to play an inportant role in this regard. These
two conpounds are layered conpounds unlike TEMACB and TEMABB. Thus, both
TMACB and DVACB al so might exhibit ferroelectricity, though there are no
specific information available as yet from other techniques, on these

two compounds.
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SECTION C
PART 4

RELAXATI ON AND RESONANCE STUDI ES ON

(CHJ NHB)J Bichg

Methylammonium substituted conpounds are one of the wdely studied
systens using various techniques. The methylammonium cations are found to
exist in different conpounds with varied type of anionic structures, Ilike
AMX [Krishnan et al., 1991; Xu et al., 1991; Yamamuro et al., 1992;

Korfer et al., 1988; Ishibashi et al., 1989; Fuess et al., 1985], A_MX

24

[Nakayamaet al.. 1992; Srinivasan, et al., 1992] and A MX, [Macintosh et
J o

al.. 1992; Ikeda et al., 1976]. Mst of these conpounds exhibit

structural phase transitions and the dynanics of the methylammonium
cation is seen to be related to these phase transitions in many of these
conmpounds. This cation is found to exhibit different types of notions,
which include the isotropic reorientation of the entire cation [Xu et
al., 1991; Macintosh et al., 1992], 180° flip motion of the cation
perpendicular to its axis [Chapuis et al., 1975] and the reorientation of
the cation about its GN bond [Krishnan et al. , 1991; Xu et al., 1991;
Nekayama et al ., Korfer et al., 1988; Ishida et al., 1989; Ikeda et al.,
1976]. The substitution of different hal ogen atons in these compounds is
seen to affect the structural characteristics and thus the dynanic
properties of the cations and anions in these conpounds, considerably

[Krishnan et al ., 1991; Nakayama et al., 1992].

In fact, 1in the case of AMX systens and specifically in case of

the methylammonium conpounds, substituting different halogens in the
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order of Cl, Br and | affects in a drastic way, the basic structure of
these conpounds [Jakubas et al., 1990a]. Thus, in (CHNH ) SbZCI9
(MACA), the anions form one dinensional chain-like structures but in
(CHANH ). Sb Br (MABA), anions form two-di mensional corrugated |ayers,
as one would find in the case of tri- and di-methyl ammoni um conpounds of
this famly [Jakubas et al., 1985, 1986, 1990a; Mackow ak et al., 1990},
though the hexagonal voids created in between the six membered anion
rings are highly symetric in the case of MABA whereas these voids are
considerably distorted in the case of tri- and di-nmethyl amonium
conpounds. For the iodine substituted conpounds, the anionic structure is
entirely different and in this case MXg octahedra exist in isolated face
sharing configuration, sinilar to the tetramethylammonium conpounds of
this famly [Mniewicz et al., 1990; Jakubas et al., 1990b]. In all these
conpounds, depending on the anionic structure, the cations have varying
extents of freedom to undergo notion but the cation dynamcs plays an
inportant role in the structural phase transition observed, in all of
them The Antinony substituted conpound (CHQNH:;):; Sb,Cl, (MACA) has been
investigated through proton T and M, measurem€hts [Jagadeesh et al.,
1994] and the results of these measurenents show the presence of one
phase transition at 208K and the presence of isotropic notion of the
cation as well as reorientations about the GN axis were seen in this
conpound. Thus, it is an interesting extension to see the effect of
substitution of the bigger Bi atomin place of Sb and observe the changes
it nmay bring about in the structural and the dynamic properties of
cations which may get influenced by such structural changes. There are
reports on some nethyl ammoni um conpounds wherein the structural phase
transition is not influenced by the cationic dynamcs but is related to

only the reorientational notion of the anions [lkeda et al., 1976].
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Therefore, it wll also be interesting to see the extent to which the

cation dynanmics get coupled to structural phase transitions in these

compounds.

Bisnuth substituted methylammonium conpounds have been studied
through different techniques like infrared spectroscopy [Jakubas et.al.,
1993], dielectric and pyroelectric neasurenments [Jakubas et al., 1989,
1990b, Mniewicz et al., 1990; Iwataet al., 1993], Xray diffraction and
Ranman scattering [Belkyal et al., 1993; Iwata et al., 1993] as well as

NMR and NQR investigations [Jakubas et al., 1992; Ishihara et al., 1992].

(CH3N}{3)3 812C19 (MACB) is the chlorine analogue of the Bismth
substituted conpounds in this group, which is reported to exhibit nore
than one structural phase transition [Jakubas et al., 1989; Ishihara et
al., 1992; Belkyal et al., 1993]. Proton second noment (M) measurenents
as well as spin-lattice relaxation tine (T.) measurements have been
carried out as a function of tenperature and the results of these

neasurenents are presented here.
Gpecific detals
(CH:;NH)3 812C19 (MACB)
Tl data :

Larmor frequency of : 8 Mtz

observation

Tenperature range : 370K to 77

Hz data :
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Tenperat ure range : 390K - 77K

M, variation as a function of tenperature in MACB : Fig.(C4.1)
Variation of leith 1/T in MACB Fig.(C4.2)

The MACB crystals were grown by the slow evaporation technique from
a stoichiometric nixture of (CH3NH3)C1 and BiCl, in HC1l. Powdered and
dried sample was sealed in 6 nm and 8 nm glass tubes under 10 torr
vacuum for T and M neasurenents. “gval ues were calculated from the
absorption spectra obtained by nunerically integrating the derivative

spectra. The typical error in T and M data were 10%
RESULTS

M, variation as a function of tenperature is shown in Fig.(C4.1)
and T data as a function of 1/T at 8 Mz is shown in Fig.(C4.2). M
renains at a value of 7.510.5 Gauss in the tenperature range 77K - 200K.
At around 200K, M value decreases to a plateau of 5.510.5 Gauss . At

around 250K, thiS value further decreases to yet another plateau of

2 p 2
4.0$0.3 Gauss and by 340K, I, goesdown to 1.710.2 Gauss . At 380K, we

see that, there is an additional step in the M, data, which reduces the

2 2
value from 1.7 Gauss to 1.210.2 Gauss

The magnetization recovery in this conpound shows narked
non-exponentiality, from the highest tenperature studied here (370K) till
ar ound 140K (Fig. C4.3). In methylammonium cati ons, this
non-exponentiality may be attributed to the cross-correlation in the

intra group interaction of the proton within a CH. group or a NH. group
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[Xu et al., 1991; Nakayama et al., 1992; lkeda, 1976; Hilt et al., 1964,
Baud et al., 1968]. A two exponential nodel was used to fit this
magneti zation recovery, and where ever possible the tw relaxation tines

denoted by T. and T, were conputed from the magnetization

7 1rast 1slow

recovery. The variation of the tw kinds of relaxation times as a

function of tenperature is shown, in Fig.(C4.2).

RESULTS

The MACB crystals are orthorhombic belonging to space group Pmcn
[Jakubas et al., 1989; |. Belkyal et al., 1993]. Jakubas and co-workers
reported only a high tenperature structural phase transition in this

compound at 385K (T ) while Belkyal et al. found two nmore from DSC and

dielectric studies at 349K (T )and 247K (T ) [Belkyal et al., 1993;
(o} c3
Jakubas et al., 1992]. However, the latter group did not observe the

signature of the high tenperature phase transition reported by Jakubas et
al. DSC and NQR investigation on MACB carried out by Ishihara et al.
further revealed the presence of one nore low tenperature phase

transition at 200K (Tu) [I'shihara et al., 1992].

The lattice paraneters for MACB found by Jakubas et al. are given
by : a =20.422 A, b = 7.697 A, ¢ = 13.248 A, and Z = 4. (In their
original communication, Jakubas et.al., have used a different notation
for the lattice paranmeters, which was al so pointed out by Bel kyal et al.
For the sake of consistency, we are using here the sanme notation as used
by Bel kyal et al.). MACB is isomorphous with its antinony anal ogue MACA
[Jakubas et al., 1989] and also B-Cs Sb Cl1 (Kiharaet al., 1974]. It is

nmade up of infinite MXB pol yani ons whi ch form one-di mensi onal zig-zag
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doubl e-chai n-stack structure directed along the b-axis and it contains
three crystallographically inequival ent CH.NH. ions. The isomorphism of
MACA and MACB should inply a simlar ordering of methylammonium cations
in the polyanion sub-lattice in MACB, and one can expect certain
simlarities in the properties related to the cations. From dielectric
measurenents, it is found that the phase above 385K does not have an
anal ogue in MACA and this phase may be a plastic phase where there is
consi derabl e freedom for the methylammonium cations to undergo isotropic
reorientation [Jakubas et al., 1989; Timmermans, 1961]. The change in the
synmetry through this high tenperature transition was also observed by

powder X-ray diffraction.

The transition observed at 349K did not show any change in the
symretry of the compound and above and bel ow 349K, the MACB crystal was
found to be in the orthorhombic phase only and this is a peculiar
situation [Belkyal et al., 1993]. It is speculated that such an existence
of "equisymmetric" phases above and bel ow the phase transition nay be due
to the presence of a parent space group of higher symretry above the
transition tenperature. Nevertheless, when the sanple tenperature is
increased through T , there is contraction of the lattice along the a
direction and expansion of the lattice along the b and ¢ axes. Detailed
Raman spectra recorded on this conpound as a function of tenperature in
the high frequency region reveal certain inportant points in relation to
the dynanmics of the cation. The three crystallographically inequival ent
cations did not |eave any mark regarding this inequivalence on the Ranman
spectra, but it is worthwhile to note that the tinme w ndow accessed by
the Raman spectra is around 10 s. From the different nodes observed in

the high frequency region fromroom tenperature to 93K, it is found that
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the CH groups and NH groups execute fast reorientations about the GN
axi s. This is a clear indication of the presence of the uncorrelated
notion of the methylammonium cations in this phase {Nakayama et al.,
1992; Ikeda et al., 1976; Xu et al., 1991; Jakubas et al., 1992]. NGR and
DIA studies on MACB revealed the presence of two structural phase
transitions. NR frequency versus tenperature plot shows that there are
f our Cl lines above 300K and as the sanple is cooled this plot shows a
discontinuity at 249K. As the tenperature of the conpound is reduced
further, two of the NQR lines nerge with each other at 200K and bel ow
this tenperature there are only three lines observable. DIA neasurenents
al so show endothermic peaks at 249K and 200K, thereby confirmng the
presence of phase transitions at these two tenperatures [Ishihara et al.,
1992). The anonal ous tenperature dependence of NQR lines above 250K is
attributed to the high tenperature phase transition at 385 K reported by

Jakubas et al.

W can analyze the proton NW data in the |light of these
observations made through various other techniques in MACB. It is
remarkable that the M data (Fig. C-4.1) show a line width transition
near all the four tenperatures, where structural phase transitions have
earlier been observed by different methods (385K, 349K, 247K and 200K).

The M? val ue observed above 385K is 1.2 Gauss2

and this small value
indicates the presence of isotropic reorientation of the methyl ammonium
cations in this conpound, 1in accordance with the observation by Jakubas
et al. [Jakubas et al., 1989]. Wen isotropic reorientation is present,
the intra group contribution to the second nmonent gets averaged out and

only the interionic interaction contributes to this value. It has been

observed in the Sb analogue (MACA) that the interlonic contribution to
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the second nmoment is 1.5 Gauss . Since MACB is isomorphous wth MACA and
the lattice paraneters of MACA ( a=19.66 A, b=7.920 A and c=13.33 A) are
conparable with that of MACB, we can assume that this value is a
reasonabl e estimate of the interionic contribution to My in the case of
MACB al so [Jakubas et al., 1986]. As we decrease the tenperature, there
is a slight increase in the val ue of M2 to 1.7#0.2 Gauss? around 380K. It
is possible that, following the structural phase transition at 385K,
there is a slight decrease in the reorientational freedomof the cations.
However, the smallness of the M, value of (1.7 Gauss ) still indicates
the presence of isotropic nmotion of the cations only. As we have pointed
out already, there are three steps in the M data all corresponding to
the three remaining transition tenperatures. The M values increase to
40 &, 55 @& and finally to 7.5 G, at around 340K, 250K and 200K
respectively. The low tenperature plateau value of 7.5+0.5 Gauss agrees
reasonably well with the value corresponding to the notion of the MA ion,
either uncorrelated or correlated, about the GN axis [Ikeda et al.,
1976; Ishida et al., 1989; Ishihara et al., 1992]. W can account for the
observed increase of M in three stages in the follow ng manner. Among
the three MA ions executing isotropic reorientation, let us assume that
one of them gets frozen into a lower order reorientation, namely the
rotation about the GN axis, coincidental with the transition tenperature
349K. In such a case, the calculated value of fy for 173" of MA
executing GN reorientation and 2/3 of them Umlergoing i sotropic
reorientation, with a residual noment of 1.5 Gauss w1l be, 3.6 Gauss ,
which is reasonably close to the observed value of 4.0 Gauss . Further,
if one nore MA group changes its reorientational node from isotropic
nmotion to GN axis rotation follow ng the phase transition at 247K, then

2
the cal cul ated val ue of M, in such a case will be 57 Gauss , which is
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2
also in good agreement with the observed value (5.5 Gauss ) of the
plateau from 250K till 210K. Finally, following the |owest tenperature
transition at 200K if we assume the third MA cation also to slow down to

execute only C-N axis reorientations, then the expected second nonent

2 2
value of 7.5 Gauss can account for the observed value of 7.5+0.5 Gauss

al so. The three individual nethyl anmonium cations freezing into a nmore
hindered rotational state at different tenperatures may be an indication
of the presence of the three crystallographically inequivalent cations in
this conpound [Jakubas et al., 1989; Belkyal et al., 1993], and perhaps,
the non-exponentiality in the magnetization recovery is related to the

presence of such inequivalent groups. A simlar occurrence is seen in the

case of MACA (Jagadeesh et al., 1994]. The slow ng down of the isotropic
nmotion of each of the cations, perhaps, is triggering each of the
observed phase transitions, leading to the freezing of the isotropic

motion of that ion bel ow the correspondi ng phase transition tenperature.

The tenperature dependence of T values at 8 Mz is shown in this
conpound in Fig.(C4.2). The non-exponential nagnetization recovery was
fitted to a two exponential nodel using a non-linear |east square fitting

program and the two conponents of relaxation times (T and T )
¥ F 1fast 1slow

were recovered. Fig.(C4.3) shows one such nagnetization recovery and the
solid line passing through the points is the best fitted curve. In

Fig.(G4.2) the values of both T, and T, are plotted up to the
| fast I'sl ow

tenperature 140K, and below this value the non-exponentiality of the

magneti zation recovery is seen to disappear. The T, val ues are of the
Islow

order of few seconds whereas T values in the range of 100's of ms.
Let us denote the phase above 385 K by the phase-I. Simlarly, let the

phases in the range 385K - 350K, 350K - 250K, 250K - 200K and bel ow 200K
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be denoted by II, Ill, IV and V respectively. W do not have any data in
phase | and the region of phase Il is very narrow. There are only two
points available in this phase which show an increasing tendency with
decreasing temperature, but obviously we cannot comment further on this.
But, at the Tc corresponding to the II-III transition, both T1fa and

st

T, values show a steep decrease in their values. These values tend to
lslow

increase with decreasing temperature in phase [IIl, until at the T
related to IIIHV transition they show a steep fall. Below this
temperature, i.e. 250K, the T values tend to increase again, but there
seems to be another discontinuity at the T corresponding to the IvV-v
transition. This is more clearly seen in the case of the T, component
than for the fast component, which disappears around this temperature
region. Below 170K, the T. value tends to decrease monotonically with
decreasing temperature and this seems to continue till 77K. It is of
course difficult to make any precise quantitative estimates from this
data, which has an increased amount of scatter also. However, a rough
estimate of the slope from the monotonically decreasing region is given
by 3.5+0.5 kJ/mole, which is much smaller than typical potential barrier
for the internal rotation in these cations. (of the order of 8.0 kJ/mole
[Tkeda et al., 1976]). This indicates the possibility that there is a
correlated motion of the methyl ammonium cation in phase V. Normally, T.
mnima corresponding to the correlated motion of the MA cation are seen
to occur at temperatures below 77K [Xu et al., 1991; |lkeda et al., 1976;
Nakayama et al., 1992] and in MACB also, perhaps, the mnimum
corresponding to the correlated motion of the cations may be expected

bel ow 77K.

In the Sb analogue of this compound, MACA, the activation energy
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corresponding to the correlated motion of the cations is 87 kJ/mole
which is nuch higher than the corresponding value for MACB [Jagadeesh et
al., 1994]. This difference may perhaps, be attributed to the strength of
the NH..ClL hydrogen bonds, which is considerable in the case of MACA
[Jakubas, et al., 1986]. The crystal structure data do not explicitly
show the formation of hydrogen bonds in the case of MACB, but if we
assume them to be present their strength seems to be much snaller as
shown by the E value for correlated notion of MA cation in phase V in
MACB [Jakubas, 1989; Belkyal, 1993]. In fact, the potential barrier for
the reorientation about the GN axis in the case of |odine counterpart of
this conpound, (CH:}NH3)381219 (MAIB), is smaller at 2.2 kJ/rmole and this
indicates that the strength of the hydrogen bond N-H...I is nuch snaller

than that of MACB [Jakubas et al., 1992]. This observation s

commensurate with the fact that, with the hal ogen atoms being changed

fromCl to Br to |, the hydrogen bond strengths decrease progressively
[Nakayama et al., 1992; Xu et al., 1991]. Two structural phase
transitions are recorded in MAIB at 142K and 223K [Jakubas et al., 1990b,

1992; Miniewicz et al., 1990;] and in this conmpound al so, in the highest
tenperature phase, isotropic reorientation of the cations are seen. The
Brom ne anal ogue of MACB, (CHqNﬂj’sBi Br (MABB), is found to exhibit
three structural phase transitions at 104K, 140K and 188K [Jakubas et
al ., 1990b , 1993; Ishihara et al., 1992] and two types of inequival ent
MA cations are present in this system In the highest tenperature phase
of MABB, above 188K, the cations are found to undergo isotropic motion

[Ishihara et al., 1992; Jakubas et al., 1993].

In summary, T and M neasurerments nmade on MACB record the presence

of the four structural phase transitions in this conpound, which were
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detected only in a partial manner from other techniques. The coincidence
of the NWR tine window with the respective dynamc process associated
with different phase transitions may be the reason for the observation of
the signatures of all the transitions. In the high tenperature phase,
above 385K, MACB cations are found to undergo isotropic reorientation.
The three types of crystallographically inequivalent cations seem to
experience distinct dynamc environments, as seen from the second nonent
data. The progressive freezing of the isotropic motion of each of these
cations seems to be closely associated with the three observed phase
transitions, as seen fromM. data, and T data also show the presence of
these transitions. Further, nonexponentiality in magnetization recovery
is seen in all the phases in this conpound, as is observed in many other
methylammonium substituted conpounds, which nay be attributed to the
cross correlation in the intra group interaction of the protons within
the nethyl or NH groups. In the lowest tenperature phase, the cations
are found to undergo correlated nmotions about the GN axis, as hinted by
the rough estimate of activation energy nade from the T data. The
presence of more than one phase transition which are nearby renders the
region of different phases rather narrow in this conpound and the not so
straight forward way of estimating the T -s from the non-exponenti al
recovery of nmagnetization wusing a non-linear |east-squares fitting
procedure makes the T -s less reliable and these factors make any serious
attenpt on a quantitative estimate of the relevant dynamc parameters
fromthe T data rather difficult though they qualitatively explain the
presence of the various transitions in this conpounds. Therefore, no
further attenpt was nmade to record the T. data at a different Larmor

frequency in this conpound al one.
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SECTION C
PART 5

RESONANCE AND RELAXATI ON STUDI ES ON

(NH‘}J:3 BI2C19 AND (NH4)3 BlzBrg

The ammonium conpounds of A.MX famly present a contrasting
situation conpared to their other counterparts. The cations in these

compounds have tetrahedral symmetry, but with no internal dynamcs

within the cation. The mmjority of investigations on the anmonium
substituted conmpounds show the presence of isotropic reorientation of

the cation [Cooke et al., 1952; Qutowsky et al., 1954; |Ishida et al.,

1985; Chihara et al., 1990] or the cation undergoes reorientation about
the three-fold and 2-fold axes of the tetrahedron characterized by two
different correlation tines [OReilly et al., 1967]. To investigate the

dynam cs of the ammonium cation in the structurally different conpounds

of the famly tris(alkylammonium) nonahal ogeno dimetallates, proton T.

and M. neasurenents are nmade on the Bismuth analogues of these

conpounds, nanely, (NH4)3,BiZC19 (AMOB) and (NH4)3 Bi,Bry (AMBB). It
appears that there are no other reports on these conpounds in

literature, as of now The results on the Antinony substituted conpounds

are reported el sewhere [Jagadeesh, 1994].
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Gpecific Details

[(N’H)4]3 Biz C19 (AMCB)

T Measurenents
Tenperature range : 415K - 77K
Larmor frequencies : 8 and 5 Mtz

Fig. (C-5.1) Variation of T, as a function of 1/T in AMB.

M Measurenents
Tenper ature range : 400K - 77K
[NH4]

3 Bl2 Brg (AMBB)

T MEASUREMENTS

Tenperature range 385K - 77K

Larmor frequencies : 8 and 39.6 Mz

M MEASUREMENTS

Tenperature range : 420K - 77K
Fig. (G5.2) Variation of T as a function of 1/T in AMBB.
Fig. (G5.3) Vari ation of Mz as a function of T in AVBB.

AMCB was grown by slow evaporation technique from a stoichionetric
mxture of (NH )Cl and BiC! in HCl. The crystals were colourless. AVBB
was grown by mxing (NH ) Br and BiO. in HBr and AMBB crystals were

orange in colour. The crystals were, powdered, dried and seal ed under
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10 torr vacuum for neasurenents.

AMCB
RESULTS

Results of T neasurenents on AMB is provided as a T vs 1/T graph
in Fig.(C-5.1). The T values of AMCB are relatively high at few seconds
in conparison with the relaxation tines in other ammoni um conpounds. T
value reaches a maximum of 5 seconds around 200K and above this
tenperature, it decreases with increasing T. Below 200K also, there is a
decrease in T with decreasing T. W observe this feature at around 200K
both at 8 and 5 MHz. The data above 200K show frequency di spersion and
the notabl e behavi our above this tenperature is the fact that, T. values
corresponding to 5 Mz are higher than the values at 8 MHz. The data
show a change in slope from a higher to lower value around 160K and a
further snall change is observed around 125K. Below this tenperature,
the data seem to be linear as a function of 1/T w thout any dispersion
but the value of T at 77K is lower than the extrapol ated val ue from the
data below 125K. M values calculated for this compound from CW
neasurements remains at a low and constant 1.0+0.1 Gauss from

approxi mately 400K till 77K.
DI SCUSSI ON
The observed M value of 1 Gauss in this conpound is rather |ow

conpared with what is normally found in other anmonium conpounds,

typically undergoing isotropic reorientation. The expected value of M,
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if the ammonium cations are fast reorienting is 3 Gauss and thus a
2 . .

lower value of 1 Gauss in the present case shows that the anmonium

cations are noving rather freely and fast. Conductivity measurement in

this conpound nay provide sone information about the dynamcs of the

ammoni um cations in this conpound like it is observed in other
situations [Furukawa et al., 1990; Sasaki et al., 1989; Kobayashi et
al., 1988]. The naximum like structure with frequency dependence has

been observed in other conpounds also and in such cases nore than one
possibility exist to explain this behaviour. For instance, such a
typical behaviour is observed in n-alkylammonium chlorides, other
conpounds which tend to exhibit plastic crystalline phase like
CH3N%,,N\({),,, [(Cg,n),N]SCN, (C}{?Ng%).,s A» and sone ammoni um conpounds |ike

(NH4. )J‘ Ian and (N}ﬁ‘)I Gan also [Iwai et al., 1993; Fukuda et al.,

1987; Tanabe et al., 1991; Hattori et al., 1990; Ishida et al., 1985,
1989, 1990; Sasaki et al., 1989]. In these conmpounds, the decrease in T
with increasing tenperature and the frequency dependence of T data
above the maximum are explained to be due to self-diffusion of the
cations concerned apart from the reorientational notions present. But,
contrastingly, in the case of AMCB such an explanation cannot be given
for the reasons that : (i) there is anonal ous dependence of T on w,
nanely, for higher w (8 Miz) the T. values are lower than the
corresponding values at 5 MHz; and (ii) the observed second noment is
1.0 Gau352 t hr oughout the tenperature range. Wiere there is
self-diffusion of the cations, the M2 values reduce to a very small
val ue of the order of 0.005 Gau552 [Rigginet al., 1972; Tanabe et al.,
1991; Ishlda et al., 1985,1989; Furukawa et al., 1990; Sasaki et al.,

1989]. But, in the present case the M, value remains at 1 (Eauss2 and

207



this does not support the possibility of self-diffusion. The other
possibility seens to be that there is a cross relaxation of the proton
nuclear levels via the Chlorine NQR levels, in this conpound. The NR
freguencies of the Cl nuclei in A3M2x9 conpounds are expected to be in
the range of 8 Mt [Ishihara et al.» 1992]. In fact, such a simlar
situation is observed in the case of tetranethylammoni um conpounds,
where the proton nuclear levels are observed to undergo cross-rel axation
via the Bronine and lodine NQR levels, showing a sinlar anomalous

frequency dependence of T on the Larmor frequency [Sato et al., 1986].

The presence of very fast notion suggested by the second nonent
values inplies that the conventional relaxation mechanism through the
nodul ation of the dipole-dipole interaction between protons is very
inefficient and perhaps this is reflected in the higher values of T ,
which are of the order of seconds in this tenperature region, conpared
to much snaller values of T observed for other ammnium conpounds
[Sasaki et al., 1989; Chihara et al., 1990; Koksal, 1984]. This fast
motion of the cation may also be responsible for causing a maxi num in
the relaxation tine due to the spin-rotation interaction [Venu et al.,
1985, 1987; Koksal et al., 1978; Ikeda et al., 1973]. The activation
energy computed for the possible isotropic notion of the NH cation
fromthe T values below 125K is 5.5+0.5 kJ/mole. The snall value of M
i.e. 1.0+0.1 Gauss , 1indicates an increase in the inter amonium
distance to 3.9 A which is consistent with the activation energy quoted

above [ Qutowsky et al., 1954, Venu et al., 1986].
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RESULTS

In conparison to AMCB, AMBB shows an entirely different behaviour
as far as the T data are concerned. T. data bel ow 250 K show a single
mninum at both the Larmor frequencies, i.e., 8 and 39.6 Miz as it is
observed in many other ammoni um compounds [Koksal, 1984; Chihara et al.,
1990; Venu et al., 1986] and there is clear change in the slope of T.
vs 1/T curve above 250K (Fig.C-5.2). The value of the activation energy
calculated from data above 250K 1is 7.0+0.5 kJ/mole. The tenperature
dependence of M is shown in Flg.(G5.3) and it is seen that the MZ

2
value remains at a constant value of 2.5$0.3 Gauss from about 420K to
140K. At 77K, ”ahas reached a val ue of 45 Gauss®.

DI SCUSSI ON

The perceptibl e change observed in the slope of T. vs 1/T curve may
indicate the presence of a structural phase transition in this conpound
around 250K. Such a discontinuity in the T data has been observed to be
associated with structural phase transitions in other anmoni um conpounds
also [Venu et al., 1986; Wessner et al., 1967, OReilly et al., 1967,
Sasaki et.al., 1989]. However there was no change observed in the val ue
of M. around the transition tenperature, unlike sone other ammonium

compounds, [Qutowsky et al., 1954; Venu et al., 1986].
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The Model

The T data in ammonium conpounds is analyzed using OReilly's
nodel for the isotropic reorientation of ammnium ions, where the

spin-lattice relaxation rate is given by [OReilly et al., 1967],

-1 T, & 4T
(C-5.1) T1 =C o 5
1 +w ‘rc 1+4uwT
wher e, C is the appropriate relaxation constant given by

(9/10)(r h/r ), where r is the interproton distance within the ammoni um

group. FromBPP fornula, the general expression for T. is given by
(C-5.2) T1_1 - g #'h? 1) (L V) + J”‘Z’(zu) ]
1#)

where, J(w) is given by the expression

w

(C-5.3) Jw) = [ G(t) expl-iwt) dt
-m
and G(t) is given by

(G5. 4) G(T) = <F(t) F (t+1)>

The lattice functions of the dipolar interaction in this case is given

by

(1 _ -3 .
(C-5.59) F, =T sin® cost exp(-i¢ )
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(C-5.5b) F“:m - sinzﬂlk exp(-2i¢ )

where r is the distance between any two protons in the NH. tetrahedron.
In NH there are six proton pairs and the reorientational process can
be thought of as a given pair of protons noving from one configuration
to the other. It can be seen that, any given proton pair has a
probability [(1/6)+(5/6) exp[—r/rc)] to remain in its initial
configuration and and a probability [(1/6)-(1/6) exp(-x/x )] of being in
one of the remaining five orientations at time . If at time t, a given
proton pair ij is in the initial configuration, then at tine (t+x), one
can wite the followi ng expressions for the lattice functions [OReilly
et al., 1967]

2
6

11
exp ( T/'l'c)] Fop# v Fik [E = = exp( 1:/1:[)]
1k#1 )

and the average given in egn.(C5.4) can be expressed as

(C-5.7) <F, (L)F, (t+1)> = [L + 2 exp (-t/1 )] IF, % +
ij ij 6 6 c ij
Yy, F..F ' e exp(-t/1_)]
ij ik & & C
Ik#*S§

After averaging over the initial positions, this expression can be

suitably nodified to

- l - z -
(C-5.8) <F1J.lt)FU(t+r)> - [exp( T/tcl] (5 ¢ IFUI

i)

¥ £ F _F_)

1) 1)#Ik £) 1%
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This expression is to be substituted into egqn. (C5.4) from which
egn. (CG5.1) for a polycrystalline sanple can be derived. The expected
mni mum value for the the isotropic nmotion at 8 Mz varies from 1.85 ms
to 1.07 nms for a variation of the interproton distance from 1.73 A to
1.58 A The nminimnumvalue at 8 Mz for AMBB is 1.65 ns and it scales as
the ratio of the Larmor frequency (at 39.6 Miz it is 8.2 ms). These
mninma are well wthin the extreme values quoted above and thus the
above given nodel adequately explains the T data. This also indicates
that there are no inequival ences anong the ammonium ions and all are
reorienting with a single correlation tine T [OReilly et al., 1967].
From the values of the mnina given above for AMBB, the interproton
distance can be <calculated to be (1.68+0.001) A wunits and by
substituting this value, the corresponding relaxation constant is
calculated to be 2.25e10 s . This value is used in egn.(C5.1) and the
nodel is fitted to the data by the least squares nethod, and the nost

probabl e val ues of Ea and T, are conputed to be, 17.5%0.5 kJ/mole and

(7.520.5)e-15s.

The MZ value of 2.5 Gauss2 indicates fast isotropic reorientation
of the ammonium ion [Qutowsky et al., 1954]. From the value of the
interproton distance given above, the rigid lattice linmt value of Mz

from the intra-ammonium interaction can be conputed from Van Meck'S

2
formula to be around 55 Gauss [Venu et al.; 1986, Qutowsky et al.,
2
1954] . The value of 45 Gauss observed at 77K shows that, this notion is

reaching rigid lattice limt by this tenperature though not conpletely
in that limt. |In fact, the correlation time conputed from the above

given notional paranmeters indicated the sane scenario.
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(AH) Bi €Cl (AMB) and (NH) Bi Br9 (AMBB) along with their
Antinmony counterparts make interesting conparison. In the case of the
Chlorine analogue of AMB ((NH4) Sb2C19 (AMCA)) and the Bronine
anal ogue of AMBB ( (NH ) Sb,Brg (AMBA)), the T data show a sinilar
behavi our as observed in AMIB. There are no ninima observed in these
compounds and T values are higher in these conpounds also, i.e., of the
order of few seconds. It is interesting to note that while the T val ues
in AMCA are smaller at 8 Mz conpared to those at other Larmor
frequencies indicating the possibility of cross-relaxation as in the
case of AMCB, in AMBA the T values are smaller at 40 Mz conpared to
the correspondi ng values at other frequencies which are even lower than
40 MHz [Jagadeesh, 1994]. This also points to the possibility that there
is perhaps a cross-relaxation of the proton levels, with the NQR |evels
of the Bromne nuclei. There is a naxinum like structure wth
tenperature in these tw conpounds too, but in the case of AMCA the
frequency dispersion continues even to tenperatures nuch below this
value in contrast to AMCB, where the T data at 8 and 5 M#z nerge around
230K in a nore or less discontinuous way. |If a structural phase
transition were to be present around this tenperature, it may cause a
change in the dynamic environment of the ammoni umion, thereby causing a
junp in its correlation tine, bringing it into the region where the
conventional relaxation mechanism nay also beconme effective, resulting
inaregion of T wthout any frequency dispersion provided wt << 1 in
this region. So far, we could observe a trend anong the other A M.X

conpounds, nanely substitution of the bulkier Bismuth ion seenms to have

increased the anount of disorder in the system and has brought down the
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phase transition tenperatures. There has been indications that, Bi

replacing Sb, as far as other conpounds are concerned, has observably
increased the freedom of reorientation of the cation also as can be seen
fromthe formation of even isotropic mnima in the case of TMA and DVA
cations, within a lower tenperature region. But the situation seens to
be somewhat different in the case of anmonium conpounds, where as we
nove from AMCA toward AMBB the dynamics of the cations have becone
perceptibly slow In the case of AMCA we do not see any mininum and the
T data have not gone into the dispersionless region within the observed
tenperature range. In the case of AMBA the hindrance seens to have
increased a bit where we see a nornmal variation of T as in the case of

the limt wt <<l within the observed range of tenperature, and in the
case of AMCB though there is no formation of minima yet, the data start

showing a dispersionless region at a higher tenperature conpared to the
other two Sb conpounds. Finally, the dynamcs seens to have slowed down
considerably in the case of AMBB as we are able to see a nornal nini mum
in T within the observed range of tenperature and the M data also
lends support to this possibility. This is an interesting and
contrasting behaviour in conparison with the other conpounds of the

AM X famly.
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SECTION C

PART 6

RESO\IAN(EI(:_ C@'}E ﬁEL}@;AH igg IS;;[)JDI ES ON

So far, we have seen the results of proton spin lattice relaxation
time (T ) as well as the second noment (M) investigations on a famly of
A M_X conpounds. In the vicinity of the structural phase transitions
observed in these compounds, the dynamcs of the cations are considerably
affected. It is also seen that, the type of cation seens to have a strong
influence on the structure of anion and as a consequence the overall
structure of the conpound. Wereas in the case of tetrahedrally symetric
cations like tetramethylammonium, the anions tend to exist in isolated
and discrete nolecular structures |like the confacial bioctahedral
structures, in the case of the less symetric cations like
trimethylammonium and di nmet hyl ammoni um the conmpound tend to form | ayered
structures, the layers arising due to the the vertex sharing octahedra

formed by the Wb anions, which form corrugated rings of hexagonal

symetry. From its structure, methylammonium cation does not seem to be
as asymmetric as trimethyl and dimethylammonium ions are and it can form
one di mensi onal linear chain by the sharing of vertices. These
observations indicate that the cationic structure plays an inportant role
in deternmining the overall structure of the conpound pointing out to the
possibility that such an influence nay lead to sone very new type of
anionic structures. Compounds with conplex anionic structures are not
uncommon and had been synthesized especially with Sb and Bi. Conpounds of

hydrazine with conplex anionic structures as Sb?Br -, Sb Br and
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Bi_Br, .10H,0, Bi_ I,,.6H,0 and Bi . I .. 10H O have been observed quite
Kl " E RIS 4 1. <

early [Pugh, 1954] and nore recently, sonme other unusual anionic

structures like, Sb.I 4 g1

- c1
2log 6122 and 814 18 were also recorded

[Pohl et al., 1988a, 1988b; Aurivillius et.al., 1978 Jakubas et al.,
1990] .

This tendency of the Bismuth salts to group into large clusters
leads to conplex anionic structures, and, of course, the type of cation
also is equally inportant in deternining the particular kind of
stoichiometry we get for the anion [Landers et al., 1980]. It has been
observed that despite the the variety of anionic structures observed so
far and their conplexity, nost of these compounds differ little in their
skeletal structure and the difference is mainly in terns of the nunber of
hal ogen bridges and the nunber of ternminal hal ogens present, as well as
the different bond |engths. Unlike in the case of A M.X group of

compounds where there is only vertex sharing or face sharing of M,
6

octahedra, in these conplex structures edge sharing is also present
[Aurivillius et al., 1978]. Structural analysis in these kind of
conpounds reveal that the presence of 6s lone pair of electron plays a
role in determning the kind of bonding anong the Bisnuth and the hal ogen
atons, and in these conpounds, generally, Bisnuth seens to have a
tendency to attain six coordination. Though the reason behind the nature
of Sb and Bi to form such conplex anionic structures w th hal ogen atons
is not apparent, it is noted that netal conplexes with larger structures
are nornmally stabilized by large counter ions, preferably ions of the
sane but opposite charge [Martinsen et al., 1977; Basolo, 1968].
[(C,H.),N]_ Bi_,Cl,., (TEACB) is one such unique compound with a hitherto
¢ 24 o s JO

unobserved anionic group, nanely Bi,Cl , wth the huge structure
s JO
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stabilized by six of the tetraethyl ammoni um counter ions. Interestingly,
the ethylammonium groups are found to formmuch sinpler salts also, like
(CZHSIQMX (X = Cl, Br and 1) [(C2H5)4N]2 N1C14. [(C2H5)4Nl2 CoC14.
[Koksal, 1979; Stucky et al., 1967], and especially many conpounds forned

with Bi are observed, nanely, (CZHSNH3) 81C14, [(CZHS)ZNHZ)] BiC14,

(CZ’HSNH‘J)?JBlCl gand  [(C,Hy IpNE, 3148 0, o [(CoHe ) NH,) 1, BiBrog  [Landers
et al., 1980; Lazarini, 1985,61987; Blazic et al., 1985]. A few of the
conpounds belonging to the M.X group are also synthesized, nanely,

|(C2HS)?NH2]3 Bi.Br . [C.H).

2Brg Mgl Nyl B

'1219. f(C2H5}4N]3 Bizﬁrg.

[(CZHS)AN]:;szBr‘) [Lazarini, 1985; Zaleski et al., 1989]. As can be seen
from these exanples, it is not necessary that in all the compounds where
n-ethylammonium cations are present they stabilize only large or conplex
anionic structures. In fact, the variety of conpounds which are forned by
varying the size of the cation with the ethylammonium group in different
sizes like the mono, di or tetraethyl anmonium shows how the formation of
different anionic structures sensitively depend on the type of cation, a
point which we have nentioned already [Lazarini, 1985]. Apart from the
size and shape of the cation, it is observed that the concentration of
the parent species in solution as well as the normality or concentration
of the solvent nedium which is used to grow these crystals, also play
inmportant roles in determning the kind of structures we will ultimately
end up with [Pugh, 1954; Landers et al., 1980; Lazarini, 1985]. Perhaps,
this explains in part, the formation of seemingly very different
conpounds |ike TEACB and KC H_),N], B Br , from nore or less sane
parent conpounds. But the structural and other investigations of these
kind of conpl exes have reveal ed the underlying commonalty of the skel etal

structure of these compounds, though these conmpounds appear to be very

different as observed from their chemcal formulae. These conpl exes are
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constructed with octahedral conpl exes, by sharing the vertex, edge or the
face, and the difference from one conpound to the other seens to
originate nainly from the total nunber of octahedra which coordinate to
form the final anion structure. Thus, this may also be pointed as a
possible reason for the formation of different kinds of conpounds from
the same parent conpounds, depending only on the variation of the ratio
of the abundance of parent conpounds and the normality of the solvent
nedium Thus, it was thought worthwhile to study as a contrasting case

the possible dynamics in the new compound [(C.H.).N], Bi,Cl,, (TEACB)

¢ >4 b o sU
using proton nagnetic relaxation studies.

Gpecific details

[ (CZHS }4H]6 BISC]‘BO (TEACB)

'I‘1 data :

Larmor frequencies of : 39.8, 20 and 10 Mz
observation

Tenperature range : 430K to 77
Hz data

Tenperature range : 380K - 77K
Variation of T with 1/T in TEACB : Fig.(C6.1)

Mz variation as a function of tenperature in TEACB : Fig.(C6.2)

ptimzed notional paraneters : Table (C-6.1)
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RESULTS

TEACB was grown by the slow evaporation technique from a
stoichionetric mxture of the parent conmpounds tetraethyl amoni um
chloride (TEA)Cl and BiCl in the suitable acid medium, HCL. The dried
polycrystalline sanple was sealed under 10 torr vacuumin 6 nmand 8 nm
glass anpoules for T and M, neasurenments respectively. The error in T
and M. data are 5% and 10% respectively. The variation of T as a
function of tenperature at 10, 20 and 39.8 MHz is provided in Fig.(C6.1)
and the M variation as a function of tenperature is shown in

Fig. (G6.2).

T. data show clear fornmation of nminina at all the three frequencies.
The data below 250 K start decreasing with decreasing tenperature, and
below 140K the data show a wide plateau like region wth mininal

variation of T wth tenperature. M. value is constant around O0.6+0.1

Gauss from 350 K till 250K and it tends to increase around 240K and
reaching a value of 2.5 CGauss approxinmately. It further increases
2

snoothly to a value of 15 Gauss around 180 K, and remains at that val ue
till 77 K.

DI SCUSSI ON

X-ray studies on TEACB have shown these crystals to be monoclinic,
bel onging to the space group C/mwth Z=2 [Zaleski et al., 1989] at room
tenperature. There are three independent TEA cations in the structure
which lie in the symmretry plane. The anions consist of eight edge-sharing
Bi O . octahedra. The overall structure of the 818C1 anion is shown in

6 30
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Fig.(C6.3). There are three kinds of Bisnuth atons in the anion, given
by : Bi(l) which has three bridging and three termnal hal ogen atons;
Bi (2) which consists of six bridging hal ogen atons; and Bi(3) which has
four bridging and two termnal halogen atons. This situation is to be
contrasted with the case of A M.X conpounds, where only vertex or face
sharing is present, or even sinpler structures like MX. or MK, and in
these cases only one kind of netal atomis present in the overall anion
structure, each one being surrounded by a given nunber of termnal and
bridging atons. For instance, in the case of the one dinensional pleated
ri bbon chain of tris(methylammonium) nonachloro diantimonate (MACA), each
netal atom is surrounded by three termnal chlorines and three bridging
chlorines [Jakubas et al., 1986, 1990], and in the case of 2-Picolinium
tetrahalobismuthate salts, each bismuth atom is surrounded by two
termnal hal ogen atonms and four bridgi ng hal ogen atons [Robertson et al.,
1967]. Same can be said about MXs groups also. In a given unit cell of

TEACB, one Bi Cl ., anion is situated at the center and four nore anions
o SV

are partially pointing into the unit cell, to give a total occupancy of
Z=2. Fig.(G6.4) shows a view of the unit cell with the ellipsoids
representing the cations placed in the cavities formed by the anions.
There is sufficient freedom available in the voids for the cations to
exhibit reorientation. Nevertheless, the TEA cations are placed in the
cavities close to each other that one can expect their notion to be
correlated also [Zaleski et al., 19891]. Electric permttivity
neasurenments on TEACB has revealed two close lying anomalies at 240.7K
and 241.2K on the cooling run, and on the heating run only one anonaly at
243.8K is observed, which is indicative of hysteresis present in the
conpound. DSC studies on the compound reveal ed one reversible anonaly at

242K on cooling, confirmng a first order phase transition in this
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conpound [Zaleski et al., 1989].

The proton T and M data of TEA cations in solids are nornally
analyzed in terns of tw types of dynamic processes of the TEA group,
nanely, the three fold reorientations of the methyl groups and isotropic
tunbling of the TEA cation as a whole [Koksal, 1979; Reynhardt et al.,
1981]. It has been found that if both the nethyl group dynam cs and TEA
dynamics are in the rigid lattice limt, the second noment is expected to
be around 33 Gauss . |If the TEA group dynamcs alone has frozen but the
nethyl group dynamics is active for NWR purposes, then we shoul d expect a
val ue of about 15 Gauss2 as the second norent value [Reynhardt et al.,
1981]. Aong with the C reorientation of the nethyl group, if TEA
cations are exhibiting isotropic tunbling then we expect to get a low
second nonent of 0.6 Gauss . |If we conpare these values with the M.
variation of TEACB as a function of tenperature (Fig.C6.2), it is
observed that TEA cations are undergoing isotropic tunbling from 350K to

260K. But around the phase transition tenperature (241K), M first

2
discontinuously junps to 2.5 Gauss and from there on snoothly increases

2 - ) . .
to 151 Gauss by 77K indicating that the TEA group dynamics is affected

around the phase transition tenperature.

From the analysis of M data given above, it appears that the bul ky
TEA cation undergoes isotropic tunbling above 240K and the mnimumin T ,
above 240K therefore, is to be attributed to the isotropic tunbling of
the cation. In fact, in conpounds having the TEA groups the isotropic
tunbling of the cation forms a T mnimm follow ng which ninimmdue to
the nethyl group reorientations is observed [Koksal, 1979]. It is to be

noted that TEA cation also has the tetrahedral symetry as the
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tetramethyl cations, and therefore to analyze the current T data
quantitatively the spin-lattice relaxation rate derived for the case of

the TEMA [Abert et al., 1972] can be suitably nodified for the

tetrahedral ly synmetric TEA cation [Rajan et al., 1993] as
.
(C-6.1) I1 = A p,[w.rca) + B g(w,tmj
where,
1 =1 =1
4 = T

Here, T is the correlation tine for the reorientations of the methyl
groups, and t is the correlation time for the isotropic tunbling of the

TEA cation. glw,t ) is given by the equation

T 4T
c c
+

(G6.2) glw, Tr] 2. 2 2.2
1 +w T 1 + 4w T,

The rel axation constants A and B are given by

¢ q. 2
(C-6.3a) A = "‘3-51_
20 T
4,2
- . o A 9 ] T h
(C-6.3b) B=-— + 5 [ﬁ -

Here, r is of course the inter proton distance within a nethyl group, and
re is the distance between the centers of the ethyl groups. The factor 5
is included to take into account the presence of 5 protons within an
ethyl group. The values of r and r, were deternined using the dinmensions

of TEA group provided by Reynhardt et.al., [1981], i.e. NGC angle =
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125° and N-C distance = 2.4 A These values are : r = 1.78 Aand r, =
4.42 A The relaxation constants are then conputed to be 8.05e€9 s and
3.13e¢9 s for A and B, respectively. Though this is a sonewhat
sinplified nodel for the conplex TEA ion, this is found to account for
the data adequately (as is discussed later). A nore detailed nodel is not

avail able for further analysis.

Normal |y, the bulky TEA cation exhibits motions which are much
slower conpared to those of the nethyl group at any given tenperature.
Thus the value of T mnina expected for the isotropic notion of TEA
cation can be conputed by assunming that : (i) the nethyl group dynami cs
is much faster than the TEA dynamcs in the tenperature range where TEA
group dynamcs is expected to lead to a T nininum (and thus T is
negligible conpared to T ); and (ii) substituting the condition wt =
0.616 in eqn.(C-6.1). This leads to an expression for the TEA T m ni num

as

o ¥ o . 1.4252
; Imin TEA - w

(C-6.4)

Sinlarly, the expected mninmmvalue due to the C reorientation of the
nethyl groups can be conputed by assunming that the correlation time
corresponding to TEA dynamics is far different fromthat of nethyl group
around the tenperature where nethyl group dynamcs leads to a T mninum
Thus, T. due to the nethyl group dynanmics is given by

Imin

(C-6.5) (r,”") = A
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Substituting the values of the relaxation constants in egns.(C6.4) and
(C-6.5), we can conpute the expected T. ninina val ues due to nethyl group
reorientation and isotropic notion of TEA cation to be 5.5. ms and 13 ms,
respectively, at 10 MHz. Conparing these values with the mnima observed
experinentally, it is observed that the first mnimm agrees quite well
with the expected ninima values for isotropic reorientation of the TEA
cation at all the frequencies. But if we observe the plateau region, the
lowest value of T in this range is much higher than that of what is
expected for a T mnimumdue to the nethyl group dynam cs. Such shallow
regions of T whose values are much higher than those expected for well
resolved minima due to methyl groups are encountered in the case of other
conpounds al so. Such plateau regions are due to adjacently lying mnim
due to dynanically inequivalent nethyl groups [Ishida et al., 1984, 1989;
Venu et al., 1987; Furukawa et al., 1989; Ishida et al., 1984]. It has
been shown from crystal structure studies in TEACB at room tenperature
that the cation is disordered, and the structural inequivalence present
may be causing the methyl groups to be dynamcally inequivalent in this
conpound. Looking at the T. data, it is clear that there is a wde
distribution of correlation times of the nethyl groups and there may be
more than two methyl groups forming the T. ninima in this tenperature
range to give such a flat region in T [lIshida et al., 1989; Venu et al.,
1987]. Incorporating the dynanmic inequivalence anong the nethyl group,

the formula for T can be witten as

=i
(G6.6) T = x"A g(w,t%%) + y*A g[w,rig) s

&

z
.
+ n"A g[u,tcz) + Bg(w.t“)
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Here, the T -S with the superscript A B, C and so on refer to the
correlation times for the C reorientation of the different dynamcally
inequivalent nethyl groups present in the conpound and x, y, ... are the
correspondi ng inequival ence factors. Attenpt was made to fit eqgn. (G 6.6)
to the observed data, and it is found that the presence of at |east four
i nequivalent nethyl groups is called for to sinulate the experinental
data, within the observed range of tenperature. From the trend of the
tenperature dependence of T , it is possible that there are nore
i nequi val ent nethyl groups formng mnina down at |ower tenperatures. The
i nequi val ence factors of the four nethyl groups are : 0.2, 0.05 0.1 and
0.1. Wth these values, eqn.(G6.6) was fitted to the data and the nodel
was fitting to the data in the entire region well except that, around
240K, there was a systematic deviation of the fitted curve from the
observed T values at all the three frequencies. This seens to be due to
the presence of the structural phase transition around 241K. There is
perhaps a discontinuous change in the correlation time of the isotropic
notion of the TEA cation at this tenperature causing the observed

deviation of T from the expected trend. Thus, the data in the high

tenperature region, i.e. 400K to 250K was fitted to a sinple nodel given
by
(C-6.7) T,”! = B glw,t_)

' 1 B0 T

which takes into account only the isotropic tunbling of the TEA cation.
The data bel ow 240K were fitted to the nodel which includes the presence
of four inequivalent nethyl groups in this region. It was difficult to
fix the notional paraneters corresponding to the isotropic notion of the

TEA cation with considerable reliability fromthe |ow tenperature region,
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as the contribution to the spin lattice relaxation rate in this region
is expected to be predominantly from the nethyl groups only.Thus the TEA
parameters determined in the low tenperature are expected to have
relatively large error. The nost probable values of the dynamc
paranmeters for the TEA group notion above and bel ow the phase transition
as well as the notional paraneters for the four CH. groups are presented
in Table (C-6.1). The activation energies of the methyl groups are in
around 6.0+0.5 kJ/mole indicating the relative freedom they have in this
compound, which can be contrasted with the large values found for CH
group notion in conpounds |ike TEMACB. The trend of T data further shows
that, the mnima corresponding to the remaining nethyl groups nay form

bel ow 77K.

Proton relaxation data provides the followi ng information about the
dynamics of TEA in TEACB. The signature of the phase transition at 241K
is observed on both T and M data. Analysis of T data shows that, TEA
cations undergo isotropic tunbling in the high tenperature phase. There
is stepwise freezing of M and by 77K, the dynam cs of the TEA group have
reached rigid lattice limt but the nethyl groups have not. In the |ow
tenperature phase, there is a wde distribution of Ts of the methyl
groups and mninma corresponding to sone of the nethyl groups are
occurring possibly below 77K. The dynamc features observed are

consistent with the expected disorder from structural considerations.
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TABLE (C-6.1)

Symmetric group 0 a
(s) (kJ/mole)

TEA group
(a) high temp.phase (1.3 + 0.5)E-13 14.0 + 2.0
(b) low temp. phase (1.0 £ 1.0)E-11 8.0 = 2.0
(CH\T)A (4.0 £ 1.0 )E13 6.0 £ 1.0
(CH,)y (7.0 £+ 1.0)E14 7.0 £ 2.0
(CHa)C (3.0 £+ 1.0)E-12 4.0 + 2.0
(CH3}D (5.0 £+ 1.0)e-13 50 + 2.0

OPTIMIZED DYNAMIC PARAMETERS FOR THE COMPOUND
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SECTION C
PART 7

CONCLUSI ONS

In the previous sections the results of proton T and M
neasurements on tris(alkylammonium) nonahal ogeno dibismuthates, nade as a
function of tenperature and Larmor frequency, were presented and the data
were analyzed with the relevant nolecular nodel for each conpound. |In
this section we attenpt to correlate the outcone of such anal yses, by
conparing the details of cation dynamcs in conpounds within this famly

as well as in their Antinony substituted counterparts.

The detailed study of Bismuth conpounds shows that isotropic
reorientations of the cations take place readily in the case of [(CH.).
NI Bi?Clq and t(CH ) N} B Br where the tetramethylammonium group has
tetrahedral synmmetry and there is no preferred axis of rotation for these
groups. But in [{Cl~I3J3N}«I]3B'12C19 and [(CH) NH ] B12C19 whi ch have |ess
symmetric cations, there are preferred axes of reorientation and the
isotropic reorientations thus take place only at higher tenperatures. In
fact, the signature of isotropic reorientations for such asynmmetric
groups are expected to be seen at tenperatures higher than the typical
range of present work (= 400K to 77K) In the present systens, however,
the effect of such isotropic reorientations are observed well within this
tenperature range. In [(CH ).NH ], BiZCl9 the signature of thesotropic
reorientation on T data is observed (T minima) but the analysis of data
shows that the potential barrier to be overcome for such a nmotion is of
the order of 30 kJ/mole, which is nuch higher than the corresponding

values for the tetranethyl anmonium conpounds [ (CH ) N]3 B'12C19 and
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[(CH3)4N]3BiZBr9 ( 10 and 8 kJ/mole respectively). On the other hand, in
(NH4)3 BiZCl9 and (NH ) Bi,Bry whichcontain tetrahedrally symetric

NH cations sinmlar to the tetramethylammonium cations, isotropic notion
is observed with an activation energy for this dynamcs being only about

7 kd/mole as shown by their T and M data, though there is no
possibility of any internal dynamcs for these cations. Even in (CH.NH.).
Bi Cl. in which the methylammonium cation has two symmetric axes of

rotation in principle (one along the GN axis and another perpendicul ar

to the GN axis), the cations undergo isotropic reorientations. But the
hindrance to the isotropic reorientation seems to increase as the cation
becomes less and less symmetric in these conpounds. For instance, the
activation energy for isotropic reorientations in these conmpounds are
given by : l(CH3)4N]3 Bi,Cly - 13.5 kJ/ nol e, [(CH3)4N]3BiZBr9- 14.5 -
kJ/ mol e, [(CH3J2NH2]3 BizCI9 n 34 kJ/mole, (NH4)3 B12C19 and (NH4)3
Bi28r9 - s 7 kd/mole and these values are calculated in the phase above
the high tenperature transition observed in these conpounds. The nature
of T data in the high tenperature phase of [(CH ) NH] Bi Cl and
(CH NH ) Bi,Cl does not allow one to calculate the corresponding E in
these conpounds, neverthel ess the val ues quoted above show the trend of
progressive increase in the hindrance to the isotropic reorientation of
the cations as we nove towards asymretric groups. Further, as we approach
the anmoni um substituted conpounds the cations feel |esser hindrance as
they preserve the tetrahedral synmetry as the TEVA cations. At |ower
tenperatures the asymmetric groups undergo |ower order dynamcs also |ike
threefold reorientations as observed in the case of (CH NH.). Bi?C1 and
[(CH ) NH] 31?C1 and twofold reorientations in the case of
[(CH) NH) Bi.Cl as these groups have a preferred axis of

reorientation. There is a large degree of structural disorder in the
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Bi smuth substituted compounds which is reflected in the considerable

anount of dynamic inequival ence anong the nethyl groups and the cations

themselves.

It is worthwhile to look at the features of cation dynamcs in the
Antinony substituted conpounds of this fanily in the light of the above
observations. T mnima corresponding to the isotropic reorientation of
the cations are observed only in the case of TEMA conpounds of this
famly and in the case of TMA and DVA substituted conpounds the
corresponding mnima are seen to occur only at nuch higher tenperatures.
But, as in the case of the Bisnmuth analogues, the hindrance to the
isotropic reorientation of the cations increases progressively as we nove
towards less symmetric cations. The calculated activation energies for
the isotropic reorientation in the case of the Antinony substituted
conpounds in the high tenperature phase are given by : [(CH,),N] Sb Clg
- 7.5 kJ/mole, [(CHj),N],Sb Bry - 7 kJ/mole, [(CH;) NH], Sb,Cly - 9.0
kJ/mole and [(CH ) NH ) Sb,Cly " 27.%J/nole. The increased anount of
structural inequival ence caused by the substitution of the Bismuth atom
is seen in the case of [(CH ) NH] Bi2C19 conpared to [(CHB)BNH]3Sb2C19.
In the case of [(CH.) NH]. Sb.Cl both the trimethylammonium cation as
well as the methyl groups have dynanic inequivalence in the ratio 1:2,
while in [(CH.).NH}. Bi Clqtrimethyl anmoni um cations are inequivalent in
the ratio 1:1:4 and methyl groups are inequivalent in the ratio 1:1:2:2.
Further, substitution of Bisnuth has also increased the freedom of
reorientation for at least some of the cations, as a consequence of the
increased anount structural disorder in Bisnuth conmpounds. This can be
seen from the fact that the signature of the mininum and correspondi ng

frequency dispersion, due to isotropic reorientation in [(Cl-l:,)3NH13
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Bi Cl is observed between 300K and 400K as seen from T data. On the
other hand, in [(CH ) NH] SbCl the T data suggest the presence of
such a mnimum due to isotropic reorientation to be at much higher
tenperatures. A simlar observation can be nade in the case of
[(CH) NH.] Bi Cl where we see the formation of a nininum due to
isotropic reorientation of the <cation at about 400K, while in

[(CH,)_NH,] Sb Cl9

37203 2 this mninum seens to form at nmuch higher

tenperatures only.

Al the Bismuth substituted conpounds exhibit at least one
structural phase transition and, barring (CHNH ) Bi ClL , t hese
transitions are at or bel ow roomtenperature (=300K). T and M. data show
the signature of these transitions and in some cases like [ (CH ) NJ
B12C19 and [(CH3)4N]3BiZBr9. perceptible discontinuities are found in T,
data. Analysis of T data in these conpounds shows that across such
transitions the corresponding dynamcs of the cations have becone nore
hindered. The T data further show the possibility of additional
structural phase transitions at nuch lower tenperatures (in the vicinity
of 100K) in nost of these conpounds, unlike the case wth Antinony
substituted conpounds of this famly. In fact, in a conparable
tenperature range of observation all the Antinony conpounds show the
presence of only one structural phase transition. Table (G7.2) gives a

list of observed structural phase transitions in both Bismuth and

Antinony substituted conpounds of this famly.

Table (C-7.1) contains the list of the dynamc paraneters (E, T )
a (o]

for the four tetramethylammonium conpounds i.e. [(CH ) N]3 Bi.Cl ,

Clg and [(CH3)4N]3 Sb,Br,. In the

[(CH3)4N]3 Bi_Brg,. [(CH3)4N]3 Sb ,Brg

279 2
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TABLE C - 7.1

COMPOUND DYNAM C PARAMETERS

SYM  GROWP PHASE-1 PHASE-11
Ea (kJ/m) T Ea (kJ/m) L0

TENVACA TEVA 7.5 4. 4E-12 12.6 2.5E-13
CH3 - A 15.9 1.7E - 14
CH3 - B 9.2 1.5E -13
CH3 - C 6.9 1.2E - 14

TENVABA TENVA 6.7 4.3E - 12 18.0 5.4E - 15
CH - A 20.0 3.4E - 16
CH:3 - B 10.0 1.7E - 13
CH3 - C 7.1 9.1E - 14

TENVACB TENVA 10.0 7.3E -13 13.5 5.9 - 14
CH - A 35.0 8.9E - 22
CH - B 2.0 3.2E - 9
CH - C 8.0 1.6E - 13
CH - D 21.0 6.0E - 24

TEMABB TEMA 7.0 2.5E - 12 14.5 8.0E - 14
CH3 - A 16.0 3.5E - 16
CH3 - B 9.0 4.5E - 13
CH - C 16.5 1.0E - 15

DYNAMIC PARAMETERS FOR THE FOUR TETRAMETHYLAMMONIUM
COMPOUNDS



Antinony conpounds, [ (CH ) NI Sb,Cly and [(CH;) NI, Sb,Brg transitions
at 223K and 189K were detected with proton magnetic resonance. In the

related Bismuth conpounds ((CH3)4 N], Bi,Cl, and [((:}{3)4N]3 Bi_Br

3 2779 29
transitions are seen from the present studies at 151K and 183K
respectively. Further, possibilities of additional low tenperature
transitions were also detected at about 90K and 120K in these systens,
respectively. From table (C-7.1), it is seen that substitution of Br in
place of Cl has increased the freedom of reorientation for the TEMA
cation for both Sb and B substituted conpounds, and this is observed to
be true both above and below the transition tenperature. |In contrast,
when we conpare [(CH) Nl SbCcl and [ (CH) N] B Cl where the netal
atom is changed from Sb to B and the halogen is O, the reorientational
freedom has decreased above the phase transition, as indicated by the
increase of E from7.5 kJ/mole to 10.2 kJ/mole. Simlarly, if we conpare
these val ues between [(CH ) N] Sb Br and {(CH) NI B Br there is an
increase in the activation energy from6.7 kJ/mole to 8.0 kJ/nole, which
also points to the increase in the hindrance of the cation when we

substitute the heavier Bi atomin place of Sh.

Table (G7.2) gives the relevant crystal structure data and
percentage increase in the volume, nolecular weight and density within a
unit cell when the halogen atom is replaced fromd to Br and when the
netal atom is changed from Sb to Bi, for all the four tetramethyl
conpounds. Wen the hal ogen atom is changed fromd to Br, the unit cell
vol ume of Sb conpounds increases by 7.25% and the corresponding increase
in case of Bl compounds is 7.54%. On the other hand, when we substitute
Bi in place of Sb with d as the halogen atom the percentage increase in

this volume is a small 1.2% Simlarly, for the conpounds with Br as the
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TABLE C - 7.2

COMPOUND X - TAL STR DATA cl » Br Sb + Bi Sb -+ Bi
(cl) (Br)
F&J/mmc sp.gr; Z =2 %p bA'S %p FA'S %p A"
TEMACA a=0.925nm p=1.6 .
c=2.173nm V=1.61nm 19.2 1.2
29.2 7.25
TEMABA a=0.9499 p=2.261
b=2.223nm V=1.736nm
TEMACB a=0.9265nm p=1.98
c=2.193 V=1.6303 10.7 1.5
21.7 T.54
TEMABB a=0.9521 p=2.53
c=2.246nm V=1.7632

CRYSTAL STRUCTURE DATA ON THE TETRAMETHYLAMMONIUM
COMPOUNDS SHOWING THE PERCENTAGE CHANGE IN VOLUME AND
DENSITY OF UNIT CELL



hal ogen atom the percentage increase in the volune is 1554 Wereas
there is a perceptible increase in the unit cell volunme with the change
in the halogen atom indicating increased freedom for the cation
reorientation when the netal atom is changed, the change in unit cell

volume is very small, indicating in turn an increased hindrance for the

cation reorientation.

In the case of all these four tetramethyl ammoni um compounds, both
above and bel ow the phase transition tenperatures, the cations undergo
isotropic reorientation. Across the phase transition, there is a
di scontinuous change in the correlation tine of this reorientation, which
is seen as a perceptible change in the value of T . M data do not show
any step wise freezing of the corresponding dynamc processes at the T
of all the four tetranethyl ammonium conpounds, as the corresponding
correlation times inmediately below the transition tenperature have not

reached val ues conparable to the inverse of the |inew dths.

M data show a step wise increase at 363K in [(CH) NH] Sb Cl
where a phase transition is observed, and this was attributed to the
freezing of the isotropic nmotion of, at |least, sone of the TMA cations.
[(CH3)3NH] BizCl9 seems to belifferent in the sense that Mgata do not
show any signature of this transition at 300K, even though T data show
the possibility of this transition. In [(CH) NH ] Sb Cl9 also there is
a step wise increase in M. at the phase transition tenperature (247K) and
T data at this tenperature show a sudden discontinuity. In the case of
the Antinony substituted conpounds [(CH3)4N]3 szf:l9 and [(CH3)4N]3

Sb Br we see only a slope change in T data, whereas in both [(CH3)3NH]3

Sbh C1 and [(CH3)2NH2]3 Sb2C19 the occurrence of the phase transition
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TABLE C - 7.3

T T
G Cc
COMP. WITH E_, =T COMP. WITHE_, T
a 0 a 0
ABOVE 'IC BELOW TC
TEMACA 2.6E - 10s 2.2E - 10s
TEMABA 3.0E - 10s 5.1E - 10s
TEMACB 2.1E - 9s 3.1E - 9s
TEMABB 3.3E ~ 108 1.02E - 9s

CORRELATION TIMES COMPUTED FOR THE TETRAMETHYLAMMONIUM
COMPOUNDS BOTH ABOVE AND BELOW THE PHASE TRANSITION
TEMPERATURES.



leaves the signature on T data as a sudden discontinuity. Such a sudden
change in T values is thus seen to occur in these compounds only when
the cations are of lesser symmetry (TMA and DVA) conpared to the nore
symretric TEMA groups. Also, when the cations are of |esser symretry
consi derabl e amount of disorder is created in the structure, partly due
to the formation of hydrogen bonds between the cations and the hal ogen
atons. Qualitative differences in the signatures of these transitions on
the T data in these tw types of systens (Sb and Bi substituted
conpounds) indicate the progressive increase in the structural disorder

in B substituted conpounds.

The nunber of possible structural phase transitions observed in Bi
conpounds is nore relative to the Sb systems, within the observed range
of tenperature. Wiile the high tenperature transitions in each of the Bi
conpound seem to have a counterpart in conparable tenperature range in
the respective Sb systens, there is the signature of at |east one phase
transition at much lower tenperatures (around 100K) in all the Bismuth
substituted systems. Thus in [ (CGH ) N} Bi Cl there seens to be a
structural phase transition near 91 K, in [ (CH) Nl B Br there is a
signature on the T data of a phase transition at 120K, in [(CH.) NH]3
B Cl such an occurrence is seen at around 125K, and in [(CH ), NH,],
Bi Cl a discontinuity in T is seen at 154K as also a steep increase in
T data at 78K. The methylammonium substituted conpound (CHNH ) Bi Cl
shows the presence of four structural phase transitions while the
Antinony counterpart (CH.NH.). Sb,Cl, shows only one. If we conpare the
transition tenperatures anong Sb and Bi substituted conpounds, the
tenperatures of transitions are lowered in case of B conpounds. Even in

sone of AMX. conpounds where A is the tetramethylammonium cation, the
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transition tenperatures are observed to have shifted towards |ower val ues
as the metal atom changed from a lighter one like Co, through bulkier

ones like Mr, Cu, Zn and d.

The dynamcs of the four tetramethyl ammoni um conpounds exhi bit
interesting behaviour at their respective phase transition tenperatures.
Fig.(CG7.1) shows the correlation tine of all the four conpounds as a
function of inverse tenperature. For clarity, T variation as function of
1/T is shown for the Sb and Bi substituted conpounds in a linted
tenperature range, separately (Fig. G7.2 and G7.3) is seen that in
three of the four tetramethyl conpounds, [[CH3) N]3 SbZClg. [(CH3)4N]3
Sb Br and [(CH ) N] Bi Br , T has reached a value of about 3e-10 s at
the respective phase transition tenperatures as we nove towards T from
hi gher tenperatures (Table C-7.3). Only in the case of [(CH ) NI B Cl
the correlation tine at T is nearly 2.0e-9 s. It seenms that the

correlation tine of the associated dynam cs of the cation reaches a val ue

of the order of le-10 s at the respective phase transition tenperature in

these conpounds.

The concl usion of the above discussion based on detailed NVR studies

of tris(alkylammonium) nonahal ogeno di bi snuthates may be surmmarized as
. The anount of structural inequivalence in these conpounds is
increased with the substitution of the heavier netal atom B in
place of Sb, which 1is clearly reflected in the notional
properties of the cations as well as their internal dynam cs.

* The nunber of phase transitions observed from these studies is
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nore in case of conpounds of the title famly than the ones which

have Sb as the netal atom

There is a tendency for the phase transition tenperatures to be
lowered in case of Bi substituted conpounds conpared to their Sb

counterparts.

e The freedom for the reorientation of the cations gets restricted

in the high tenperature phase as we nove towards conpounds wth

nore asymetric cationic groups.

* As one changes the halogen atom from Cl to Br, there is an
increased anmount of freedom for the <cations in the high
tenperature phase in the tetramethylammonium conpounds of this
family. But the reverse seens to be true in the case of ammoni um

conpounds.

. At the high tenperature phase transition the correlation tine
corresponding to the isotropic reorientation of three of the four

t et rarmet hyl ammoni um conpounds reaches a val ue of 3.0e-10 s.

The phases below 367K and 247K in [(CH3)3NH] Sb2C19 and
[(CH.) NH.]. Sb,Cly are found to be ferroelectric as evidenced by other
studi es, and such investigations on [(CH3)3N}~I]31312C19 and [(CHS) NH2]3
B CI wll be essential to confirm if such polar properties are
exhibited by these crystals also. Though the signature of the possible

phase transitions in these conpounds are recorded perhaps, for the first

time, using the present proton NMR neasurenents, further studies are
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obviously required to corroborate and further characterize the occurrence
of these transitions. (CH NH ). Bi,Cl, shows abehaviour similar to
plastic crystals in its highest tenperature phase and pronises to be an
interesting system for further scrutiny. Synthesis of other crystals of
this famly with halogens like Br and | and their systematic studies open
up promsing future possibility for further understanding of this
interesting famly of solids. The present studies have indicated the
possibility of sone interesting features in some of these compounds at
tenperatures bel ow 77K which could not be recorded because the facilities
to reach this very low tenperatures are not readily available in the
laboratory. Such studies on these systens therefore will prove to be
very useful in confirmng the possibility of occurrence of some of the
features below 77K as predicted from the current studies and they wll
also enable one to observe some other interesting phenomena Iike

tunneling in these solids.
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APPEND!X 1

Thi s appendix contains the follow ng assenbly level programs to be
used with the uP-based pul se programmer devel oped as a part of this work.
The flow diagram showing the logic of the program is provided for each

case.

1. Programto generate a one pul se sequence
2. Program to generate the inversion recovery pul se sequence
3. Program to generate the saturation burst pul se sequence

4. Programto generate the Carr-Purcell pul se sequence

Hardware and other details of the pulse programmer are available in
sub-section (B-3). What is shown here is only a sanple listing of sone of
the progranms. Programs were also developed to generate all the other

pul se sequences nentioned in text, though they are not listed here.



T INIrIALLSE
PARALLEL PORT
READ ‘l
T vALVE J

SEXD A PULSE

VIA PARALLEL PORT
L__ = CALL
H SUBR¢VTINE
] OfLAy
cHECK SERIAL
PORr Srarys
HAs
A
NO CHODSE
TRIGGER YES NELY —
ARRIVED T
4

FLOW DIAGRAM FOR ONE PULSE SEQUENCE



PROGRAM:

1

ONE PULSE SEQUENCE WITH R8-232-C COMMUNICATION

PART : 1 - R8-232-C COMMUNICATION VERSION : 5 DATE : 4.2.89 CODE 1-1.5
ADD. MNEM. OPCOD. ADD. MNEM. OPCOD. ADD. MNEM. OPCOD. ADD. MNEM. OPCOD. ADD. MNEM. OPCOD
5300 MVI A 3E 531D 08 08 533C 08 08 5359 INX H 23 5378 09 09
5301 40 40 531E MOV C A 4F 533D MOV M A 77 535A XTHL E3 5379 RAR 1F
5302 OUT b3 531F MV E C 59 533E INX H 23 535B DCR C aD 537A RAR 1F
5303 09 09 5320 LXI H 21 533F DCR D 15 535C JINz 2 537B JNC D2
5304 MvVI A 3E 5321 00 00 5340 JNZ C2 535D 52 52 537C 77 77
5305 4B 4B 5322 52 52 5341 25 25 535E 53 53 537D 53 53
5306 OUT b3 5323 WM D 16 5342 53 53 535F LXI H 21 537E IN DB
5307 09 09 5324 06 06 5343 DCR C 0D 5360 00 00 537F 08 08
5308 WI A 3E 5325 W 06 5344 JINz c2 5361 54 54 5380 DCR B 05
5309 14 14 5326 03 03 5345 23 23 5362 MOV ME 73 5381 JINZ (o
530A OUT b3 5327 IN DB 5346 53 53 5363 JMP C3 5382 77 77
530B 09 09 5328 09 09 5347 MOV C E 4B 5365 53 53 5383 53 53
530C IN DB 5329 RAR 1F 5348 CALL CD 5366 MM A 3E 5384 JMWP C3
530D 09 09 532A RAR 1F 5349 66 66 5367 D3 b3 5385 00 00
530E RAR 1F 532B JINC D2 534A 53 53 5368 DCR C aD 5386 50 50
530F RAR 1F 532C 27 27 534B LXI H 21 5369 JZ CA
5310 JNC D2 532D 53 53 534C 00 00 536A 73 73
5311 CC oC 532E IN DB 534D 51 51 536B 53 53
5312 53 53 532F 08 08 534E PUSH H E5 536C MM D 16
5313 IN DB 5330 DCR B 05 534F LXI H 21 536D 03 03
5314 08 08 5331 JINZ c2 5350 00 00 536E ADD D 82
5315 IN DB 5332 27 27 5351 52 52 536F DCR C aD
5316 09 09 5333 53 53 5352 MOV A M TE 5370 JINZ c2
5317 RAR 1F 5334 IN DB 5353 INX H 23 5371 6E 6E
5318 RAR 1F 5335 09 09 5354 MOV DM 56 5372 53 53
5319 JINC 15 5336 RAR 1F 5355 INX H 23 5373 MOV C A 4F
531A 15 15 5337 RAR 1F 5356 ADD D 82 5374 RET 09
531B 53 53 5339 34 34 5357 XTHL E3 5375 W1 B 06
531C |IN DB 533A 53 53 5358 MOV M A 77 5376 04 04

5377 IN DB




PROGRAM: 1 ONE PULSE SEQUENCE W TH RS-232-C COMMUNI CATI ON

PART : 2 - PULSE GENERATI ON VERSION : 3 DATE : 4.2.89 CODE : 1-2.3
ADD. MNEM. OPCOD. ADD. MNEM. OPCOD. ADD. MNEM. OPCOD.
5000 MVIF A 3E 501D 08 08 503B 50 50
5001 80 80 501E IN DB 503C M A 3E
5002 OQUT D3 SO01F 09 09 503D FF FF
5003 07 07 5020 RAR 1F 503E ANA E A3
5004 LXI H 21 5021 RAR 1F 503F JZ CA
5005 00 00 5022 JNC D2 5040 46 46
5006 51 51 5023 1E 1E 5041 50 50
5007 SHLD 22 5024 50 50 5042 DCR E 1D
5008 90 90 5025 |IN DB 5043 JINZ c2
5009 50 50 5026 08 08 5044 42 42
500A WM A 3E 5027 LHLD 2A 5045 50 50
500B 01 01 5028 95 95 5046 W A 3E
500C OUT D3 5029 50 50 5047 FF FF
500D 04 04 502A SHLD 22 5048 ANA D A2
500E MW A 3E 502B 90 90 5049 JZ CA
500F 00 00 502C 50 50 504A 52 52
5010 OQUT D3 502D JwWP C3 504B 50 50
5011 04 04 502E OA QA 504C DCR D 15
5012 CALL CD 502F 50 50 504D MM E 1E
5013 30 30 5030 MOV C M 4E S04E FF FF
5014 50 50 5031 INX H 23 504F JMP C3
5015 |IN DB 5032 MOV DM 56 5050 42 42
5016 09 09 5033 INX H 23 5051 50 50
5017 RAR 1F 5034 MV E M 5E 5052 M A 3E
5018 RAR 1F 5035 INX H 23 5053 FF FF
5019 JINC D2 5036 SHLD 22 5054 ANA C Al
501A OA QA 5037 95 95 5055 JZ CA
501B 50 50 5038 50 50 5056 5E 5E
501C I'N DB 5039 LHLD 2 A 5057 50 50

503A 90 90 5058 DCR C aD




@

h

LOAD REG C
— ~5Ty

LOAD REGD

&—— NO. OF AVERAG

READ NEXT

T VALUE ;

 SEND TRIGGER
| FoR A 7v PULSE

WAIT FOR
TIME T

WAIT FOR SEND TRIGGER
TIME~5'Ty FOR A 7V/2 PULSE

DCR B

FLOW DIAGRAM FOR INVERSION
RECOVERY SEQUENCE



PROGRAM: 2 I NVERSI ON  RECOVERY SEQUENCE W TH 232- C COVMUNI CATI ON
PART 1 : R8-232-C COVMUNI CATI ON VERSION : 1 CODE : 2-1. 1

ADD. MNEM. OPCOD. ADD. MNEM. OPCOD. ADD. MNEM. OPCOD. ADD. MNEM. OPCOD.

5300 MVI A 3E $31D 09 09 533C INX A 23 5359 08 08
5301 40 40 S31E RAR I F 533D ADD D 82 535A JMP (6]
5302 QUT b3 $531F RAR I F 533E XTHL E3 535B 00 00
5303 09 09 5320 JNC D2 533F MOV MA 77 535C 50 50
5304 W A 3E 5321 IC IC 5340 INX H 23 535D
5305 4B 4B 5322 53 53 5341 XTHL E3 535E
5306 QUT D3 5323 IN DB 5342 DCR B 05 535F
5307 09 09 5324 08 08 5343 JINZ c2 5360
5308 MW A 3E 5325 MOV M A 77 5344 39 39 5361
5309 15 15 5326 INX H 23 5345 53 53 5362
530A QUT D3 5327 DCR D 13 5346 DCR C D 5363
530B 09 09 5328 JINZ c2 5347 JINZ c2 5365
530C 1IN DB 5329 IC IC 5348 37 37 5366
530D 09 09 532A 53 53 5349 53 53 5367
530E RAR 1F 532B DCR C D) 534A DCR E 1D 5368
530F RAR 1F 532C JINZ c2 534B LXI H 21 5369
5310 JNC D2 532D 1A 1A 534C 00 00 536 A
5311 OC oC 532E 53 53 534D 52 52 536B
5312 53 53 532F LXI H 21 534E MOV ME 73 536C
5313 IN DB 5330 00 00 534F INX H 23 536D
5314 08 08 5331 51 51 5350 MOV ME 73 536E
5315 MWV C A 4F 5332 PUSH H E5 5351 IN DB 536F
5316 MOV E C 59 5333 LXI H 21 5352 09 09 5370
5317 LXI H 21 5334 00 00 5353 RAR 1F 5371
5318 00 00 5335 52 52 5354 RAR 1F 5372
5319 52 52 5336 MOV C E 4B 5355 JNC D2 5373
531A W D 16 5337 W1 B 06 5356 51 51 5374
531B 06 06 5339 MOV AM TE 5357 53 53 5375
531C IN DB $533A INX H 23 5358 IN DB 5376




PROGRAM: 2 I NVERSI ON RECOVERY SEQUENCE
PART 2 : PULSE SEQUENCE GENERATION VERSION : 4 CODE : 2 - 2.4

ADD. MNEM. OPCOD. ADD. MNEM. OPCOD. ADD. MNEM. OPCOD. ADD. MNEM. OPCOD. ADD. MNEM. OPCOD

5000 MVI A 3E SO1E 54 54 503C FF FF 505A JMP c3 5078 50 50
5001 80 80 S01F MV1A 3E 503D ANA E A3 505B 4B 4B 5079 LHLD 2A
5002 OOT D3 5020 02 02 S03E JZ CA 505C 50 50 S07A 05 05
5003 07 07 5021 oUT D3 S503F 45 45 505D RET C9 S07B 54 54
5004 LX1 H 21 5022 04 04 5040 50 S0 S505E HVI A 3E 507C SHLD 22
5005 00 Q0 5023 MV1A 3E 5041 DCR E 1D SO05F 01 01 S07D 00 00
5006 51 51 5024 00 00 5042 JNZ c2 5060 OOT D3 SO07E 54 54
5007 PUSH H ES 5025 0OOT D3 5043 41 41 5061 08 o8 S07F JMP c3
5008 LXI H 21 5026 04 04 5044 50 S50 5062 MVl B 06 5080 6F 6F
5009 03 03 5027 CALL CD 5045 MVI A 3E 5063 05 05 5081 50 50
S00A 51 51 5028 SE SE 5046 FF FF 5064 1IN DB 5082 MVI B 06
500B SHLD 22 5029 50 S0 5047 ANA D A2 5065 09 09 5083 01 01
500C 00 00 S502A XTHL E3 5048 JZ CA 5066 RAR IF 5084 CMP B B8
500D 54 54 502B CALL CD 5049 51 51 5067 RAR IF 5085 JNZ c2
SO0E MVI A 3E 502C 35 35 504A 50 50 5068 JC DA 5086 00 00
S00F 08 o8 502D SO 50 S504B DCR D 15 5069 70 70 5087 53 53
5010 00T D3 S02E LX1 H 21 504C MVI E 1E S06A 50 50 5088 INX H 23
5011 04 04 S502F 00 00 504D FF FF 506B DCR B 05 5089 MOV A M 7E
5012 MVI A 3E 5030 51 51 S04E JMP c3 506C JNZ c2 S08A DCX H 2B
5013 00 00 5031 XTHL E3 S04F 41 41 506D 64 64 508B MOV M A 77
5014 OOUT D3 5032 JMP Cc3 5050 50 50 S06E 50 50 508C JHP c3
5015 04 04 5033 OE OE 5051 MVI A 3E 506F RET c9 508D 51 51
5016 CALL CD 5034 S0 50 5052 FF FF 5070 1IN DB S08E 53 53
5017 35 35 5035 HOV C W 4E 5053 ANA C Al 5071 o8 08

5018 50 50 5036 INX H 23 5054 JZ CA 5072 LX1 H 21

5019 SHLD 22 5037 MOV D M 56 5055 5D 5D 5073 00 00

501A 05 05 5038 INX H 23 5056 50 50 5074 52 52

S501B 54 54 5039 MOV E M S5E 5057 DCR C oD 5075 DCR 35

501C LHLD 2A 503A INX H 23 5058 MVI D 16 5076 JZ CA

501D 00 00 503B MVI A 3E 5059 FF FF 5077 82 82




Cemmer )

LOAD REG C
<«— NO - OF AVERPAES

LOAD REG.B
4 NO- oF PULSES

SEND TRIGGER
FoR 7%/2 PVLSE

EZE

WAIT FOR TIME
o

NO

YES SEND TRIGGER

FOR m/2 PuLsE
WAIT FOR TIME
T

READ NEXT T DCR C LOAD REG. B
«— NO. OF PULSES

NO

SEND TRIGGER
FoR 7v/2 PULSE FLOW DIAGRAM FOR SATURATION

; BURST PULSE SEQUENCE




PROGRAM: 3 ASSEMBLY LI STI NG OF SATURATI ON BURST PROGRAM
PART : 1 VERSION: 2 CODE: 3-1.2 PAGE : 1

ADD. MNEM. OPCOD. ADD. MNEM. OPCOD. ADD. MNEM. OPCOD. ADD. MNEM. OPCOD. ADD. MNEM. OPCOD.

5000 MVI A 3E S01F MVI A 3E S03E 07 07 505D 75 75 507C MVI A 3E
5001 C3 Cc3 5020 30 30 S03F LXI H 21 S505E 52 52 507D FF FF
5002 STA 32 5021 DCR A 3D 5040 00 00 505F LHLD 2A S07R ANA E A3
5003 CE CE 5022 JNZ c2 5041 51 51 5060 70 70 S07F JZ CA
5004 40 40 5023 21 21 5042 BHLD 22 5061 52 52 5080 86 86
5005 MVI A 3E 5024 50 50 5043 70 70 5062 MVI B 06 5081 50 50
5006 28 28 5025 JMP C3 5044 52 52 5063 OA OA 5082 DCR E 1D
5007 BTA 32 5026 17 7 5045 MVI B 06 5064 MVI A 3E 5083 JMP C3
5008 CF CF 5027 50 50 5046 OA OA 5065 03 03 5084 7C 7C
5009 40 40 5028 MVI A 3E 5047 MVI A 3E 5066 OUT D3 5085 S50 50
S00A MVI A 3E 5029 C3 Cc3 5048 01 01 5067 04 04 5086 MVI A 3E
S00B 50 50 502A BTA 32 5049 O0UT D3 5068 MVI A 3E 5087 FF FF
500C STA 32 502B CE CE 504A 04 04 5069 00 00 5088 ANA D A2
S00D DO DO 502C 40 40 504B MVI A 3E S506A D3 D3 5089 JZ CA
SO00E 40 40 502D MVI A 3E 504C 00 00 S506B 04 04 508A 92 92
S500F MVI A 3E S02ZE 50 50 504D oO0OT D3 S506C C3 Cc3 508B 50 S50
5010 OB OB S502F STA 32 504E 04 04 506D 4F 4F 508C DCR D 15
5011 BIM 30 5030 CF CF 504F DCR B 05 S06E 350 50 508D MVI E 1E
5012 EI FB 5031 40 40 5050 JzZ CA 506F HVI A 3E 508E FF FF
5013 MVI A 3E 5032 HMVI A 3E 5051 59 59 5070 01 01 S08F JMP c3
5014 80 80 5033 51 51 5032 50 50 5071 DCR A 3D 5090 82 82
5015 OUT D3 5034 BSTA 32 5053 CALL A CcD 5072 JNZ c2 5091 50 50
5016 07 07 5035 DO DO 5054 6F 6F 5073 71 71 5092 MVI A 3E
5017 MVI A 3E 5036 40 40 5055 50 50 5074 S0 50 5093 FF FF
5018 FF FF 5037 MVI A 3E 5056 JMP C3 5075 RET Cc9 5094 ANA C Al
5019 oUT D3 5038 OB 0B 5057 47 47 5076 MOV C M 4E 5095 JZ CA
501A 04 04 5039 SIM 30 5058 50 S50 5077 1INX H 23 5096 9E 9E
S501B MVI A 3E 503A EI FB 5059 CALL 7 CD 5078 MOV D M 56 5097 50 50
501C 00 00 S503B MVI A 3E 505A 76 76 5079 INX H 23 5098 DCR C oD
501D 00T D3 503C 80 80 S505B 50 S0 507A MOV E M SE 5099 MVI D 16

SO01lE 04 04 503D oUT D3 505C SHLD 22 507B INX H 23 509A FF FF




PROGRAM: 3 ASSEMBLY LI STING OF SATURATI ON BURST PROGRAM
PART : 1 VERSION : 2 CODE : 3-1.2 PAGE: 2

ADD. MNEM. OPCOD.

509B JMP C3
509C 80 80
509D 50 50
509 E RET C9
I. S S
5150 LHLD 2 A
5151 75 75
5152 52 52
5153 SHLD FB
5154 70 70
5155 52 52
5156 MVI A 3E
5157 08 08
5158 SIM 30
5159 EI FB
S15A JIMP C3
515B 45 45

515C 50 50




LeAD REG-B
WIATH No» OF K
" PuULsES NEEDED

SEND TRIGGRER To
e CHAN-1 AND 3, PoRTA
OF §255- Te1G FeR
Ko, AnD AVERAGER

o

FETCH HNo- FOR

DELAY CEUNT|HGA-T

COUNT Down To
ZERO

SEND TRIGGER TO
CHAN-2 -TRIG-FOR|e
’-puLSE

BIG DELAY
OENERATION

b

DELAY COUNTING
FeR 2T

DECREMENT REG.B

FLOW DIAGRAM FOR CARR-PURCELL
SEQUENCE
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APPENDIX |l

This appendix contains the listing of the followng prograns
devel oped as a part of the automation of the spectroneter. The prograns
use both GPIB and RS-232-C standard interfaces to communicate between

di fferent devices.

1. Program establishing contact between PC, uP based pulse
progranmer and the digitizer for transfer of relevant
parameters of experiment and collection of data.

2. Program to run the automated experiment for T neasurenent
using the inversion recovery sequence.

3. Program to run the automated experinent for T measurenent
using saturation burst sequence.

4. Program to run the automated experiment for T measuremnent
using Hahn echo sequence. Program autonatically searches for
the peak values of the echoes as a function of delay tine, and

uses this data to calculate T .

These programs are sanple listings from a group devel oped as a part
of autonmation of the pulsed NMR facility. Several other prograns were
also developed with different specific tasks to perform including
automati c search for NQR resonances in a user defined range of frequency,
programs for ZSEEM (Zeeman Spin Echo Envel ope Moddul ation) experinents in

NQR automation of a Field Cycling - NW spectroneter, etc.
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1 CLEAR ,58745! ' BASIC DECLARATIONS

2 IBINIT1 = 58745!

3 IBINIT2 = IBINIT1 + 3 'Lines 1| through 6 MUST be included in your
program.

4 BLOAD "bib.m",IBINIT!

5 CALL IBINIT1(IBFIND, IBTRG, IBCLR, IBPCT, IBSIC, IBLOC, IBPPC, IBBNA, 1BONL,

IBRSC, BSRE, IBRSV, [BPAD, IBSAD, [BIST, IBDMA, IBEOS, IBTMO, IBEOT, |BRDF, IBWRTF)

& CALL IBINIT2(IBGTS, IBCAC, IBWAIT, IBPOKE, IBWRT, I[BWRTA, IBCMD, IBCMDA, 1BRD, IBRDA,
IBSTOP, |BRPP, IBRSP, IBDIAG, IBXTRC, IBRDI, IBWRTI, IBRDIA, IBWRTIA, IBSTA%, |[BERR%, IBCNT%.
10 BOARD$ = "GPIBO™ : CALL IBFIND (BOARDS, BRD%)

11 DEVICE$ = "SCOPE"™ : CALL IBFIND(DEVICES$,DEV%)

50 CLS

60 REM

70 REM ERRRERAN AR AR RN A RN N RN RN NN R AR A NN AR N AR RN AR R AR AR RN N AR AN AR AR RN
80 REM # THE PROGRAM ESTABLISHES RS-232-C COMMUNICATION AND TRANSFERS *
30 REM * THE SUITABLE NUMBERS TO THE PULSE PROGRAMMER TO GENERATE DELAY «
100 REM * BETWEEN PULSES, THE VALUES OF DELAYS AND THE ORDER BEING »
110 REHM # CHOSEN BY THE USER.

120 REM R R T S T T 2 2 2 A TR T S S S S S S SR S S S S SRR S S
130 REM + REFER PROGRAM 1-1.5 OF MF-111 IN PKR-1 +
140 REM LR I T T T T T T N TR T T TR T T T R R R T T
150 REM + PROGRAM FOR TWO PULSE SEQUENCE +
160 REM L I B S I R N R I B BN T T I DN TN B K I I O
170 REM

IBOREM - = = = = = = = = & & & & & = o = = = = = = = & = & == === == =
190 REM | BLOCK 1 !
200 REM ' _ _ _ _ _ _ H
210 REM | H
220 REM | THIS BLOCK FINDS OUT THE REPETITION RATE OF THE PULSE SEQUENCE. !
230 REM | IN AN EXPERIMENT LIKE T1 MEASUREMENT A TYPICAL SEQUENCE USED 1S

240 REM | THE (Pl - TAU - Pl/2) - 5T1 - (Pl - TAU... SEQUENCE. HERE FOR H
250 REM | INSTANCE THE REPETITION RATE IS 5 x T1. THIS VALUE MUST BE GIVEN !
260 REM | BY THE USER. H
270 REM ' _ _ o e !
280 REM

280 REM

300 INPUT "THE REPETITION RATE IN MILL! SECONDS ",RATE

310 PRINT

320 [NPUT "HOW MANY NO. OF AVERAGES™;AV$

330 PRINT

340 INPUT "GIVE THE NAME OF THE FILE WHERE THE WAVEFORM IS TO BE
STORED ™,Ns$

350 PRINT

360 REM

370 REH = = = = = = = = = = @ = = 2 0 6 = @ o 6 = = = = = = = = === = = =
380 REM H END OF BLOCK - 1 H
L
400 REM

410 REM

420 REM = = = = = = = = = = = = = = = - - - - R I B
430 REM H BLOCK - 2 |
440 REN @2 = = = = = = = = = = = = = = = o = = 2j= = = = = = = = = = = = - - =
450 REM H TH1S BLOCK CONTAINS THREE SUBROUTINES FOR THE CALCULATION OF H
460 REM ! SUITABLE NUMBERS FOR EACH DELAY VALUE THE USER CHODOSES, WHICH 1



470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
B840
850
860
870
880
890
900
910
920
930
940
950
960
970
980
990
1000
1010
1020
1030
1040
1050

REM
REM
REM
REH
REM
REM
REM
REM
REM
REM
REM

ARE NAMED AS NC, ND AND NE. THESE ARE THE NUMBERS TO BE PASSED
ON TO THE PULSE PROGRAMMER FOR DELAY COUNTING.

Algorithm for calculating NC, ND AND NE.
in PKR - 1

REFERENCE TO ALGORITHHS OF THE SUBROUTINES : ;

PROGRAM FOR CALCULATION OF NC, ND, NE FOR VARIOUS VALUES OF TAU #
DIM T(50),C(50),D(50),E(50)
T(1) = RATE
INPUT "ENTER THE ND. OF TAU VALUES YOU WANT ", A
B =A
FOR K = 2 TO (A+1)
S$¢ = STR$(K-1)
PRINT "PLEASE GIVE THE TAU VALUE NO: "™ + Ss +" [N MILLI SECONDS"
INPUT T(K)
NEXT K
PRINT "THE FOLLOWING ARE THE TAU VALUES YOU ENTERED"
PRINT "IF YOU WANT TO GIVE A NEW SET ENTER Y"
PRINT "I1F NOT PRESS ENTER TO CONTINUE"
TAUS = "Tau"
FOR J = 1 TO A
L$ = TAU$ + STR$(J) : M$ = "MILLI SECONDS"
PRINT L$ TAB(20) T(J+1);Ms
NEXT J
INPUT CONs
IF CON$ = "Y"™ THEN GOTO 600
PERIOD = 3.27E-07
RANGE1 = 1.22428 :RANGE2 = 303.5783 :RANGE3 = 76880.43
FOR | = 1 TO (A+1)
IF T(1) <= RANGE! THEN GOTO 860
IF T(l) <= RANGE2 THEN GOTO 850
IF T(l) <= RANGE3 THEN GOTO 1090
NEXT |
GOTO 1250
REM »x» SUBROUTINE RANGE! w#»x
FIRST = 174 * PERIOD
T=Tcl) » .001
LEFT = T - FIRST
NE1 = LEFT/(14*PERIOD)
NE = INT(NE1)
E(1) = NE
GOTO 830
REM sx#x++ SUBROUTINE RANGEL ENDS ++muwx
REM »x% SUBROUTINE RANGE2 w#«
T=Td) » 001
TERM1 = 174 » PERIOD
LEFTL = T - TERM1
ND1 = LEFT{/ (3606#PERIOD)
ND = [INT(ND1)
NEWT = TERM1 + (3606 » PERIOD % ND)
DELSTARY = T - NEWT
REM
NE1 = DELSTAR1/(14#PERIOD)
NE = INT(NE1)
D(1) = ND :E(I) = NE



1060 GOTO 830

1070 REM ##xx++ SUBROUTINE RANGE2 ENDS ++#uun
1080 REM ##x SUBROUTINE RANGE3 #x#x

1090 T = Tul) » ,001

1100 TERM1 = 174 » PERIOD

1110 Ti1 = T - TERM1

1120 NCi# = T11/(918572!« PERIOD)

1130 NC = INT(NCLiK)

1140 NEWT1# = TERMi1 + (919572! % PERIOD % NC)
1150 DELSTARLE = T - NEWTL#

1160 NDi# = DELSTAR1#/(3606 » PERIOD)

1170 ND = INT(ND1®)

1180 NEWT2¥ = (3606 » PERIOD * ND)

1190 DELSTARZ% = DELSTAR1# - NEWTZ2#

1200 NE1# = DELSTAR2#/(14%PERIOD)

1210 NE = INT(NEL#)

1220 C(I)=NC :D(1)=ND :E(I)=NE

1230 GOTD 830

1240 REM %#x+ SUBROUTINE RANGE3 ENDS +#%#»

1250 DIM CH(A+1),CL(A+1),DH(A+1),DL(A+1),EH(A+1),EL(A+1)
1260 Gl$ = CHR$(A+1)

1270 AMS$ = CHR$ (1)

1280 FORM =1 TOD (A+1)

1290 CH(M) = O :DH(M) = 0 :EH(M) = 0

1300 IF C(M) < 127 GOTO 1320

1310 CL(M) = C(M) - 127 : CH(M) = 127 :GOTO 1330
1320 CL(M) = C(M)

1330 IF D(M) < 127 GOTO 1350

1340 DL(M) = D(M) - 127 : DH(M) = 127 :GOTO 1360
1350 DL(M) = D(M)

1360 IF E(M) < 127 GOTO 1380

1370 EL(M) = E(M) - 127 : EH(M) = 127 :GOTO 1390
1380 EL(M) = E(M)

1390 NEXT M

1400 REM === e==ccccccecccrcerremere e scr e cccece e m .
1410 ReM END OF BLOCK - 2
1420 ReM

1430 ReM

440 REM = == = = = = = = = = = 2 @ = = = s === =2 = === = & = & = =«
1450 ReM H BLOCK - 3

1460 Rem :

1470 Rem ! THE RS-232-C COMMUNICATION 1S ESTABLISHED AND THE SUITABLE
1480 ReM i NUMBERS ARE TRANSFERED TO THE PULSE PROGRAMMER.
1490 ReMm H

1500 ReM

1510 OPEN "COM1:300,N,7,1,CS,DS"™ AS #1

1520 PRINT #1,G1%;:CLOSE #1

1530 FOR J = 1 TO (A+1)

1540 OPEN "COM1:300,N,7,1,CS,DS™ AS #1

1550 CH$ = CHR$(CH(J)):PRINT #1,CHS$;

1560 CL$ = CHR$(CL(J)):PRINT #1,CL$;

1570 DH$ = CHR$(DH(J)):PRINT #1,DH$;

1580 DL$ = CHR$(DL(J)):PRINT #1,DL$;

1590 EH$ = CHR$(EH(J)):PRINT #1,EHS;

1600 EL$ = CHR$(EL(J)):PRINT #1,ELS$;

1610 CLOSE #!

1620 NEXT J

1630 REeM



1640
1850
1660
1670
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1900
1910
1820
1830
1940
1950
1960
1870
1880
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230

REM ~====ceccecccccccccmcmmscememm e e e oo mcmmem—como—ccsssmsao oo
REM END OF BLOCK - 3
BEN crcomcmm s e e m s s e mn s ae e me o o 0 e
REM
REM - = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
REM ! BLOCK - 4
REM = = = = = = = = = = = = 0 2 = = 2 = = = == = = = = = = = = = = = = =
REM ! IN THIS BLOCK THE PROGRAM TRIGGERS THE GENERATION OF THE PULSE
REM ! BY THE PULSE PROGRAMMER WITH THE CONSENT OF THE USER. AFTER THE
REM ! PULSE SEQUENCE STARTS WITH ONE DELAY VALUE, THE PROGRAM WAITS
REM | FOR USER'S INTERRUPTION TO CHANGE THE DELAY VALUE TO THE NEXT
REM | VALUE FROM THE LIST OF VALUES CHOSEN BY THE USER, ALREADY.
RENM | AFTER, ALL THE DELAY VALUES ARE EXHAUSTED THE PROGRAM TRIES TO
REM ! KNOW 1F THE USER WOULD LIKE TO REPEAT THE EXPERIMENT WITH THE
RENM | SAME PARAMETERS AS BEFORE OR THE USER WANTS TO GIVE A NEW SET OF
REM ! PARAMETERS. BASED ON THE ANSWER TO THE QUERY THE PROGRAM BRANCHES
REM | TO THE APPROPRIATE PART.
RENM |
REH - = = = = = = = = = 4 = = & 2 2 6t = 2 fe o m s 5 s === m - ===
OPEN "COM1:300,N,7,1,CS,DS™ AS #1
PRINT #1,AM$;:CLOSE #1!
COUNT = 1§
GOSUB 2110
IF COUNT = A GOTD 1960
OPEN "COM1:300,N,7,1,CS,DS" AS #1
ON COM(1) GDSUB 1830
COM(1) ON
GOTO 1920
PRINT #1,AM$;:CLOSE #1:BEEP
COUNT = COUNT +1
GOTO 1870
PRINT "DO YOU WANT TO REPEAT THE EXPERIMENT "
INPUT "WITH THE SAME SETTINGS (YES/NO)";RESs
IF RES$ = "NO" GOTO 1890 : A = B : GOTO 2000
AM$ = CHR$(0)
OPEN "COM1:300,N,7,1,CS5,DS™ AS #2
PRINT #2,AM$; : CLOSE #2
IF RES$ = "NO" GOTO 50
GOTO 1840
REM
REM
REM 4 # + # # % 4 # 4 4 4 + % 4 % # %+ + # % + 4 + + 4 4 4 + + 4 + + + + »
REM END OF BLOCK - 4
REM AND
REM END OF PROGRAM
REM # + 4 4 # 4+ 4+ # 4+ 4+ + + 4+ + + + + + + + + 4+ + + + + + + + + + + + + 3

FOR 1 = 1 TO 3000 : NEXT |

QUERY$ = "ACQ? SWP™ : ANS$ = SPACE$(24)

CALL IBWRT(DEV%,QUERY$) : CALL IBRD(DEV%,ANSS$)
CHD$ = "ACQ HSR:AVE,NUM:"+AVS

PRINT CMDs$

CALL IBWRT(DEV%,CMDs)

BITL1 = VAL(AVS) : PRINT BIT!

FOR JK = 1 TO 5000: NEXT JK

CALL IBWRT(DEV%,QUERY$) : CALL IBRD(DEVX,ANSS$)
ANS1 = VAL(RIGHT$(ANS$,3)):PRINT ANS1

IF ANS1 = BIT1 GOTO 2240

FOR PK = 1 TO 5000 : NEXT PK

GOTO 2190



2240
2250
2260
2270
2280
2290
2300

FILES
SOURS
CHANS
ENCDs$
WAVES

=
=
=
=

N$ + STR$ (COUNT)

"DATA SOU:ACQ" : CALL IBWRT(DEVX,SOURS)
"DATA CHA:CH2" : CALL IBWRT(DEV%,CHANS)
"DATA ENC:HEX"™ : CALL IBWRT(DEVX,ENCDS$)
"WAVFRM?" : CALL 1BWRT(DEV%,WAVES$)

CALL 1BRDF(DEV%,FILES)

RETURN



1 CLEAR  ,35000! ' BASIC Declarations

2 IBINIT1 = 35000!

3 IBINITZ = IBINITL + 3 ' Lines 1 through 6 MUST be included in your
program.

4 BLOAD "bib.m",IBINIT!

5 CALL IBINITL1(IBFIND, IBTRG, IBCLR, IBPCT, IBSIC, IBLOC, IBPPC, IBBNA, IBONL, IBRSC,
IBSRE, IBRSV, |BPAD, I1BSAD, IBIST, IBDMA, 1BEOS, 1BTMO, IBEOT, |BRDF, IBWRTF)

6 CALL IBINIT2(I1BGTS, 1BCAC, IBWAIT, IBPOKE, IBWRT, IBWRTA, |BCHD, IBCMDA, IBRD,

IBRDA, IBSTOP, IBRPP, | BRSP, IBDIAG, IBXTRC, IBRDI, IBWRTI, IBRDIA, IBWRTIA, IBSTA%, | BERRYX,
IBCNT%)

10 BRD$ = "GPIBO" : CALL IBFIND(BRDS,BRD%)

15 SCOPE$ = "DEV3"™ : CALL IBFIND(SCOPES$,SCOPE%)

20 DEVs = "DEV2" : CALL IBFIND(DEVS,DELAY%)

25 CLS

100 REM X X X X X X X X X X X X X PROGRAM TEE ONE X X X X X X X X X X X X
110 REM INVERSION RECOVERY SEQUENCE

UGS REH X X X XX AXXXXXAALAXIXNLELAA AL XAAAXLLLELXANLXX
120 REM * * * * PART ONE ¥ * * *

130 REM

140 REM THIS PART OF THE PROGRAM DOES THE FOLLOWING

150 REM

160 REM 1. ASKS THE USER FOR TAU VALUES IN MILLI SECONDS.

170 REM

180 REHM 2. ASKS FOR THE REPETITION RATE i.e. 5T1

190 REM

200 REM 3. ASKS FOR THE NO., OF AVERAGES TO BE DONE.

210 REM

220 REM 4, ASKS FOR THE FILE NAME IN WHICH THE WAVEFORM IS TO BE
230 REM STORED.

240 REM = ] » * - - - - - - - * * * *

250 REM + + + + + + PART ONE BEGINS + + + + + + +

260 REM {(===sz=zz=zzz=z=z==s==z=z=zzz) DECLARATIONS <(===z====z=s==zss=z==s==z=z=zz:==z)

270 REN

280 DIM TAU(100),A(30),B(30), ITAUCL100)

290 DIM Y(100),YL(100),E(100)

300 DIM CX(100),CY(100),FX(100),FY(100),T$(30)

310 DIM JTAU(100)

320 AFLAG = 0

330 REM

340 REM

350 REM {s==sE=s=s3338833335=)--c-ccocccnonax (EESZSESSIEZISSTZSTISITEI)

360 REM

370 REM ?2772772222272277127? QUERIES 7770727922222 22?
380 REM

390 INPUT "INPUT VALUES FROM KEYBOARD OR FILE ? ENTER CHOICE (K/F) ",KFs
400 IF (KF$ = "K") OR (KF$ = "k") THEN GOTO 520

410 OPEN "INVDATA"™ FOR INPUT AS #3

420 INPUT #3, TAUO : TAUOL1 = TAUO

430 FOR T = 1 TO TAUO

440 INPUT #3,TAUCT) : ITAU(T) = TAU(T)

450 NEXT T

460 INPUT #3, RATE

470 INPUT #3, AVERAGE
480 INPUT #3, WEIGHT



480 INPUT #3, FILENAMES$
500 CLOSE #3
510 GOTO 870

520 OPEN "INVDATA"™ FOR OUTPUT AS #3

530 INPUT "HOW MANY TAU VALUES DO YOU HAVE "; TAUO : TAUOL = TAUOQ
540 PRINT #3,SPC(5) TAUO

550 PRINT "GIVE THE TAU VALUES IN MILLI SECONDS *

560 FOR J = 1 TO TAUO

570 PRINT "TAU"+STR$(J)+" = ": [NPUT TAU(J): PRINT

580 PRINT #3, SPC(10),TAUWJ)

590 NEXT J

600 PRINT "THESE ARE THE TAU VALUES YOU GAVE " : PRINT

610 FOR K = 1 TO TAUO

620 PRINT "TAU"+STR$(K),TAB(20), TAU(K)

630 NEXT K

640 PRINT T"ENTER TO PROCEED™

650 INPUT ; QUES

660 FOR LK = 1 TO TAUO : ITAU(LK) = TAU(LK)

670 NEXT LK

680 INPUT "WHAT IS THE REPETITION RATE (GIVE IN SECONDS PLEASE)"; RATE :PRINT
690 PRINT #3, SPC(5),RATE

700 INPUT "HOW MANY NO. OF AVERAGES DO YOU NEED ";AVERAGE

710 PRINT #3, SPC(5),AVERAGE

720 PRINT

730 INPUT "GIVE THE WEIGHT FOR AVERAGING ";WEIGHT

740 PRINT #3, SPC(5),WEIGHT

750 PRINT

760 PRINT ™ GIVE THE FILE NAME IN WHICH THE WAVEFORM IS TO BE STORED"
770 PRINT

780 PRINT "™ YOU CAN GIVE THE COMPLETE PATH , IF YOU WANT TO SAVE THE "
790 PRINT

800 PRINT ™ FILE IN A DIRECTORY OTHER THAN THE CURRENT DIRECTORY "
810 PRINT

820 INPUT;FILENAMES$

830 PRINT #3, SPC(5),FILENAMES

840 CLOSE #3

850 REM

860 REM ?2?7?227?7222722772? QUERIES END ?2772727727727271177277122227227
870 GOSUB 2320

860 WORDis = "P@132000000" : CALL IBWRT(DELAY%,WORDisS)
890 WORD2s = "Q@131000000™ : CALL IBWRT(DELAY%,WORD2$)
900 WORD3$ = "R@123000000" : CALL IBWRT(DELAY%,WORD3$)
910 WORD4s = "S@113000000" : CALL IBWRT(DELAY%,WORD4$)
920 WORDS$ = "T@133000000" : CALL IBWRT(DELAY%,WORDS$)
930 REM

940 REM

950 REM MASTER ----- Loap

960 LPRINT SPC(15) "TAU (m.sec)"SPC(15)"DELTA V (volts)"
970 OPEN "VOLTS"™ FOR OUTPUT AS #3

980 PRINT #3,SPC(15)"TAU (m.sec) "SPC(15)"DELTA V (volts) "
990 FOR JK = 1 TO TAUO

1000 REM

1010 IF TAU(JK) <= 9.998989 GOTO 1060
1020 IF TAU(JK) <= 99,889 GOTO 1070
1030 IF TAUCJK) <= 999.99 GOTO 1080
1040 IF TAU(JK) <= 9999.901 GOTO 1080
1050 IF TAUGJK) <= 99999! GOTO 1100
1060 GOSUB 1140 : GOTO 1110

1070 GOSUB 1290 : GOTO 1110



1080 GOsUB 1440 : QOTO 1110

1090 QBB 1590 : QOro 1110

1100 GOsUB 1740 @ QOro 1110

1110 NEXT JK

1120 CLCSE #3 :1F AFLAG = 1 THEN GOTO 2890 ELSE GOTO 2620

1130 REM ¢ + + 4 #+4 + + + 4 + 4+ o + 4+ 4+ + 4 4+ + + 4+ * 4+ + + 4+ + 4 * 4 + 4 +4+
1140 REM SUBROUTINERANGET1
1150 REM. . . . . Lo e s

1160 D1 = TAU@JK) * 10000 : Di1$ = STR$(D1)
1170 PART1$ = "p"

1180 PART2$ 2= CHR$ (74-LEN(D11s$))

1190 PART3$ = MID$(D11$,2) : PART4$ = "I"
1200 WORDP1$ = PART1$+PART2$+PART3$+PART4$
1210 CALL IBWRT(DELAY%, WORDP1S$)

1220 CALL IBWRT(DELAYX,WORD1$)

1230 GOSUB 1920

1240 RETURN

1250 REM L R I A e A A A I I I R e A A
1260 REM SUBROUTINE WORKING PROPERLY.

1270 REM WWW SAVED IN THE NAME C:\GPIB-PC\Ti{R1.BAS AS AN ASCII FILE IN PC 1
1280 REM. . . . . . . = . . . . . . . . = - -

1290 REM SUBROUTINERANGE?2

1300 REM — - - = B

1310 D2 * TAUJK) * 1000 : D21s = STR$(DR)
1320  PART1S = "Q"

1330  PART2$ « "D

1340  PART3$ = MID$(D218,2) : PART4$ = mt®
1350  WORDQA1$ = PART1$+PART28+PART3$+PART4S
1360  CALL IBWRT(DELAYX,WORDQ1$)

1370  CALL IBWRT(DELAY¥,WORD2$)

1380  GOSUB 1920

1390  RETURN

1 40 0REM * 4+ 4 4 + 4+ 4t +++++ 1+ 2+ +4++++1F 4+ 1+ 444+ 4+ 4 4 4+

1410 REM WWW SUBRQUTI NE | S WIRKI NG PRCPERLY

1420 REM WWW SAVED | N THE NAME C:\GPIB-PC\T1R2.BAS IN PC{ AS AN ASO |
1440 ReM SUBROUTI NERANGES3
1450 REM- . - . . . . e = e e = e - e e o -
1460 D3 = TAWJK) * 100 : D31* = STR$(D3)

1470 PART1S$ "R"

1480 PART2s np*

1490 PART3¢ = MID$(D31$,2) : PART4s = "I"

1500 WORDR1$ = PART1$+PART2$+PART3$+PART4$

1510 CALL IBWRT(DELAY%,WORDR!S$)

1520 CALL IBWRT(DELAY%,WORD3s$)

1530 GsUB 1920

1540 RETURN

FILE

1550 REM + ¢ + # % 4+ ¢ 2 + 4 4+ + 4+ + + + + + + + 4+ + + ¢+ + + + ¢+ + + + 4+ + ¢+ ¢

1560 REM \WW SUBROUTINE IS WORKING PROPERLY

1570 REM  W\W SAVED IN THE NAME C:\GPIB-PC\T{R3.BAS IN PC1 AS AN ASCII
1580 REM. . . . . . . . e
1590 REM SUBROUTINERANGEA4

1600 REM . . . . . L L L

1610 D4 = TAUWJK) » 10 : D4is = STR$(D4)

1620  PART1$ = "S"

1630  PART2$ « "D"

1640  PART3s » MID$(D41$,2) : PART4$ - "!"

1650 WORDS1s = PARTI$ + PART2$ + PART3$+PART4S

1860  CALL IBWRT(DELAYX, WORDSU)

FILE



1670 CALL IBWRT(DELAY%,WORD4$)

1680 GOSUB 1920

1690 RETURN

1700 REM + # + 4 4+ 4 + 4+ 4 4 4 2 4 4 4 4 4 4 4 + 4 4+ 4+ 4+ + 4+ 4+ 4+ 4+ 4+ 4 + 4+ + ¢
1710 REN  \\\\\ SUBROUTINE IS WORKING PROPERLY

1720 REM  N\\AN\ SAVED IN THE NAME C:\GPIB-PC\T1R4.BAS IN PCt AS AN ASCII FILE

1730 REM . . . . . . . . . . . s= —
1740 REM SUBROUTINERANGES
1750 REM o -
1760 D5 = TAU(JK) : D518 = STR«(D5)

1770 PARTI* = "T"

1780 PART2$ = "D

1790 PART3¢ * MID$(D51s¢,2) : PART4* = "I"

1800 WRDT1* « PART1«+PART2*+PART3* +PART4*

1810 CALL 1BWRT(DELAYX, WORDT1*)

1820 CALL I1BWRT(DELAYX,WORDSS$)

1830 GOSUB 1920

1840 RETURN

1850 REM 4+ ¢ ¢+ + + 4+ 4+ 4 + ¢ 4+ + 4+ ++ 1 F ¢ ¢ 4+ 4+ 4+ + 4+ + +° + + + 4+ ¢
1860 REM \\\\\ SUBROUTINE |S WORKING PROPERLY

1870 REM \\\\\ SAVED IN THE NAME C:\GPIB-PC\T1R5.BAS IN PC1 AS AN ASCI| FILE
1880 REM
1890 REM
1900 REM SUBROUTI NE WAVETRANS

1910 REM - - - - - - . o e e e e e e e e e e e e o

1920 MASKX = &H4000 : WAIT1% = 11 : TRIGS = "O"

1930 CALL t1BTMO(BRDX%,WAIT1%) : CALL I1BWAIT(BRDY,MASK%)

1940 CMD$ ¢ "ACQ REP:AVE,HSR:AVE,LSR:AVE,SCA:AVE, SMO:ON, VEC:ON,NUM:"

1950 VER* = STR«(AVERAGE): CMD1* = CMD* + MLD*(VERg, 2)

1960 WEIT$ = ",WEIl:"+MID$(STR$(WEIGHT),2)

1970 CMD2s = CMD1* + WEITS

1980 CALL | BWRT( SCOPEX, CMD2t )

1990 QUERYS = "ACQ? SW" . CALL IBWRT(SCOPE%,QUERYS$)

2000 ANS* = SPACE*(30) : CALL IBRD(SCOPE%,ANSS$)

2010 FOR R = 1 TO AVERAGE

2020 ON CoM(1) GOSUB 2060 : COM(1)» ON

2030 OPEN"COM1:300,N,7,1,CS,DS™ AS #1

2040 PRINT #1,TRIGS;

2050 GOTO 2050

2060 CLCSE #t : cCOM(1) OFF : RETURN 2070

2070 GOSUB 2390

2080 NEXT R

2090 QUERYs ¢ "ACQ? SWP* . CALL IBWRT(SCOPE%,QUERYS)

2100 ANSS SPACE*(30) . CALL IBRD(SCOPEX,ANS$) : SWEEPX = VAL(MID$(ANSS,22))
2110 IF SWEEPX = AVERAGE THEN GOTO 2140

2120 OPEN"COM1:300,N,7,1,CS5,DS" AS #2 : PRINT #2,TRIGS; : CLOSE #2

2130 GOSUB 2390 : GOTO 2090

2140 REM  ~~~svsaes ~~~~~ WAVEFORM TRANSFER DETAILS ~~~~ .. . . .. ~s

2150 Rav .~ ~ S ~sessasssnssnacaaaas

2160 IF (JK <> 1) OR (AFLAG = 1) THEN GOTO 2190

2170 CLS: INPUT "PLEASE SET THE CURSORS AND ENTER TO PROCEED",ABC$

2180 CLS:PRINT SPC(15) "TAU (m.sec)"SPC(15)"DELTA v (volts)"

2190 CMD* « "DELTAV? VAL" : CALL IBWRT(SCOPEX,CMD$)

2200 VOLTS$ » SPACE$(35) : CALL IBRD(SCOPE%,VOLT!)

2210 PRINT SPC(20)TAU(JK)TAB(45)VAL(MIDS$(VOLTS, 14))

2220 PRINT #3,SPC(20)TAU(JK)TAB(45)VAL(MID$(VOLTS, 14))

2230 IF AFLAG = 0 THEN A(JK) = VAL(MID$(VOLTS,14))

2240 IF AFLAG « 1 THEN B(JK) » VAL(MID$(VOLTS,14))

2250 IF AFLAG = 1 THEN GOTO 2270




2260 LPRINT SPC(20) TAU(JK) TAB(45) VAL(MIDS$(VOLTS, 14))

2270  WAVE1* « "DATA SQU:ACQ,CHA:CH2,ENC:HEX" : CALL IBWRT(SCOPEX, WAVEL*)
2280 LABEL = 64 + JK : LAB$ = CHR$(LABEL)

2290 FILE$ = FILENAME* + LAB$ : WAVE2$ = "WAv?™ : CALL IBWRT(SCOPE%,WAVE2S$)
2300 CALL 1BRDF(SCOPEX,FILES$)

2310 RETURN

2320 REM  #ONasnedusnuse SUBROUTINE REPETITION ttl«»*«n«t«if

2330 IF RATE > 1 GOTO 2370

2340 VX = 10 : QUO = RATE/.3

2350 QUO1 = CINT(QUO)

2360 GOTO 2380

2370 VX = 11 . Qquot = CI NT(RATE)

2380 RETURN

2390 REM DDDDDDDDDDDD SUBROUTI NE ~ DELAY  DDDDDDDDDDDD

2400 REM . . . .. ... ... - . -

2410 CALL IBTMO(BRD%,V%): SX * 13 : MASK¥ * &H4000

2420 FOR M = 1 TO quot

2430 CALL 1BWAIT(BRDX,MASKX)

2440 NEXT M

2450 CALL I1BTHMO(BRD%,S%)

2460 RETURN

2470 REM

2480 REM THIS SUBROUTINE |S STORED AS "T1DELAY.BAS" IN THE
2490 REM FOLLOW NG PLACES

2500 REM C:\GPIB IN PC2

2510 REM C:\GPIB-PC IN PCt

2520 REM ( ( ( (CCCCCCCCCCC)IIIII )y )y)y)ry)))
2530 REM

2540 REM » » » & *» # * PART ONE ENDS « » * P I
2550 REM

2560 REM !tirrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrerrrrrrrrrrrrrrrrrrrrnnn
2570 REM

2580 REM

2590 REM * * * * - - - - - - - * M * *
2600 REM + + + + PARTTWOBEGI1INS + + . +
2610 REM

2620 CLS:PRINT « YOU HAVE THREE OPTIONS GIVEN NOW THEY ARE: ":PRINT

2630 PRINT " 1. YOU CAN REPEAT THE ENTIRE EXPERI MENT " : PRINT

2640 PRINT 2. YOU CAN RUN THE EXPERI MENT FOR FEW MORE TAUS + : PRINT

2650 PRINT = 3. YOU CAN GO AHEAD AND FIT THE DATA TO A STRAIGHT LINE "
. PRINT

2660 PRI NT e ENTER THE APPROPRI ATE NUMBER (1/2/3) FOR THE OPTION YOU

CHOOSE " : PRINT

2670 I NPUT NU

2680 IF N\U = 1 THEN GOTO 410

2690 I[F NU = 3 THEN GOTO 3070

2700 IF NU = 2 THEN GOTO 2740

2710 PRINT " Gl VE THE PROPER NUMBER TO CHOOSE AN OPTION, PLEASE (1/2/3)" : PRINT
2720 [ NPUT NU

2730 GOTO 2680

2740 CLS:PRINT " OPTION 2 : " &sPRINT

2750 PRINT " PLEASE REMEMBER THAT |F ANY OF THE TAU VALUES "
%EE%NT PRINT YOU GIVE NOW IS THE SAME AS ANY ONE OF THE TAU VALUES "
éi?y " PRINT " ALREADY Gl VEN, THE DATA POINT (TAU,Actau)) OF THE OLD "
é7§éNT PRINT TAU W LL BE REPLACED BY THE DATA POI NT CORRESPONDI NG TO "

PRI NT



2790
2800
2810
2820
2830
2840
2850
2860
2870
2880
2890
2900
2910
2920
2830
2940
2950
2960
2970
2980
2990
3000
3010
3020
3030
3040
3050
3060
3070
3080
3090
3100
3110
3120
3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3310
3320
3330
3340
3350
3360
3370

PRINT " THE NEW TAU YOU HAVE G VEN « : PRINT
PRNT » GVE THE NO CF TAU VALUES YQU WAWNT TO G VE ": |NPUT TAUO
PRI NT

PRINT "G VE THE TAU VALUES IN MILLI SECONDS PLEASE ": PRI NT
FCR KK = 1 TO TAUO
PRINT ®"TAU"+STR$(KK) : [INPUT TAUKK)

NEXT KK

FCRLN = 1 TOTAUO : JTAYLN = TAWLN : NEXT LN

AFLAG = 1
Qoro 970
KOUNT = TAW1

FCRM = 1 TO TAUO

F=0

FCRL = 1 TO TAWL1
IF ITAU(L) <> JTAU(M) THEN QGOTO 2950

NEXT L

ALy =BM: F=1

IF F = 1 GOro 3000
KCQUNT = KOUNT « 1

| TAU KOUNT) =
ACKOUNT) = B(M
NEXT M

TAWL = KOUNT

LPRI NT

JTAU(M)
)

. AFLAG =0
SPC(15) "TAU(m.sec)" SP(( 15)

FOR N = 1 TO TAW1

LPRI NT
NEXT N
QOro 2620

SPC(20) ITAU(N) TAB(45) A(N)

FGRJ * 1 TO TAW1
AM IN = ITAULD) : K= J
AANIN = A(J)
FOR 1 = J TO TAW1

IF |

TAY1) >= AMIN THEN GOTO 3140

AMIN= ITAUI) @ K= |
AAMN = Ad)

NEXT |
ATEMP = [TAU(
1ITAUJ) = AMIN

H

ITAU(K) = ATEMP

AATEMP = A(J)
A(J) + AAMN
A(K) = AATEMP
NEXT J

as

"M(tau) (voits)"

PRINT SPC(15) "TAU(m.sec)" SPC(15) "A(TAU) (volts)"
FCR S = 1 TO TAW1

PRI NT
NEXT S : PRINT
NN = 0

SPC(20) ITAU(S)TAB(45)A(S)

PRINT "THE FIRST N A(TAU)'s WLL BE NEGATI VED. PLEASE ENTER N "

INPUT NN

FORT =1 TONN

IF A(T)
A(T) =
NEXT T
N » TAUO1

< 0 THEN GOTO 3330

-A(T)

REM program for ti cal

PRI NT:PRI NT
CLS: INPUT "NO.

tPRINT:PRI NT
OF PO NTS PLEASE ";NO



3380
3390
3400
3410
3420
3430
3440
3450
3460
3470
3480
3490
3500
3510
3520
3530
3540
3550
3560
3570
3580
3590
3600
3610
3620
3630
3640
3650
3660
3670
3680
3690
3700
3710
3720
3730
3740
3750
3760
3770
3780
3790
3800
3810
3820
3830
3840
3850
3860
3870
3880
3890
3900
3910
3920
3930
3940
3950

3960

INPUT "yo please"; Y0
$1=0:5220:53=0:54=0:55=0
INPUT ZX
FR1 = 1 TONO
YL(1)Y=LOG(YD-ACI ))
S1=S1+ITAU(1):52=S2+¢YL(1):53=83+ITAU(])"2
S42S4+ ITAU(I)#YL(1):S5=5S5+YL(])"2
NEXT |
D=S3-(S1"2)/NO
M=(S4-S1#S2/N0) /D
B=(S2%¥S3-S1%S4)/(D#NO)
D1=SQR((S3-(81"2)/NQ)*(S5-(S2°2)/N0)) :R=(S4~-(S1%52)/N0D)/D}
S6»0: S7«0
FOR I« TO NO
Y(D) =M [TAUCL)+B
ECH)=Y(1)-YL(I)
S6=S6+E(1)"2
S7=ST+(E(1)/Y(1)) "2
NEXT |
PRINT "x(i)";TAB(10);"ym(i)";TAB(20);"yl(i)";TAB(40);"y(i)";TAB(60);"e(i)"
FOR 1=1 TO NO
YL(1) = CINT(YL(1)#1000))/1000
Y(I) = CINT(Y(1)%1000))/1000
PRINT 1TAUCI);TAB(10);A(1);TAB(20);YL(I);TAB(40);Y(1);TAB(60);ECI)
NEXT |
SD=SQR(S6/NO)
DY=5QR(S7/NO)
Ti=t/M
DT=DY#T1:PRINT:PRINT
PRINT "t1=";T1;TAB(50);"error=";DT:PRINT:PRINT
PRINT"rmsd = ";SD;TAB(50);"corr.=";R
GOSUB 5220
FCR 1=1 TO NO
CX(1)=ITAUCD) :CY(1)=YL(I):NEXT |
GOTO 3880
SCREEN 0
INPUT "how nmany bad data points do you have";MM
PRI NT: PRINT: PRINT "type the x(i)'s of the bad points"
FOR 1=1 TO WM
INPUT™" ;X1 (1)
FOR J=1 TO NO
IF 1TAUIYOXL (1) THEN 3850
[F J=No THEN 3840
FOR K=J TO NO-1
ITAUCK) = [TAU(K+1):A(K)=3A(K+1)
NEXT Kk
NO=NO-1
NEXT J
NEXT |
GOTO 3390
REM variables (exptl) are ex and cy
REM variables (calc.) are fx and fy
REM necessary changes are to be made in the main programe
PRI NT: PRI NT
PRINT "DO YOU NEED COMPUTED CURVE (yes/no)"
PRI NT :PRINT
| NPUT" ".Qs
IF Q$="yes" THEN TQ=1
IF Q$="no™ THEN TQ=0



3970 PRI NT :PRINT :PRINT

3980 PRINT"do you want to specify limts (yes/no)?"
3990 [NPUT o "iK$

4000 IF Ks="yes™ GOTO 4020

4010 GOTO 4070

4020 [NPUT"  xmin:"3;X0

4030 INPUT"xmax:":X9
4040 INPUT"ymin:"; Y0
4050 INPUT"ymax:";Y9

4060  GOTO 4170

4070 X9=CX(1):X0=CX(1):Y9=CY(1):Y0=CY(})
4080 FOR 1= 1 TONO

4090  1F CX(1)>X9 THEN X9=CX(1)

4100 IF CX(1)<X0 THEN X0=CX(1)
4110 IF CY(1)>Y9 THEN Y9=CY(I)
4120 IF CY(1)<YD THEN YO=CY(I)
4130 NEXT

4140 DX=(X8-X0)/10:DY=(Y9-Y0)/10

4150 X9=X9+DX:Y9=Y9+DY

4160 X0=X0-DX:Y0=Y0-DY

4170 1X=570/(X8-X0):1Y=160/(Y9-YO)

4180 FOR t=1 TON

4190 CX(1)=50+(CX(1)-X0)#1X

4200 CY(11=170-(CYC)-YO) ulY

4210 NEXT

4220 PRINT:PRINT:PRINT

4230 INPUT “title of the plot :";Ts
4240 PRI NT: PRINT: PRI NT

4250 PRINT "after examining the plot"
4260 PRI NT: PRI NT

4270 PRINT "PRESS Y IF A HARDCOPY 1S NEEDED
4280 PRINT: PRI NT

4290 PRINT "r if data is to be processed"
4300 PRI NT :PRINT

4310 PRI NT" ot herwi se any key"

4320 PRI NT: PRI NT

4330 CLS
4340  SCREEN 2
4350  LINE (10,5) - (630,190),,B

4360  LINE (35,170)- (620, 170)
4370 LINE (50,10) - (50, 185)
4380 XL=107

4390  FOR 1= 1 TO 10

4400 LINE (XL,168) - «(XL,172)
4410 XL=XL+57

4420 NEXT

4430 YL=10

4440  FOR 1=1 TO 10

4450  LINE(48, YL)- (52, YL)

4460 YL=YL+16

4470 NEXT

4480  XL®107:YK=20

4490 FOR 1* 1 TO 4

4500  XC(1)=X0+(XL-50)/1X
4510  XL=XL+65

4520  NEXT

4530  YK=10

4540 FOR 1= 4 TO 1 STEP -1
4550 YC(1)=YO+(170-YK) /1Y



4560
4570
4580
4590
4600
4610
4620
4630
4640
4650
4660
4670

YK=YK+40

NEXT

FOR 1= 1 TO 4
X1(l)y=Xccl)

NEXT

1=1
XQC1)=INTCABS(XC({)))
X1(1)=xcl )

L=0:K=0

|F XQ¢1)=0 THEN XC(1)=XC(1)#10:L=L+1:XQ(1)=INT(ABS(XC(1))):GOTO 4650
[FXQCI) > 10 THEN XC( 1) =XC(1 >/10:K=K+1 :XQ( 1) = | NKABS(XC( 1 1)) :GOT0 4660
|F L=0 THEN PP = K

4680 |F K=0 THEN PP = -L

4690
4700
4710
4720
4730
4740
4750
4760
4770
4780
4790
4800
4810
4820
4830
4840
4850
4860
4870
4880
4890
4900
4910
4920
4930
4940
4950
4960
4970
4980
4990
5000
5010
5020
5030
5040
5050
5060
5070
5080
5090
5100
5110
5120
5130

5140

IF L=0 AND K=0 THEN PP=0
PP$=STR$ (PP)

FOR 1= 1 TO 4

X1 (D) =X1(i)# (10" (-PP))
X1(D)=CINT(X1(1)%100))/100

NEXT
FOR 1= 1 TO 4

Yl )=YC(l >
NEXT
1=1
YQ(I)=INT(ABS(YC(I)))
Y1(1)=YC(1)
L=0:K=0

[F YQu1y=0 THEN YC(1)=YC(1)#10:L=L+1:YQ(1)=INT(ABS(YC(1))):GDTO 4820
[F YQ(1)>10 THEN YC(I)=YC(1)/10:K=K+1:YQ(1)=INT(ABS(YC(1))):G0TO 4830

IF L=0 THEN PP=K

|F K=0 THEN PP=-L

|F L=0 AND K=0 THEN PP=0
PP$=STR$ (PP)

FOR 1=1 TO 4
YI<1)=Y1(1)¥(10~(-PP))
YL(1) = (INT(YL1¢I)w100 /10
NEXT

QX=87

FOR 1= 1 TO 4
X1$(1)=STR$(XL(1))
QX=QX+65

NEXT

QY=126

FOR 1= 1 TO 4

Yis (i )=STR$(Y1(l))
QY=QY-40

NEXT

FOR I« 1 TO NO

LINE «CX(1)-1,CY(D)-1) - (CX(1)+1,CY(D)+1),,B
NEXT

IF TQ=1 THEN GOTO 5070
GOTO 5190

FOR 1= 1 TO NO
FX(1)=5Q+(ITAUCL)-X0)#IX
FY(1)=170-(Y(1)-Y0)x 1Y
NEXT

M=NO-1

FOR t= 1 TOM

LINE (FX(1),FYC(E)-(FX(1+1),FY(1+1))
NEXT

F
F
Ps



5150
5160
5170
5180
5190
5200
5210
5220
5230
5240
5250
5260
5270
5280
5290
5300
5310
5320
5330
5340
5350
5360
5370
5380
5390
5400
5410
5420
5430
5440
5450
5460
5470
5480
5490
5500
5510
5520
5530
5540
5550
5560
5570
5580
5590
5600
5610
5620
5630
5640
5650
5660
5670
5680
5690
5700
5710
5720
5730

YY=2«( ABS(SD) ) «( ABS(1Y))

LINE (600, 100)-(600,100-YY)

LINE (589,100-YY) - (601,100-YY)

LINE (599,100) - (601, 100)

I NPUT ZX

SCREEN 0

GOTO 5410

REM -10700

AX=0:AY=0

FOR 1= 1 TO NO

AX=AX+ITAUCD) tAY=AY+YLC(T)

NEXT 1

AX=AX/NO:AY=AY/NO

A1=0:A2=0:A3=0

FOR 1= 1 TO NO

Al=AL1+(YL(I)-AY)"2

A2=A2+ (ITAUCD) -AXD # (YL (1) -AY)

A3=A3+(ITAUCI)-AX) "2

NEXT

S=(A1-(A2°2)/A3)/(N0O-2)

SB=5/(SQR(A3))

PRINT "g=";S;"gb=";SB

RR=ABS(SB*T1#T1)

PRINT: PRINT "error in t1 =";RR

SL = A2/A3 : SS = 1/SL : PRINT "tI is ";SS

RETURN

CLS
PRINT "YOU HAVE THE FOLLOA NG OPTIONS TO CHOOSE FROM ¢ : PRINT
PRINT " t. A HARD COPY QUTPUT OF THE TI DATA " : PRINT
PRI NT 2. MANI PULATI ON OF EXI STI NG DATA " . PRINT
PRI NT " 3. MODI FI CATION OF THE EXPTL. PARAMETERS" : PRINT
PRINT " 4,TY FIT OF ENTIRE DATA SET " : PRINT
PRI NT e PLEASE ENTER THE APPROPRI ATE NUMBER FOR " : PRINT
PRINT " FOR THE OPTION YOU CHOOSE (1/2/3/4) " : PRINT
INPUT OPT

|F OPT
IF OPT

1 THEN GOTO 5560
2 THEN GOTO 3730
IF OPT = 3 THEN GOTO 2620
IF OPT = 4 THEN GOTO 3370
CLS : PRINT " G VE THE APPROPRI ATE NUMBER PLEASE (1/2/3) "
PRINT : GOTO 5490
INPUT "Gl VE THE SAMPLE NAME AND TEMPERATURE ", SAMP$,TEMR
LPRINT SPC(5) "SAMPLE IS " + SAMP$,TAB(50),"TEMP « " TEMR," C' : LPRINT
D « DATE* : T* = TIMES
LPRINT SPC(5), Ds, TAB(50), T*
LPRINT "x (i)";TAB(10);"ym(i)";TAB(20);"yl1(i)";TAB(40);"y (i)™ TAB (60);"e ¢i)"
LPRINT:FOR I = 1 TONO
LPRINT 1TAUCI) ;TAB(10);AC1);TAB(20);YL(1):TAB(40);Y(1);TAB(60);EC])
NEXT 1 : LPRINT
PRINT "t1=";T1;TAB(50);"error=";DT:PRINT:PRINT
LPRINT"rmsd=";SD:TAB(50);"corr.=";R
LPRINT "s=";S;"sb=";SB
LPRINT:LPRINT "error in tl = ";RR
LPRINT "tI if ";SS
LPRINT: LPRINT " [tau,A(tau)] VALUES ARE STORED IN FILE VOLTS"
LPRINT: LPRINT " WAVEFORMS ARE STORED IN ¢ ¢ FILENAMES » "X, WWHERE"
LPRINT: LPRINT " X = A,B,C,... etc. " .
LPRINT: LPRINT "EXPTL. PARAMETERS ARE STORED IN FILE INVDATA"
CLS : PRINT "IF YOU WANT TO DO THE EXPERI MENT AGAIN WITH THE "

[ I



5740 PR NT: PRINT "SAME PARAMETERS, ENTER C
5750  PRINT:PRINT "IF YOU WAINT TO QU T, ENTER Q
5760 INPUT QUR$

5770 IF (QURs = "Q") CR (RS = "q"™) THEN STCP
5780 QOO 410



PROGRAM NO

}BINF%EAR .60000! : 1I1BINIT1=60000! : IBINIT2=IBINITt+3 : BLOAD "c:\gpib\bib.m",
2 CALL IBINITL(IBFIND, IBTRG, IBCLR, IBPCT, IBSIC, |BLOC, IBPPC, IBBNA, [BONL, IBRSC,
1BSRE, 1BRSV, IBPAD, I1BSAD, 1BIST, 1BDMA, 1BEOS, 1BTMO, IBEOT, |BRDF, 1BWRTF, |BTRAP)

3 CALL [BINIT2(IBGTS, IBCAC, IBWAIT, IBPOKE, |BWRT, IBWRTA, IBCMD, IBCMDA,

IBRD, 1BRDA, IBSTOP, I BRPP, IBRSP, IBDIAG, IBXTRC, IBRD!, IBWRT!, | BRDIA. IBWRTIA,
IBSTAX, | BERR%, IBCNT%)

10 BRD$ = "GP1B0" : CALL IBFIND(BRDS$,BRD%)

15 SCOPEs$ = "TEKSCOP" : CALL IBFIND(SCOPE$,SCOPE%)

20 DEVI = "DELAY"™ : CALL 1BFIND(DEVS,DELAYX)

25 CLS

100 REM X X X X X X X X X X X X X PROGRAM TEE ONE XXXXXXXXXXXXX
110 REM SATURATION BURST SEQUENCE

TS REM X X X X X XX XXX XXXXXXXXXXXXXXXXXXXXXXXXXX
170 REM * « » » PART ONE * * « *

180 ReM

190 REM TH'S PART OF THE PROGRAMME DCES THE FOLLOW NG

200 REM

210 REM 1. ASKS THE USER FOR TAU VALUES IN MILLI SECONDS.

220 REM

230 REM 2. ASKS FCR THE REPETITION RATE i.e. 5T1

240 REM

250 REM 3. ASKS FCR THE NO OF AVERAGES TO BE DONE.

260 REM

270 REM 4. ASKS FOR THE FILE NAME IN WH CH THE WAVEFORM IS TO BE
280 REM STORED.

290 REM » v % T SRR SHNY S 1

300 REM - + e + « + PART ONE BEG NS +e + o+ 4+ e

310 REM {(Eszcs==x==zT==3====%) DECLARATIG\IS (=S======SSE=SE==SSS=S=ITST)

320 REM

330 DIM TAU(100),A(30),B(30), ITAU(100), [ATAU(3O)

340 DIM Y(100),YL(100),E(100)

350 DM CX(100),CY(100) ,FX(100),FY(100),T$(30)

360 DIM JTAU(100),KTAU(100), OFFTEMP(20),SLOPE(20)

370 AFLAG « 0

380 REM

390 REM

400 REM (zzzzsszass=zz=zsszz==zs) = (=== =32 ssssz==s=3)
410 REM

420 REM ?2799222222222272729292? QUERI ES 2222222222229222222222222
430 REM

440 INPUT "I NPUT VALUES FROM KEYBOARD OR FILE ? ENTER CHOI CE (K/F) ",KFs$

450 1IF (KFl - ®k"™) OR (KFl = "k™ THEN GOTO 540
460 OPEN "BURSDATA" FOR INPUT AS #3

470 INPUT #3, TAUO : TAWIL = TAUO

480 FORT = 1 TO TAUO

490 INPUT #3,TAUCT) @ ITAUT) = TAUT)
500 NEXT T

510 INPUT #3, AVERAGE

520 INPUT #3, WEIGHT

530 GOTO 770
540 KI'LL "BURSDATA"

550 OPEN "BURSDATA" FCR APPEND AS #3
560 CLS: INPUT "HON MANY TAU VALUES DO YQU HAVE "; TAUO : TAW1 = TAUO



570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
890
900
910
920
930
940
950
960
970
980
990
1000
1010
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140

1150

PRINT #3,SPC(5) TAUO
CLS:PRINT "G VE THE TAU VALUES IN MILLI SECONDS -

FORJ = 1 TO TAUO

NEXT J

PRINT "TAU"+STR$(J)+" = n: [NPUT TAU(J): PRINT
PRINT #3, SPC(10),TAU(D)
CLS:PRINT "THESE ARE THE TAU VALUES YQU GAVE " : PRINT
FOR K = 1 TO TAUO

PRINT "TAU"+STR$(K), TAB(20), TAU(K)
NEXT K

PRINT "ENTER TO PROCEED"

INPUT ; QUES

FOR LK = 1 TO TAUO : [TAU(LK) = TAU(LK)

NEXT LK

CLS: INPUT "HON MANY NO. OF AVERAGES DO YOU NEED ":AVERAGE

PRINT #3, SPC(5),AVERAGE

PRI NT

CLS: INPUT "GIVE THE VEI GHT FOR AVERAG NG " ;WEIGHT

PRINT #3, SPC(5),WEIGHT

PRI NT

CLS: PRINT "DO YOU NEED WAVEFORMS TO BE STORED? (Y/N)":PRINT

I NPUT WF$

IF (WFs = "N') OR (WF$ = "n") THEN GOTO 910

CLS:PRINT " G VE THE FILE NAME IN WH CH THE WAVEFORM 1s TO BE STORED"
PRI NT

PRINT " YOU CAN GivE THE COWPLETE PATH , |F YOU WANT TO SAVE THE "
PRI NT

PRINT " FILE IN A DI RECTORY OTHER THAN THE CURRENT DI RECTORY '

PRI NT

PRINT " CURRENT DI RECTORY : C:\RAJAMGPIB "

PRI NT

PRINT " PLEASE | NDI CATE WHETHER YOU NEED THE FI RST WAVEFORM OR " : PRINT
INPUT " THE LAST WAVEFORM TO BE STORED (F/L) ~,ORD$

INPUT; "FILENAME = ",FILENAMES$

CLOSE #3

CLS:PRINT " G VE THE FILE NAME TO SAVE DATA PTS. [tau,A(tau)] "
PRINT: INPUT EXP1$

CLS: INPUT " G VE THE SET PT. AND VARIAC SETTING', SETPT$.VARIACS
CLS: [INPUT " TH.EMF(START) = ", EM1

REM ??2??22?22?22?222???  QUERIES END ???7?72?27?272292292222?222°2777

REM
REM

WORD1s$ = "P@232000000" : CALL IBWRT(DELAYx,WORD1$)
WORD2$¢ = "Q©231000000" : CALL IBWRT(DELAY%,WORD2$)
WRD3$ * ©R@223000000" : CALL IBWRT(DELAY%,WORD3$)
WORD4s = "S@213000000" : CALL IBWRT(DELAY%,WORD4S$)
WORD5$ = "T@233000000" : CALL IBWRT(DELAY%,WORDS5$)
REM MASTER . . LooP

REM LPRINT SPC(15> "TAU (m.sec)"SPC(15)"DELTAV (m.volts)™ : CLS
PRINT sPC(15) "TAU (m.sec)"SPC(15)"DELTAV (m.volts)"

PRINT SPC(20);TAU(1);

REM LPRINT SPC(10);1;TAB(20);TAU(L)}

OPEN EXP1s FOR CQUTPUT AS #2

PRINT #2,SPC(15)"TAU (m.sec) "SPC(15)"DELTA V (m.volts) "
CLOSE #2

WAVKOUNT « 0 : OFSETT = 0

FOR JK = 1 TO TAUO

REM

IF TAU(JK) <= 9.998999 GOTO 1200



1160 IF TAUWJK) <= 99.999 QOroO 1210

1170 IF TAUWJK) <= 999.99 GOTO 1220
1180 IF TAUWJK) <= 9999.901 GOrO 1230
1190 IF TAUGJK) <= 99999! QGOTO 1240

1200 GOSUB 1380 : @QOTO 1250

1210 GsLB 1530 : QOro 1250

1220 QGCBUB 1680 ¢ QOTO 1250

1230 Q8B 1830 : @QOTO 1250

1240 GOsUB 1980 : QOrTO 1250

1250 NEXT JK

1260 EXTR = 2000!

1270 D4 = EXTR # 10 : D41$ = STR$(D4)
1280 PARTI * "8

1290 PART2* "D

1300 PART3* = MLD*(D41«,2) : PART4$ = ®iw
1310 WORDS1$ = PART1$+PART28+PART3$+PART4S

non

1320 CALL [BWRT(DELAY%,WORDS1S)

1330 CALL IBWRT(DELAY%,WORD4$)

1340 CMD$ = "ACQ REP:SAM, HSR:SAM, LSR:SAM, SCAN:SAM,NUM:0 "

1350 CALL [BWRT(SCOPE%.CMD$)

1360 IF AFLAG = 1 THEN QOTO 3310 ELSE @QOTO 3040

1 3 7 OREMY +# + ¢+ ¢+ 4+ 4+ + 4 444+ 4 ++++++1F +° 4+ 4+ 4+F 4 ¢ 4+ 4
1380 ReM SUBROUTI NERANGE1

1390 REM. . . -

1400 D1 = (TAU(JK)+OFSETT) * 10000 : Diis$ = STR$(D1)

1410 PART1$ = "P"

1420 PART2* CHR*(74- LEN(D11%))

1430 PART3* M Df(D11*,2) : PART4s = "!"

1440 WORDP1s = PARTL1$ + PART2¢ + PART3$ + PART4$

1450 CALL IBWRT(DELAY%,WORDP1S)

1460 CALL IBWRT(DELAYX,WORD!S)

1470 QBB 2160

1480 RETURN

1490 REM LR SR NN R R R IR N IR I R R 20 R N R SN SR DN I BN JEE SN IR SR U N R R BN IR B
1500 REM SUBROUTINE WORKING PROPERLY.

1510 REM W W W SAVED IN THE NAME C:\GPIB-PC\T1R1.BAS AS AN ASCIIl FILE IN PC 1
1520 REM. . . . . . . . . . . . . . . . .= . . . . . . --

1530 REM SUBROUTINERANGE?2

1540 REM- S - S - — — —
1550 D2 = (TAU(GJK)+OFSETT) # 1000 : D21$ = STR$(D2)
1560 PART1S Q"
1570 PART2$ "D

1580 PART3$ N D*(D21*,2) : PART4* = ™

1590 WORDQ1s = PART1$+PART2$+PART3$+PART4S

1600 CALL 1BWRT(DELAY%,WORDQ1S$)

1610 CALL 1BWRT(DELAY%,WORD2$)

1620 GosUB 2160

1630 RETURN

1640 REM PO I I I I AR B A AR R A N I T R I I B R IR B R )
1650 REM W W W SUBROUTINE 1S WORKING PROPERLY

1660 REM WWW SAVED IN THE NAME C:\GPIB-PC\T1R2.BAS IN PC! AS AN ASCIlI FILE
1670 REM. . . . . . . . . . . T
1680 REM SUBROUTINERANGES33

1690 REM\ — ——
1700 D3 = (TAU(JK)+OFSETT) * 100 : D31¢ = STR*(D3)
1710 PART1S » "R’

1720 PART2* = "D"

1730  PART3$ = M D*(D31*,2) : PART4* = "!"

1740 WORDR1$ = PART!$+PART2$+PART3$+PART4$

on oy




1750

CALL IBWRT(DELAY%,WORDR1$)

1760 CALL IBWRT(DELAY%,WORD3$)

1770 QBB 2160

1780 RETURN

1790 REM ¢ ¢ o o + ¢ o ¢ o 4 ¢ 4 o + 4 o 4 o 4 4 4 F ° 4 4 4 4 4°

1800 REM \\\\\ SUBROUTINE |S WORKING PROPERLY

1810 REM M\\\\SAVED IN THE NAME C:\GPIB-PC\T1R3.BAS IN PCi AS AN ASCIl FILE
1820 REM- -

1830 REM SUBROUTI NE RANGE 4

1840 REM . -

1850 D4 = (TAUGJK)+OFSETT) » 10 : D41* = STR$(D4)

1860 PARTI* « "S"

1870 PART2* * "D"

1880 PART3* = M D«(D41*,2) : PART4* = mtn

1890 WORDS1$ = PART1$+PART2$+PART3$+PARTA$

1900 CALL [IBWRT(DELAY%X,WORDS1$)

1910 CALL iBWRT(DELAY%,WORD4$)

1920 GOSUB 2160

1930 RETURN

1940 REM AR AL A S A A R A R B A A N R A R AR N N 2 R R R R
1950 REM \\\\\ SUBROUTINE IS UORKING PROPERLY

1960
1970
1880
1990
2000
2010
2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290
2300
2310
2320
2330

REM  M\\\\ savED IN THE NAME C:\GPIB-PC\T1R4.BAS IN PCl1 AS AN ASCIl FILE
REM - - - - -

REM SUBROUTI NE RANGE 5
REM -

D5 = (TAUCGJK)+OFSETT) : D51* = STR$(D5)

PART1$ « "T"

PART28 = "D’

PART3$ = MID$(D518,2) : PART4$ = "I"

WORDTLs$ ¢« PART1$+PART2$+PART3$+PART4S

CALL IBWRT(DELAY%,WORDT1$)

CALL IBWRT(DELAYX,WORDS5$)

QosUB 2160

RETURN
REN 4+ 4 4 + 4+ 4 4 4 4 4 4 + 4 4+ 4 4 4+ 4 4 4+ 4+ 4 2+ 4+ 4+ 444 4+ 4+ 4
REM \\\\\ SUBROUTINE IS WORKING PROPERLY

REM \\\\\ SAVED IN THE NAME C:\GPIB-PC\T1R5.BAS IN PC! As AN Ascil FILE

REM -
REM SUBROUTINE WAVETRANS
REM -
CMD$ = "ACQ REP. SAM HSR:SAM, LSR:SAM, SCA:SAM": CALL IBWRT(SCOPEX, CMD$)

SVEEP* « AVERAGE - 1

MASK* « &H4000 : WAIT1* = 11

CALL |BTMO(BRDX%,WAIT1%) : CALL IBWAIT(BRD%,MASK%X)
QUERY$ « "AOCQ? SWP' : CALL IBWRT(SCOPE%,QUERYS)
ANS$ = SPACE$(30) : CALL IBRD(SCOPEX,ANSS)

I'F VAL(MID$ (ANS$,22)) < 1 THEN GOBUB 2690 ELSE 2240
QOoro 2200

CMDs$ * "AQQ REP:AVE,HSR:AVE,LSR:AVE,SCA:AVE,SMO:0N, VEC:0ON,NUN:"
VERS = STR$ (AVERAGE):CMDi$ - CMD$ + MID$(VERS,2)
WEITS = ",WEl:"+MID$(STR$ (WEIGHT),2)

CMD2s « CMD1s » WEITS

CALL [BWRT(SCOPEX,CMD2$)

SWEEPY = 0

8B 2690

QUERYs * "AOQ SW" : CALL IBWRT(SCOPEX,QUERYS)

ANS$ ¢ SPACE*(30) : CALL IBRD(SCOPEX%,ANS$) t SWEEPX « VAL(MID$(ANSS,22))
[F SWEEPY% = AVERAGE THEN GOTO 2360



2340 GOSuUB 2690

2350 GOTO 2310

2360 REM ~asvsssanssnsans WAVEFORM TRANSFER DETAILS  ~~~*~~~~~~v~a~s~s
2370 REM ~ ~ . Saves NessNs_ sssssssaaaanans
2380 IF (JK <> 1) OR (AFLAG = 1) THEN GOTO 2420

2390 CLS:INPUT "PLEASE SET THE CURSORS AND ENTER TO PROCEED", ABCS$
2400 CLS:PRINT SPC(15) "TAU (m.sec) "SPC( 15) "DELTA V (m.volts)"

2410 PRI NT SPC(20) TAU(JK);

2420 CMD$ = "DELTAV? VAL" . CALL IBWRT(SCOPE%,CMDs$)

2430 VOLT$ = SPACE$(35) : CALL IBRD(SCOPEX,VOLTS$)

2440 PRI NT TAB(45)VAL(MID$(VOLTS,14))%1000!

2450 OPEN EXP1* FOR APPEND AS #2

2460 PRI NT #2,TAB(45)VAL(MID$(VOLTS,14))%1000!

2470 CLOSE #2

2480 IF AFLAG = 0 THEN A(JK) = VAL(MID$(VOLTS,14))#1000!

2490 |F AFLAG = 1 THEN B(JK) - VAL(MID$(VOLTS, 14))#1000!

2500 IF AFLAG = 1 THEN GOTO 2550

2510 REM LPRI NT TAB(45) VAL(MiD$(VOLTS, 14))#1000!

2520 REM ~4mtetedmdrmdrtmtettmtototmbodobototbobodot—totbobodotototbotadotabat-t
2530 REM WA VE FORM TRANSFER FROM HERE
2540 FEVI =4-4~¢-d=t-t-t-t-t-d-dodmtototot=dototopotot bttt bbbt~
2550 IF (W$ = "N') OR (W$ = "n" ) THEN GOTO 2660

2560 IFORDF = "F" (R ORD* = "f" THEN QOTO 2600

2570 WAVKOUNT = WAVKOUNT + 1

2580 I F WVAVKOUNT <> TAUO THEN GOTO 2660

2590 VWAVEI t « "DATA SOU:ACQ,CHA:CH2,ENC:HEX"™ : CALL IBWRT(SCOPEX%,WAVElS)
2600 WAVE2$ = "WAV?" : CALL IBWRT(SCOPE%,WAVE2S)

2610 CALL IBRDF(SCOPEX%,FILENANMES)

2620 WFs = "N

2630 REM S R R R R e R 2 X SRR R R
1640 REM WA VE FORMN TRANSFER END S HERE
2650 ReM R e I
2660 PRINT SPC(20)TAU(JK+1);

2670 REM LPRI NT SPC(10):(JK+1);TAB(20) ;TAU(JK+1);

2680 RETURN

2690 ReEM DDDDDDDDDDDD SUBRCQUTI NE DELAY DDDDDDDDDDDD

2700 ReM --- --

2710 SWEEP1X = AVERAGE - SWEEPX

2720 TME = SWEEP1¥% » TAUYJK) * .001

2730 AA = .001 : BB = .003

2740 FCRN - 5 TO 17

2750 IF (TME > AA) AND (TME < BB) THEN QOrO 2820

2760 AA « AA « 10

2770 CC « AA

2780 AA = BB

2790 BB = CC

2800 NEXT N

2810 QOrO 2860

2820 VX = N :CALL 1BTMO(BRD%, V%)

2830 MASKX = &H4000

2840 CALL [BWAIT(BRDY,MASKX)

2850 RETURN

2860 VX = 13

2870 CALL |BTMO(BRD%,.V%)

2880 Q1o 2850

2890 REM

2900 REM TH S SUBROUTINE |S STORED AS "TIDELAY.BAS"™ IN THE

2910 ReM FOLLOWING PLACES

2920 ReM C:\GPIB IN PQ



2930
2940
2950
2960

REM C:\GPIB-PC IN PCt

REM ¢ ¢ ¢ ¢ € € € CCCCCCCOCCYIIIYInd»yryryrydnnrynyan
REM

REM * # = « * » « PART ONE ENDS « [ . L

2970 REM

290 REM t 1ttt n e it g g0 p it gttty

2990 REM

3000 REM

3010 REM = ¥ » N - % %

3020 REM ¢ + + + PART TWO BEGINS + . + .

3030 ReM

3040 CLS:PRINT " YOU HAVE THREE OPTIONS G VEN NOW THEY ARE: ":PRINT

3050 PRINT " 1. YOU CAN REPEAT THE ENTIRE EXPERIMENT " : PRINT

3060 PRINT " 2. YOU CAN RUN THE EXPERI MENT FOR FEU MORE TAUS " : PRINT
3070 PRINT " 3. YOU CAN GO AHEAD AND FIT THE DATA TO A STRAIGHT LINE
: PRINT

3080 PRINT " ENTER THE APPROPRI ATE NUMBER (1/2/3) FOR THE OPTION YQU

CHOOSE " : PRINT

3090 | NPUT NU

3100 IF NU = 1 THEN GOTO 460

3110 IF NU = 3 THEN GOTO 3530

3120 IF NU = 2 THEN GOTO 3160

3130 PRINT « G VE THE PROPER NUMBER TO CHOOSE AN OPTION, PLEASE (1/2/3)"

. PRINT

3140 INPUT NU

3150 GOTO 3100

3160 CLS: PRINT " OPTION 2 : " :PRINT

3170 PRINT " PLEASE REMEMBER THAT |F ANY OF THE TAU VALUES -
:PRINT

3180 PRINT " YOU GVE NOW IS THE SAME AS ANY ONE OF THE TAU VALUES "
- PRINT

3190 PRINT ALREADY G VEN, THE DATA PO NT (TAU,A(tauw)) OF THE OLD "
: PRINT

3200 PRINT " TAU WILL BE REPLACED BY THE DATA PO NT CORRESPONDI NG TO'
: PRINT

3210 PRINT * THE NEU TAU YOU HAVE G VEN. " : PRINT

3220 PRINT « GVE THE NO. OF TAU VALUES YOU WANT TO GIVE ": [INPUT TAUO
3230 PRI NT

3240 PRINT "G VE THE TAU VALUES IN MLL1 SECONDS PLEASE ":PRINT

3250 FOR KK = 1 TO TAUO

3260 PRINT "TAU'+STR$(KK) : INPUT TAU(KK)

3270 NEXT KK

3280 FOR LN = 1 TO TAUO : JTAU(LN) < TAU(LN) : NEXT LN

3290 AFLAG = 1

3300 GOTO 1090

3310 KOUNT = TAU01

3320 FOR M = 1 TO TAUO

3330 F=0

3340 FRL = 1 TO TAWL

3350 IF 1TAU(L) <> JTAU(M THEN GOTO 3370

3360 A(L) = B(M: F=1

3370 NEXT L

3380 IF F+ 1 GOTO 3420

3390 KOUNT ¢ KOUNT « 1

3400 | TAU(KOUNT) = JTAU(M

3410 A(KOUNT) = B(M

3420 NEXT M

3430 TAUO1 = KOUNT : AFLAG = 0

3440 FOR KAN « 1 TO TAU01



3450
3460
3470
3480
3490
3500
3510
3520
3530
3540
3550
3560
3570
3560
3590
3600
3610
3620
3630
3640
3650
3660
3670
3680
3690
3700
3710
3720
3730
3740
3750
3760
3770
3780
3790
3800
3810
3820
3830
3840
3850
3860
3870
3880
3890
3900
3910
3920
3930
3940
3950
3960
3970
3980
3990
4000
4010
4020
4030

KTAU(KAN) = ITAU(KAN)
TATAUCKAN) = A(KAN)
NEXT KAN
REM LPRINT SPC(15) "TAU(m.sec)" SPC(15) "M(tau) (m.volts)
FOR N = 1 TO TAW1
REM LPRINT SPC(10) [ ;TAB(20); ITAU(N) TAB(45) A(N)
NEXT N
GOTO 3040
FOR KAN = 1 TO TAUO!
KTAU(KAN) = ITAY(KAN)
IATAU(KAN) = A(KAN)
NEXT KAN
FORJ = 1 TO TAW1
AMIN = [TAUJ) : K=
AAMIN = A(J)
FOR 1 = J TO TAUO1
IF 1TAUCI) >= AMN THEN GOTO 3640
AMN = ITAUCD) © K=

AAMIN = ACD
NEXT |
ATENP = [ TAU(J)
ITAUW) = AMN
ITAU(K) = ATEMP
AATEMP = AWJ)
A(J) = AAMN
A(K) = AATEMP
NEXT J
CLS

PRINT SPC(15) "TAU(am.sec)" SPC(15) "A(TAU) (m.volts)"
FOR S = 1 TO TAW1
PRINT SPC(5) S SPC(10)1TAU(S)TAB(45)A(S)
NEXT S : PRINT
INPUT "ENTER TO PROCEED ", ENT
REM N = TAW1
REM program for ti cal
PRI NT: PRINT: PRINT :PRINT
CLS:INPUT "NO. OF PO NTS PLEASE *;NO
INPUT "yo please™;Y0
§1=0:5220:53=0:54=0:55=0
FORt * 1 TONO
YL(I)=LOG(YO-A(I))
S1=S1+1TAU(1):52=82+YL(1):53=83+ITAU(1)"2
S4=2S4+ITAUCL) #YL(]):S5=85+YL(1)"2
NEXT |
D=S3-(S1"2)/N0
M=(S4-S1#S2/NQ)/D
B=(S2453-51%S54)/(D*NO)
D1=SQR((S3-(S1"2)/ND)*#(55-(S2"2)/N0)>):R=(S4-(51%52)/N0)/D}
§6=0:57=0
FOR1=1 TONO
Y(I)=M»ITAU(C])+B
ECD)=Y(D)-YL(1)
S6= S6+E(1)"~2
S7T=S7+(E(1)/Y(1))"2
NEXT 1
PRINT ®x({)";TAB(10):"ym(i)";TAB(20): "yl ({)";TAB(40):"y(i)";TAB(60);"e(i)"
FOR 1=1 TONO
YLCD =CINT(YL(1)#1000))/1000
YD) =(INT(Y(1)%1000))/1000



4040 PRINT ITAUCT);TAB(10)3;AC1);TAB(20);YL(I);TAB(40):Y([)1TAB(60);EC])
4050 NEXT 1

4060 SD=SQR(S6/ND)

4070 DY=SQR(S7/N0O)

4080 Ti=1/M

4090 DT=DY#T1:PRINT :PRINT

4100 PRINT "t1=":;T1;TAB(50);"error=";DT:PRINT:PRINT
4110 PRINT"rmsd=";SD; TAB(50);"corr.=";R

4120 GOSUB 5410

4130 FOR 1=t TO NO

4140 CXCD)=ITAUCI) :CY(I)=YL (1) :NEXT |

4150 QOro 4310

4160 SCREEN 0

4170 INPUT "how nany bad data points do you have™;MM
4180 PRI NT: PRINT: PRINT "type the x(i)'s of the bad points"
4190 FCR 1=1 TO MM

4200 INPUT""; X1(1)

4210 FCR J=1 TO NO

4220 IF ITAUGI)YOXL(T) THEN 4280

4230 | F J=NO THEN 4270

4240 FCR K=J TO NO-1

4250 ITAU(K) = ITAU(K+1):A(K)=A(K+1)

4260 NEXT K

4270 NO=NO-1

4280 NEXT J

4290 NEXT |

4300 QOro 3830

4310 REM variabl es (exptl) are ecx and cy

4320 REM variables (calc.) are fx and fy

4330 REM necessary changes are to be made in the main progranme
4340 PRI NT: PRLNT

4350 PK$ = INKEYS$

4360 IF PK$ = "" THEN QOTO 4350

4370 X9=CX(1):X0=CX(1):Y9=CY(1):Y0=CY (1)

4380 FOR 1= 1 TONO

4390  |F CX(1)>X9 THEN X9=CX(1)
4400 IF CX(1)<X0 THEN X0=CX(1)
4410 I F CY(1)>Y9 THEN Y9=CY<1 )
4420 IF CYdXYO THEN Y0=CY(I)
4430 NEXT

4440 DX=(X9-X0)/10:DY=(Y9-Y0) /10
4450 X9=X9+DX:Y9=Y9+DY

4460 X0=X0-DX:Y0=Y0O-DY

4470 1X=570/(X9-X0):1Y=160/(Y8-Y0)
4480 FCR 1=1 TO NO

4490 CX(1)=50+(CX(1)-X0)»1X

4500 CY(1)=170-(CY(1)-YO) 1Y

4510 NEXT
4520 PRINT:PRINT:PRINT
4530 A.S

4540  SCREEN 2

4550  LINE (10.5) - (630,190).,B
4560  LINE (35,170)- (620,170)
4570  LINE (50,10) -(50.185)
4580  XL=107

4590 FORI= 1 TO10

4600  LINE (XL,168) - (XL,172)
4610  XLxXL+57

4620 NEXT



4630  YL=10

4640 FCR 1=1 TO 10

4650  LINE(48,YL)-(52,YL)

4660  YL=YL+16

4670  NEXT

4680  XL=107:YK=20

4690 FCR I= 1 TO 4

4700  XC(1)=X0+(XL-501/1X

4710  XL=XL+65

4720 NEXT

4730 YK=10

4740 FCR 1= 4 TO 1 STEP -1
4750  YC(1)=YO0+(170-YK) /1Y
4760  YK=YK+40

4770 NEXT

4780 FR 1= 1 TO 4

4790  X1C(D)=XC(l)

4800  NEXT

4810 171

4820 XQ1 ) = INTCABS(XC(1)))
4830  X1(D)=XC(1)

4840  L=0:K=0

4850  IF XQ(1)=0 THEN XC(1)sXC(1)#10:L=L+1:XQ(1)=INT(ABS(XC(1))):GOTO 4850
4860  IF XQ(1) > 10 THEN XC(1)=XC(1)/10:K=K+1:XQ(1)=INT(ABS(XC(1))):GOTO 4860
4870 IF L=0 THEN PP = K

4880  IF K=0 THEN PP=-L

4890 IF L = 0 AND K = 0 THEN PP=0
4900  PP$=STR$(PP)

4910 FR [+ 1 TO 4

4920  X1(1)=X1(1)¥(10"(-PP))
4930 X101 =CINT(X1(1)%100)) /100
4940  NEXT

4950 FOR 1= 1 TO 4

4960  Y1(1)=YC(D)

4970  NEXT

4980 1=t

4990  YQ(I)=INT(ABS(YC(1)))
5000  Y1(1)=Y((1)

5010  L=0:K=0

5020  |F YQ(1)=0 THEN YC(1)=YC(I)%10:L=L+1:YQ(1)=INT(ABS(YC(1))):GOTO 5020
5030  IF YQ(1)>10 THEN YC(1)=YC(1)/10:K=K+1:YQ(1)=INT(ABS(YC(1))):GOTO 5030
5040  |F L=0 THEN PP=K

5050  IF K=0 THEN PP=-L

5060 |F L=0 AND K=0 THEN PP=0
5070  PP$=STR$(PP)

5080 FCR I=1 TO 4

5090  Y1(1)=Y1(1)#(10"(~PP))
5100  Yi(I>=(INT(Y1(1)#10))/10
5110  NEXT

5120  QX=87

5130 FOR I= 1 TO 4

5140 X18(1)=STR$ (X4 (1))

5150  QX=QX+65

5160  NEXT

5170  QY=126

5180 FOR i= 1 TO 4

5190 Y16 (1)=STR$(Y1(1))

5200  QY=QY-40

5210  NEXT



5220
5230
5240
5250
5260
5270
5280
5290
5300
5310
5320
5330
5340
5350
5360
5370
5380
5390
5400
5410
5420
5430
5440
5450
5460
5470
5480
5490
5500
5510
5520
5530
5540
5550
5560
5570
5580
5590
5600
5610
5620
5630
5640
5650
5660
5670
5680
5690
5700
5710
5720
5730
5740
5750
5760
5770
5780
5790
5800

FOR 1« 1 TO NO
LINE (CX(1)-1,CY(I)-1) - (CX(L)+1,CY(1)+4),,.B
NEXT
FOR t= 1 TO NO
FX(1)=50+CITAUCI)-X0)*[X
FY(1)=170-(Y(1)-YO)#]Y
NEXT
M=NO-1
FOR '« 1 TOM
LINE (FX(1),FY(I ) -(FX(1+1),FY(1+1))
NEXT
YY=2#(ABS(SD))#(ABS(1Y))
LINE (600, 100)-<600, 100- YY)
LINE (589,100-YY) - (60%,100-YY)
LINE (599,100) - (601,100)
GO* = INKEYS$
IF GOf = "" THEN GOTO 5370
SCREEN 0
GOTO 5600
REM -10700
AX=0:AY=0
FOR 1= 1 TO NO
AX=AX+ITAUCI) tAY=AY+YL( 1)
NEXT 1
AX=AX/NO:AY=AY/NO
A1=0:A2=20:A3=0
FOR 1= 1 TO NO
Al=AL+(YL(1}-AY)"2
A2=A2+ (ITALK 1) -AXD#(YL(I)-AY)
A3=A3+(ITAUC]1)-AX) "2
NEXT
Sa(AL1-(A2°2)/A3)/(NO-2)
SB=S/(SQR(A3))
PRINT "s = ";S;"sh = ";SB

RR=ABS(SB*T1#T1)

PRINT:PRINT "error in t1 =":RR

SL = A2/A3 : SS = 1/SL . PRINT "tl is ":s§

RETURN

CLS
PRINT "YOU HAVE THE FOLLOAN NG OPTI ONS TO CHOOSE FROM " : PRINT
PRI NT " i. A HARD COPY QUTPUT OF THE TI DATA " : PRINT
PRINT " 2. MANI PULATI ON OF EXI STI NG DATA " .+ PRINT
PRINT " 3. MODI FI CATION OF THE EXPTL. PARAMETERS" : PRINT
PRINT " 4.T1 FIT OF ENTIRE DATA SET " : PRINT
PRINT " PLEASE ENTER THE APPROPRI ATE NUMBER FOR " : PRINT
PRINT " FOR THE OPTION YOU CHOOSE (1/2/3/4) " : PRINT

I NPUT OPT

|F OPT * 1 THEN GOTO 5750

|F OPT = 2 THEN GOTO 4160

|F OPT ' 3 THEN GOTO 3040

IF OPT = 4 THEN GOTO 6380
CLS : PRINT " G VE THE APPROPRI ATE NUMBER PLEASE (1/2/3/4) "

PRINT : GOTO 5680
D* = DATE* : T* = TIMES

SAMPLEs = " [NH4]3 Sb2 Br9 " : FREQ$ = "g"
BOOK = 1
INPUT « EMF(FINISH) = " , EMF2

INPUT " TEMPERATUE ¢ ", TEMR
INPUT " PAGE NO. : ",PAGE



5810 TIFILE$ + LEFT$(EXP1$,8)+".DAT"
5820  OPEN TiFILEs FOR QUTPUT AS #1

5840 REM A . . SUBROUTINE  PRINT ouT

5850 REM - - -

5860 REM

5870 REM

5880 FCRJ = 1 TO NO

5890 PRINT #1, SPC(10);J;TAB(15); ITAU(J) TAB(40) A(J)
5900  NEXT J

5910 PRINT #1, TAB(15) "Yo" TAB(40) YO

5920  PRINT &1,

5930 PRINT #t, SPC(10);"date = " ;D$;TAB(40);" timee ";T$
5940  PRINT &1,

5950 PRINT #t, SPC(10) "SAMPLE |S "+SAMPLES$;TAB(40);"FREQ. = "+FREQ$+" MHz."

5960 PRINT #1i,

5970 PRINT #1, SPC«10) "SET PONI = "+SETPT$¢: TAB(40);"VARIAC = "+VARIACS;" VOLTS"
5980 PRINT #t¢,

5990 PRINT #1, SPC(10) "EMF{ ¢ ";EMF1;TAB(40);"EMF2 = ";EMF2

6000 PRINT #1,

6010 PRINT #%, ™ . . . -
6020 PRINT #1, CHR$(27);CHR$(87);"1"

6030 PRINT #1, " LS-FILT DATA'"
6040 PRINT #i, CHR$(27);CHR$(87);"0"

6050 PRINT #1, o
6060 PRINT #t,
6070 PRINT #1, "X(i)"; TAB(10); "Ym(i )";TAB(25) ;"YIl (i)";TAB(40) ;"Y(i)™;TAB(60); "E(i)
6080 PRINT #1,

6090 PRINT #¢, "

6100 FOR |1 = 1 TON

6110 PRINT #1, ITAUCI);TAB(10);AC1);TAB(25);YL(1);TAB(40);Y(1);TAB(80);;E(I)

6120  NEXT |

6130 PRINT #1, "

6140  PRINT »t,

6150 PRINT #1, SPC(10) "corr. = ";R TAB(40) "TL = ";(-Tl)
6160  PRINT #1,

6170 PRINT #1, SPC(10)» "ERR IN Tt = ";RR TAB(40) ; "TEMP. = ":TEMR;" C'

6180  PRINT #1,

6190 PRINT #1, SPC(10) "RMSD = ";SD;TAB(49);(273+TEMR);" K" :PRINT #t

6200 PRINT #1, SPCUO) "1000/T = ™;1000/(273+TEMR);TAB(40);"In Tl = ";LOG(-T1)
6210 PRINT #1, "

6220 PRINT #1, SPCUQ); ™ BOX NO. = ";BOOK; TAB(40);" PACE NO. = ";PAGE

6230 PRINT #1, "
6240 CLOSE #1
6250 REMe+ ¢ + + + + END OF SUBROUTINE PRINT QUT + + ¢ + 4
6260 REM - - - - - -

6270 REM

6280 REM
6290 CLS : PRINT "IF YOU WANT TO DO THE EXPERI MENT AGAIN WITH THE *
6300  PRINT:PRINT "SAME PARAMETERS, ENTER C. "

6310 PRINT: PRINT " |F YOU WANT TO QUIT, ENTER Q"

6320 QURS = INKEY$

6330 |IF (QuRs = "*) THEN GOTO 6320

6340 IF (QURs = "Q") OR (QURs = "q"™) THEN STCP

6350 IF (QUR$ = "C') OR (QUR$ = "c") THEN GOTO 6360 ELSE GOTO 6320
6360 AFLAG = 0

6370  GOTO 460
6380 FOR KAN = 1 TO TAWL
6390 | TAUCKAN) * KTAU(KAN)

6400 A(KAN) = IATAUCKAN)



6410 NEXT KAN
6420 @QOTO 3570



Thi s appendi x provi des nanes of
devel oped in BASICA and ASYST |anguages alongwith a brief
their application.

non-1inear |east

provi ded.

LIST OF
PROGRAM NAME

ANM NEA. BAS

ANM NTEM BAS

DATASCRT. BAS
LST1JAR.BAS
CWDECODE. BAS
MOMENT . BAS
PEAKFI ND. BAS
STRGSCRT. BAS
TAUCGEN. BAS
T1SLOPE. BAS

LIST OF

CURVEL. BAS
CURVE2. BAS
CURVES. BAS
CURVTEK1.BAS

CURVTEK2. BAS

CURSPLOT. BAS

APPENDIX

some chosen prograns which were
conment on

Sanple listings of a few of these prograns, used for

square fit of T data in different conpounds, are also

PROGRAMS I'N BASICA (GENERAL PURPOSE)

DESCRIPTION

To calculate E frommnina position at different
Larmor frequenci es.

To calculate the mnima formation tenperature.

To sort a given set of data.
from (M vs T) data.
To extract data set from CW spectra.

To calculate T

To cal cul ate second nonent from CW data.
To find the spin-echo anplitude.
To sort a given set of strings.
To calculate T in a given range of tenperature.

To calculate E fromthe slope of T data.

PROGRAMS I'N BASICA (GRAPHICS)
To plot data set (X Y) with Zoomfacility.
To plot two sets of data (xl' Yl) and (X2. YZ).
To plot an arbitrary no of data sets.

TEKTRONI X 2230

digitizer and plot on enlarged screen.

To transfer wavef orm from

from TEKTRONIX 2230
digitizer and plot on reduced screen.

To transfer wavef orm

To plot a digitized waveform and extract a

reduced data set by marking with cursors.
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LI'ST OF

M2CALC2. ASY
FFTPLOT. ASY

BASGRF . ASY
TORREY. ASY

CW NTPCL. ASY

MULTEXP1.FIT

PROGRAMS I'N ASYST

To cal cul ate second nonent from CW spectra.

To perform fourier transform of an array and
pl ot .

To read a BASICA output file and plot.

To fit T1 data to Torrey's nodel .

To interpolate and find intermediate points in a
digitized CW spectrum

To fit the non- exponent i al nmagneti zati on
recovery.

Programs were al so devel oped to perform other useful tasks in connection

with processing and display of the data (in BASICA and ASYST | anguages).
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PROGRAM NO : 1
PROGRAM USED TO FIT T1 DATA OF TETRAVETHYLAMMONI UM COVPOUNDS.

10oas

15 REM +4+++++++++t+t+tttttttttttttttttttrtd bbbttt bttt bbbttt -+
30 ReM SAVPLE NAMVE : [(CH3>»4 N]3 Bi 2 C19

35 ReM FREQUENCY : 8 Mz AND 39.6 Mz

50 REeM SOQURCE FILE : SAGFI T8. BAS

60 ReM DATA FI LE : SAEDATx . THK

70 REM SOQURCE PATH . \RAJAN\ANALYSIS\TEMARICL . SAB\X
80 REM DATA PATH : \RAJAN\DATA\TEMABICL . SA6\X

90 ReM FI VE OORRELATI ON TIMES FI T

115 KEY OFF*

120 SAMPLES = "TEMABICL.SAB"

125 GRAPHAT$ = "1"

130 ALE1IA$ = "D:\rajan\data\temabicl.sa6\8\saBdat8.THR"
131 'FILEIA$ = "D:\rajan\data\temabicl.saB\40\saBdatdd. 1t"
132 ROUTE$ = "NONE"

150 REM +++++++++++++++++++ttt+++tttt bttt bbbttt bbbttt bt b
170 opTg = "d"

190 OPEN FILE1A$ FOR INPUT AS #1

210 INPUTtfI. N

230 DM TEMP1(N),SLRT(N) ,FX(N),FY(N), TEMP(N)

250 FORI =1 TON

270 INPUT #1,TEMP(I),SLRT(I)

290 NEXT |

310 CLOSE

330 FORJ =1TON

350 AVAX = TEMP(JY: K =]

370 FORI1 =J TON

390 | F TEMP(I) <= AMAX THEN GOTO 430
410 AVAX = TEMP(I): K = |

430 NEXT |

450  XTEMP = TEMP(K) : TEMP(K) = TEMP(J) : TEMP(J) = XTEMP
470  YTEWP = SLRT(K) : SLRT(K) = SLRT(J) : SLRT(J) = YTEVF
490 NEXT J

510 ME10

520 NTAU = 5

530 DM F1(N),F(N),SLRE(N)Y,R(N), INA(M),CX(N),CY(N),A(M)

550 DIM X¢N)Y,Y(2,N),X1(N),SLRC(N),C(N),DMSD(M),GAMA(M)

570 DIM KR(5),LL(5),MM(5),K(5), ANEW(N),T$(30),XP(N), YP1(N),YP2(N)
575 D' M RHO(N,NTAU>Y,GOMEGA(N,NTAU >

610 KK1=0

630 FRI =1 TON

640 SLRT(I) = SLRT(I) * .001

650 SLRE(1) = 1/SLRT(I)

660 TEMP1(I) = 1000/TEMP(I)

670 NEXT |

675 A = 8. 05E+09

680 B = 4. 61E+09

685 FO = 8000000!

686 'FO = 3.98E+07

687 FOMANTISSA = FO / 1000000

690 OMEGAB= 2 * 22 * FO /

700 R=8.3143



701 ' ctdddttttrrttr++ | NEQU VALENCE FACTORS ++++++++tttttttts
705 FRACX = 1/12 ' CH3-1

707 FRACY = 1/12 ' CH3-II

710 FRACZ = 5/12 ' CH3- 111

712 FRACP = 1/12 ' CH3-IV

715"

717"

729 ' z4+++rttatttttrr+ | NEQU VALENCE FACTORS +4+4ttttttttttts=
730 REM H0oikkookkotoofoloorror ik kkokook

750 IF OPT$ = "U” OR OPT$ = "u” THEN GOTO 930

770 PRINT:PRINT:PRINT

790 A(1) = 9.357999E-22 : A

—

2) = 8.33 ' CHS3-I GROUP

800 A(3) = 3.45E-@9 : A(4) = .477' CH3-1l GROUP
810 A(5) = 1.39E-13 : A(6) = 1.98" CH3-lIl GROUP
820 A(7) = 3.97E-24 : A(8) = 3.83 ' CH3-IV GROUP
830 A(9)= 5.94E-14 : A(10) =3.18 ' TEMA GROUP
840 '

842

844

850 FOR BB = 1 TO NTAU

860 A(2*BB-1) = 1/A(2%BB-1) : A(2*BB) = A(2*BB) x 4.19
872 N BB

920 GOTO 1180

930 CPEN "SABSHADO.8" FCR | NPUT AS #3

940 I NPUT #3,ROUTES$

950  FOR BB = 1 TO NTAU

960 INPUT #3,A(2+BB-1),A(2*BB)

975 A(2¥BB-1) = 1/A(2*BB-1) : A(2%¥BB)= A(2*BB) * 4.19
980 NEXT BB

995 CLOSE #3

1005 FOR BB = 1 TO NTAU

1010 INA(2*BB-1) = A(2*BB-1)/100

1020 INA(2Z*BB) = A(2*BB)/100

1025 NEXT BB
1035 MM = 3
1040 NN = 10

1180 GOSUB 7420

1200 PRINT " FOLLOWING ARE THE INITIAL VALUES "

1220 FOR BB = 1 TO NTAU

1240 PRINT "TO-";(BB);I/A(2*BB-1);TAB(40);"Ea-";(BB);A(2*BB)/4.19
1270 NEXT BB

1280 PRINT" MSD - "; RMSD

1350 RMSDX=RMSD

1370 RMSD1=RMSD

1390 OFEN "SASOUT8.ONE" FOR OUTPUT AS #1

1410 PRINT $##1, " 30kkKIOKIKIOKKIOKKAKKIKKAKHAKAKKKNK

1430 PRINT #1, " FOLLON NG ARE THE I NI TI AL VALUES "

1450 FOR BB = 1 TO NTAU

1470 PRINTtfl, "T@-":(BB);1/A(2%BB-1);TAB(4@);" "Ea";(BB);A(2%BB)/4.19
1490 NEXT BB

1510 PRINT 81, " skokokokokokokokokok ok AKAAKIKAKKAOK
1530 PRINT 31."MsD = "; RMBD

1550 CLCSE #1

1740 GOSUB 4750

1745 | F ROUTE$ = "BOTH! QR ROUTES = "both" THEN GOTO 5700

1750 | F ROUTE$ = "GRID" OR ROUTE$ = "grid" THEN GOTO 1860
1790 GRAPHATS - INKEY$
1795 | F GRAPHAT$ = "" THEN GOTO 1790

1810 | F GRAPHATS = "P" OR GRAPHATS$="p" OR GRAPHAT$ = “Z" OR GRAPHAT$ ="'



THEN GOSUB 5120 ELSE GOTO 1820

1815 GOTO 1790
1820 PRINT " DO YQU WANT TO START GRID SEARCH OR GRADI ENT SEARCH
OR NONE  (R/A/N)

1825 B$ = INKEY$ : IF B$ = "" THEN GOTO 1840

1830 IF BS = "r* OR B$ = "r" THEN GOTO 1860

1835 IF B$ = "A" ORB$ = "a" THEN GOTO 5700

1840 |F B$ = "N' ORB$ = "n" THEN GOTO 3430

1850 GOTO 1825

1855 SUBROUTINE GRD SFARH .
1862 |F oPT$ = “U" CROPT$ = "u" THEN GOTO 2110

1890 PRINT:PRINT:PRINT

1910 PRINT "THEN PLEASE PROVI DE I NCRI MENTS CF THE PARAMETRS "
1930 PRINT:PRINT:PRINT

1950 FOR BB = 1 TO NTAU

1970 PRINT" INCRIMENT IN r@-";(BB); :INPUT " ,INA(2*BB-1):PRINT
1990 PRINT" [NCRIMENT | N Ea-";(BB);:INPUT "*,INA(2*BB):PRINT
2010 NEXT BB

IS REQURED =";MM : PRINT

2070 | NPUT"  NUMBER OF REFI NEMENT

2090 | NPUT"  REDUCTI ON FACTCR IN

2110 GOSUB 4750

2111 LCCATE 2

2115 FR L(IJ.NT = 1 TONTAU : PRINT 1/A(2¥LOOUNT-1);A(2*LCOUNT )/4 .18;
© NEXT LCOUNT

2120 ROUTE$ = "RID'
2130 COPEN "SA50UT8. ONE' FCR APPEND AS #1
2150 PRINT #1, " soromokaokaomkokkokokAaokskoaoRboxorkAokorokorook
2170 PRINTtfl, " THE | NCREMENTS ARE : "
2190 FOR BB = 1 TO NTAU
2210 PRINT #1, "DEL.R@-";(BB);INA(2¥BB-1);TAB(40);" "DEL.Ea";(BB); INA(2*BB)
2230 NEXT BB
2250 PRINT #1,
2270 CLCSE #1
2290 CPEN "SABSHADO.INC" FOR QUTPUT AS #1
R o
tt ’ ’
2360 NEXT BB
2370 CLCSE #1
2390 LCCATE 3,20:PRINT "PLEASE WAIT "
2400 LOCATE 4,50 : PRINT " |TERATION NO : ": KKl
2410 REM PRINT " SFARCH FOR MN'MUM RVED 1S’ I N PROGRESS'
2450 FCR JR1=1 TOM
2470 A(JKL1) = A(JK1)+I NA(JK1)
2510 GOSUB 7420
2530 RMSD2=RMSD
2550 IF RMSD2<RMSD1 THEN GOTO 2590
2570 INA(JK1)= -INA(JK1)
2590 A(JK1)=A(JK1)+IBA(JK1)
2610 GOAUB 7420
2630 RMSD3=RMSD
2650 IF RMPD3 >= RVD2 THEN GOTO 2790
2690 RMSD1=RMSD2
2710 RMPD2=-RMIPD3
2730 GOTO 2590
2750 P=RMSD3-2*RMSD2+RMSD1
2770 Q=(RMSD3-RMSDZ)/F+.5
2790 A(JK1)=A(JK1)-INA(JK1)
2830 RMSD1=RMSD2

NTERATI ONS =" ;NN



2850 NEXT JK1

2930 GOsuB 7420

2950 RMSDY=RMSD

2970 IMPR=(RMSDX~-RMSDY)/RMSDX

2990 GOSUB 4750

2991 LCCATE 22,1

2995 FOR LOOUNT = 1 TO NTAU : PRINT 1/A(Z2xLCOUNT-1);A(2x¥LCOUNT)/4.19; :NEXT LCOUNT
3030 IF IMPR<.2@1 THEN GOTO 30992

3050 RMSDX=RMSDY

3270 GOTO 2390

3090 OPEN "SAS0UT8.ONE" FOR APPEND AS #1

3110 PRINT #1," %K¥KAAKKIMAANKNKAKKAKAKK KK KAKKAK

3130 PRINT #1, " FOLLOAN NG ARE THE FI TTED VALUES *

3150 FCR BB = 1 TO NTAU

3170 PRINTtfl, "T@-":(BB);(1/A(2%BB-1));TAB(4@); "Ea-";(BB); (A(2%BB)/4.19)
3190 NEXT BB

3210 PRINT ttl,"RVBD- " :RMSD

3230 PRINT #1, " sokromsomkickmkioookiorokkroriokok
3240 PRINTtfl." MSD HAS CONVERGED AND REFI NEMENT COVPLETE "
3250 CLCSE #1

3270 OPEN "SABSHADO.8" FOR QUTPUT AS #2

3280 PRINT #2,"BOTH"

3290 FOR BB = 1 TO NTAU

3310 PRINT #2,1/A(2*BB-1),A(2*BB)/4.19

3340 NEXT BB

3350 CLCSE #2

3370 PRINT:PRINT

3390 GOSUB 4450

3410 GOTO 2130

3420 - ROUTINE ENDS.
3430 SCREEN 0,0.0

3450 'STOP

3455 END

3460
3465 ' END OF PROGRAMME

3470 =SSz === ====ZZ=C e e guspgrupon
3490 - SUBROUTINE TAUC..................

3491 ' ARRAYS USED HERE ARE ASSUMED TO BE PROPERLY DIMENSIONED ALREADY

3492 ' A(odd)’s ARE RHO-@ - PRE EXPONENTIAL FACTORS. A(even)s ARE Ea-s

3493

3495 FR 11 =1 TON “ NI1SNO OF TEMPERATURES

3500 FOR JR2 = 1 TO NTAU

3505 RHO(T1,JK2) = A(2xJKZ2-1WEXP(-A(2%JKZ)/(R*x.@Q1*¥TEMP(I1)))

3510  NEXT JK2

3515 NEXT I1

3516 ' ALL RHOS ARE CALCULATED ABOVE

3520 RETURN

3521 * E N D OF ROUTINE

3522 °

3525 ' SUBROUTINE GOMEGA ......... ... ... ... ..

3526 ' G CF OVEGA FCR THE | NDI VIDUAL RHOS ARE CALCULATED AND STRCED | N AN ARRAY
gg% " WTH THE SECOND | NDEX REFERRI NG TO THE PARTI CULAR RHO BEI NG USED.

3530 ' GEE OMEGA FCR CH3 GROUPS

3531 ' GEE OF K1 AND K2

3535 FOR J1 = 1 TON

3537 FORKA=1TO4

3540 NR = RHO(J1.KA)

3545  TERML = RHO(J1,KA) * RHO(J1,KA)




<

3550 TERMZ = OMEGAR"2

3555 TERM3 = 4 * TERMZ

3560 DR1 = TERM1 + TERM2

3565 DR2 = TERM1 + TERMS

3570 GEE1 = (NR/DR1)+((NE*4)/DR2)
3576 '

3610 GOMEGA(J1.RAY = A * (GEED)
3611 NEXT KA

3612 ' GEE QVEGA FOR TEVA GROUPS

(|

3613

3620 NR = RHO(J1.5)

3625 TERM1 = RHO(.J1.5)*RHO(J1.5)
3630 TERM2 = OMEGAD"2

3635 TERM3 = 4*TERM2

3640 DR1 = TERM1+TERM2

3645 DR2 = TERM1+TERMZ

3650 GEE3 = (NR/DR1) + ((NR%4)/DR2)
3655 GOMEGA(J1.5) = B * GEE3
3665 NEXT J1

3670 RETURN

3671 " END OF ROUTINE ..

3672 * END OF ROUTINE .

3680

3685 "SUBROUTINE TEEONEINVERSE

3686

3700 GOSUB 3495

3705 GOUB 3535

3707 'OPEN "\RAJAN\DATA\GRAPHICS\SAGFIT8.DAT" FOR OUTRUT AS #3
3710 FORJR3=1TON

3720 SLRC(JK3) = (FRACX * GOMEGA(JKS3,1)) + (FRACY * GOMEGA(JKS3,2)) + (FRACZ * GOMEG/
+ (FRACP » GOMEGA(JKS3,4)) +

GOMEGA(JK3,5)

3730 'PRINT #3,TEMP1¢(JK3), (1028!/SLRC(JK3))

3740 NEXT JK3

3745 CLOSE #3

3750 -

3751 "END OF RAUUTINE. .. ..

3752 " END OF RATINE

3800 RETURN

4430 REM xxackkroiopok - SUBROUTINE TEEONNE INVERSE END - *r**xxkkxx
4450 REM ssuusssguss  SUBROUTINE REFINE tftftf#ttf#fti# W Wif#
4470 KKL = KK1 + 1

4490 FORJ = 1 TOM

4510 IF KK = M THEN GOTO 4610
4530 INA(J) = INA(J) / NN

4550 NEXT J

4570 RETLRN

4590 REM +++++++++++++ SUBROUTI NE REFINE ENDS +++++++ttttttttttt

4610 CPEN "sas0UT8.ONE" FCR APPEND AS #1

4630 PRINT #1,"MSD HAS CONVERGED AND REFI NEMENT COVPLETE"

4650 CLOSE #1

4670 GOSUB 4750

4671 LOCATE 22,1

4672 FOR LCOUNT = 1 TONTAU : PRINT 1/A(2%¥LCOUNT-1);A(2¥LCOUNT)/4.18;
*NEXT LCOUNT

4673 LPRINT " Frequency ";F@

4675 FOR BB = 1 TONTAU © LPRINT (1/A(2%BB-1));(A(2¥BB)/4.18) : NEXT BB
4677 LPRINT " MSD = ":RMSD

4680 FOR BB = 1 TONTAU : PRINT (1/A(2%BB-1));(A(2%BB)/4.18) : NEXT BB
4705 GOTO 3450



4710 REM * % % % % % % % % % X % % %X % % % % X % X X Xk K X % X
4750 " x x x x x x x x ROUTINE PLOT
4760 FORTR=1TON

4770  Y(1,TR) = LOG(SLRE(TR))

4780  Y(2,TR LOG(SLRC(TR))

4790 X(TR) = TEMP1(TR)

4800 TR

5000 XMAX = 0 :YMX = 0 :XMIN=0 :YMIN=0
5010 FR1J=1 TON

5020 IF 1J > 1 GOTO 5050

5030 XMAX = X(1) :YMX = Y(I,I

5040 XMN = X(I) :YMN = Y(I.I

5050 IF X(1J) > XMAX THEN XMAX = X(1J)

5060 | F Y(1,13) > YI\/AXTI-ENYI\MX=Y81,IJ)
5070 IF X(1J) < XMN THEN XMN = X(1J)

5080 IF Y(1,1J) < YMIN THEN YMIN = Y(1,1J)

5090 NEXT |J

5100XDEN:§XI\/AX- XMN) : YDEN = (YMXX - YMN)
5120 SCREEN 2 : VIEW : Q.S

5140 | F GRAPHATS = "Z" OR GRAPHAT$ = "z" THEN VIEW (@,8) - (639,189),,1
5160 | F GRAPHATS = "P OR GRAPHATS = "p" THEN VIEW (50,1)~(388,75),,1
5180 | F GRAPHATS = "P' CR GRAPHATS = "p* THEN GOTO 5215

5200 LOCATE 2,50 : PR NT "SAWPLE :"; SAMPLES

5205 LOCATE 3,50 : PRINT " FREQ : ":FO

5210 | F GRAPHAT$ = "Z" OR GRAPHAT$ = "z" THEN GOTO 5240

5215 LOCATE 2,25 : PRINT FOMANTI SSA

5240 WNDOV (@,8)-(1,1)

5260 LINE (.1,8)-(.1,1) ' Y-AXIS Line

5280 LINE (0,.05)-(1,.05) ' X-AXIS Line

5300 R T&K = 1 TO 5

5320  LINE (.1+(TCK*.2),.@3)-(.1+(TCK%.2),.@7) ' TICK MARKS ON X AXI S
5340  LINE (9.@00001E-02,(TCKX.2)-.1)-(.11,8+(TCK*.2)-.1) ' TICK
MARKS ON Y AXIS

5360 NEXT TCK

5420 YNRL = g{ SY(I

() IF Y\R < 0 GOTO 5680
5440 YNR2 = YMAX - Y(2.L) : IF YNR < 0 GOTO 5680
5460 XP(L) = (.9 * C(XNR/YDEN))+.1
ey - s
5520 ClRél ( xé (D) ,YPl(L) 375 |F L = 1 GOTO 5580
5540 PSET (XP(L), YP2(L)): IF L = 1 GOTO 5580
5560 LINE (XP(L),YP2(L)) - (XPP,YPP)
5580 XPP = XP(L)
5600 YPP = YP2(L)
5620 NEXT L
5640 RETURN

5660 PRINT "ERROR XNR = "; X\R : STCP

5680 PRINT "ERRCR YNR = "; YNR : STCP

5700 REM + + + + + + ROUTINE GRADIENT SEARCH—
5720 SCREEN ©.0.0

5740 IF opT$ = "U'" CROPT$ = "u" THEN GOTO 5880

5760  PRINT " THEN PLEASE PROVI DE | NCREMENTS OF THE PARAMETERS "

5780 PRINT : PRINT : PRINT

5800 FOR BB = 1 TO NTAU

5820 PRI NT" I NORIMENT IN RO-" ; (BB): INPUT"" ,INA(2%BB-1):PRINT
5840 PRINT" [ NCRIMENT IN Ea-~";(2%BB):INPUT "*,INA(2%BB):PRINT
5860 NEXT BB



5880  GOsuB 4750

5900 LOCATE 22,1

5905 FCR LOOUNT = 1 TO NTAU : PRINT 1/A(2%¥LCOUNT-1);A(2%XLCOUNT)/4.18;
: NEXT LCOUNT

5920 RAUTES = "R D'

5940 CPEN " SA50UT8. ONE" FOR APPEND AS #1

5360 PRI NT #1," 30kkakskokkokskkkokk koMK IR KKK KKK KK
5980 PRINT #1, " THE | NCREMENTS ARE : "
6008 FOR BB = 1 TO NTAU

6020 PRINT #1, "DEL.R®-";(BB);INA(2xBB-1);TAB(4@);"DEL.Ea-";(2*BB);INA(2%BB)
6040 NEXT BB

6060 PRINT #1, " sokiokiomiokkoiokroickollorok ook ok ok
6080 CLCSE #1

6100 OPEN "SASSHADO.INC" FOR QUTPUT AS #1
6120 FOR BB = 1 TO NTAU

6140 PRI NT #1,INA(2¥BB-1),INA(2%BB)

6160 NEXT BB

6180 CLOSE #1

6200 LOCATE 3,20 : PRI NT "PLEASE WAI T"

6220 LOCATE 4,50 : PRINT " GRADI ENT SEARCH'
6240 Q0SUB 7420

6260 MSDO = RVED

6280 DSUM = 0

6300 FORJ =1TOM

6320 A(J) = AW + .1* INAJ)

6340 UB 7420

6360  DVBD(J) = (MSDO- RVBD)

6380 DSM = DSM + DMSD(J)»" 2

6400 A(J) = AQJ) ~-.1xINA(D

6420 NEXT J

6440 D3M = SQR(DSUM)

6460 FORJ=1TO M

6480 GAMA(J) = DMSD(J)/DSUM

6500 NEXT J

6520 FORJ=1TO M

6540 A@J) = A(J) + GAMA(Q) * INA@J)

6560 NEXT J

6580 G08UB 7420

6600 M1 = RMD

6620 G0SJB 4750

6640 LOCATE 22,1

6645 FCR LCOUNT = 1 TO NTAU : PRI NT 1/A(2%LCOUNT-1);A(2*LCOUNT)/4.19;
© NEXT LCOUNT

6660  |F MSDL<MBDO THEN GOTO 6780
6680 FORJ = 1 TOM

6700 A(J) = A(J) - (GAMAJ)*INA(J))
6720 GAMA(J) = GAMA(J) / 2

6740  NEXT J

6760  GOTO 6520

6780 FORJ = 1 TOM

6800 A(J) = A(J) + (GAMA(J)XINA(J))
6820 NEXT J

6840  GOSUB 7420

6860 MSD2 = RVED

6880 |F MSD2 > MBDL THEN GOTO 6960
6900  MSDO = MSD1

6920  MSD = MBD2

6940  GOTO 6780



6960 OPEN "SASOUTS.ONE" FCR APPEND AS 81

6980 PRI NT 81,

7000 FCR BB = 1 TO NTAU

7020 PRINT 81, “T@-";(BB);1/A(2%BB-1);TAB(40); Ea-";(BB);A(2*%BB)/4.18
7040 NEXT BB

7060 PRINT #1."RMSD = ";RMSD

7080 PRINT 81, " sokokkkaorkakdokkokaokkokok AR AR IR AAKAAK
7100 PRINT #1, " GRADI ENT SEARCH HAS CONVERGED TO 1% ACCURACY "
7120 CLOSE 81

7140 OPEN "SAESHADO.8" FCR QUTPUT AS #2

7150 PRINT #2,"BOTH"

7160 FOR BB = 1 TO NTAU

7180 PRINT #2,1/A(2+BB-1),A(2%BB)/4.13

7200 NEXT BB

7220 CLOSE 82

7240  GOSUB 4750

7260 LOCATE 22,1

7265 FOR LOOUNT = 1 TO NTAU : PRINT 1/A(2*LCOUNT-1);A(2¥LCOUNT)/4.18;
© NEXT LOOUNT

7280 |F ROUTES = "GRD' OR ROUTE$ = "grid" THEN GOTO 1860

7300  PRINT " DO YQU WANT TO START GRID SEARCH (YIN) ?"

7320  PP$ = INKEY$ : IF PP$ = "Y' CRPP$ = "y" THEN GOTO 1860

7340  IF PP$ = "N' ORPP$ = "n" THEN GOTO 3430

7360  @QOTO 7320

7380 REM L END OF ROUTI NE INCREMENT + +
7400 “ /////7/ T
7420 GOSUB 3700

7440 RVBD = 0

7460 FORABA =1 TON

7480 RVSD = RVMBD + ((SLRC(ABA)-SLRE(ABA))/SLRE(ABA))"2

7500  NEXT ABA

7520 RMSD = RMSD / N

7540 RETURN

7560 REM LA S S ROUTINE ENDS t o+ o+ o+ o+ 4
3B /174 {11111




PROGRAM NO : 2
FROGRAM TO FIT T1 DATA OF TRIMETHYLAMMONIUM COMPOUNDS ...

10CLS

0 R SAMPLE NAME [(CH3)>3 NH]3 Bi2 C19

35 RAM FREQUENCY 8 MHz AND 39.6 MHz

5 ReM U FILE SASFITAL.FOR

60 ReM DATA FILE SASDATX.THR

70 R SOURCE PATH \RAJAN\ANALYSIS\TMABICL.SAS\X
80 Rav DATA PATH \RAJAN\DATA\TMABICL .SAS\X

0 ReMm FOUR CORRELATION TIMES FIT

110 ReM

115KEY OFF

120 SAMPLE$ = "TMABICL.SA5"

125 GRAPHAT$ = "z2*

130 ALE1AS$ = "D:\rajan\data\tmabicl.sa5\8\sa5dat8.1t"

131 'FILE1AS$ = “D:\rajan\data\tmabicl.sa5\4@\sa5dat4@.thr"
132 ROUTES = "NONE”

135 REM TIMER INTERRUPT —

137 NTIME = 620

140 ON TIMER(NTIME) GOSUB 7600

145 TIMER ON

150 REM + 444 b b b4t +++ttttttttt | bbbttt bbbttt bt

%gg PRINT " DO YOU WANT THE PROGRAM TO START W TH THE DEFAULT VALUES °
OPT$ - “d"

190 CPEN FILE1A$ FOR | NPUT AS #1

210 INPUT #1,N

230 DM TEMP1(N),SLRT(N),FX(N),FY(N), TEMP(N)

250 FORI = 1 TON

270 INPUT #1,TEMP(I),SLRT(I)

290 NEXT |

310 CLOSE

330 FORJ =1TON

350 ABX - TEMP(J): K = J

370 FORI =J TON

390 IF TEMP(I) <= AMBX THEN GOTO 430
410 AVAX = TEMP(I): K = |

430 NEXT |

450  XTEMP = TEMP(K) : TEMP(K) = TEMP(J) : TEMP(J) - XTEMP
470  YTEMP = SLRT(K) : SLRT(K) = SLRT(J) : SLRT(J) = YTEMP

490 NEXT J

510 Me12

520 NTAU = 6

530 DIM F1(N),F(N),SLRE(N),R(N), INACM),CX(N)Y,CY(N), A(M)

550 DI M X(N)Y,Y(2,N),X1(N),SLRC(N),C(N) ,DMSD(M),GAMA(M)

570 DI M RK(5),LL(5),MM(5) . K(5), ANEW(N), T$(38),XP(N), YP1(N), YP2(N)
575 DI M RHO(N,NTAU) ,GOMEGA(N ,NTAU )

580 FORIl = 1 TO5

585 READ KK(I),MM(I).LL(I)

590 NEXT |

600 DATA 24.22.1.74,8.63.48.45,7.28,4.3,19.93,11.68,6.86,0,0,1.16,0,8,2.39
610 KK1=0

630 FOR1 =1 TON



640 SLRT(I) s SLRT(I) * .001

650 SLRE(I) = 1/SLRI(I)

660 TEHPI (1) = 1020/TEMP(I)

670 NEXT |

675 Al = (RK(1)+LL(1)+MM(1)+KK(2)+LL(2)+MM(2))
677 A2 = LL(4)+LL(D)

680 B = (RR(3)+LL(3+MM(3))

885 FO = 8000000

686 ‘F@ = 3. 96E+07

687 FOMANTISSA = FO / 100003!

690 OMEGAR= 2 * 22 * FO / 7

700 R=8.3143

701 " z4+4t+++rr++++++ | NEQU VALENCE FACTORS ++++++++++++++++=
705 FRACX = 1/6 ' TMA-I

707 FRACY = 1/6 ' TMA-II

710 FRACZ = 4/6 ' TMA-III

712 FRACP = 1/6 ' CH3-I

715 FRACQ = /6 ' CH3-I1

717 FRACR = 2/6 ' OHB-111

729 ' z+dttrrttrbrt+++ | NEQU VALENCE FACTORS +4++atdtt 4=
730 REVI Ack#okARAKAAKAK KA AKIKKKIOKKS

750 IF OPT$ - "U" OROPT$ = "u" THEN GOTO 930
770 PRINT:PRINT:PRINT

790 AC1) = 9.4E-15 : A(2) = 6.46' TNA-A GROUP

800 A(3) = 1.96E-11 : A(4) :241' TMA - B GROUP
810 A(5) = 3.13E-13 : A(6) = 2 88' TMA - C GROP
820 A(7) = 5E-14 : A(8) = CH3 - Il GROP

830 A(9)= 2. 11E-13 : (0)2248‘CH3-IIGR(1JP
840 A(I1) = 8.93E-13 : AC12) = 1.6 ' CH3 - Ill GROUP
842

844 -

850 FCR BB = 1 TO NTAU

860 A(2%BB-1) = 1/A(2%BB-1) : A(2*BB) = A(2%BB) * 4.19
872 NEXT BB

920 GOTO 1045

930 CPEN "SA5SHADO.8" FOR I NPUT AS #3

940 I NPUT #3,ROUTE$

950 FOR BB = 1 TO NTAU

960 I NPUT #3,A(2%BB-1),A(2%BB)

975 A(2%BB-1) = 1/ A(2*BB-1) : A(2*BB)= A(2*BB) * 4.19
980 NEXT BB

995 CLOSE 83

1000 CPEN "SAS5SHADO.INC" FCR INPUT AS #3

1005 FCR BB = 1 TO NTAU

1010 INPUT tf3.1NA(2*BB-n, | NA(2*BB)

1025 NEXT BB

1030 CLOSE #3

1035 M= 5

1040 NN = 10

1045 REMALPHA = .91 ' { alpha is torsional averaging reduction factor }
1180 GOSUB 7420

1200 PRINT " FOLLOWNG ARE THE | NI TI AL VALUES "

1220 FOR BB = 1 TO NTAU

1240 PRINT “T@-";(BB);1/A(2%BB~1);TAB(4@); "Ea-";(BB);A(2%BB)/4.19
1270 NEXT BB

1280 PRINT" MSD = "; RVBD

1290 INPUT "--",LJDF$

1350 RMSDX=RMSD

1370 RMSD1=RMSD



1390 OPEN "SASOUTS8.ONE" FCR QUTPUT AS #1

14710 PRINT #1,"  %kiokkaokkRRokkork ok kk

1430 PRINT #1, " FOLLONNG ARE THE INITI AL VALUES "

1450 FOR BB = 1 TO NTAU

1470 PRINT #1, "T@-":(BB);1/A(2%BB-1);TAB(40);"Ea"; (BB);A(2%BB)/4.19
1490 NEXT BB

1510 PRINT 1*1, " soxskokorokskoksoboiookskomokobokok okomobobiok Aok kR RokIoIokok

1530 PRINT #1,"MSD = "; RVBD

1550 CLCSE #1

1740 GOSUB 4750

1745 | F ROUTE$ = "BOTH' OR ROUTES
1750 |F ROUTES = "(RID' OR RQUTES
1790 GRAPHATS s | NKEY$

1795 | F GRAPHATg = " THEN GOTO 1790

1810 | F GRAPHATS = "P" OR GRAPHATSr"p" OR GRAPHATS$ = "Z" OR GRAPHATS = "z"
THEN GOSUB 5120 ELSE GOTO 1820

1815 GOTO 1790
1820 PRINT " DO YQU WANT TO START GRI D SEARCH CR GRADI ENT SEARCH
OR NONE  (R/A/N)

1825 BS = INKEY$ : |F B = "" THEN GOTO 1840

1830 IF B = "R* ORB$ = "r" THEN GOTO 1860

1835 [F B = "A" CRB$ = "a" THEN GOTO 5700

1840 IF B$ = "N' (R B$ = "n" THEN GOTQ 3430

1850 GOTO 1825

1855 SUBROUTINE GRID SEARCH
1868 | F OPT$ = "U' OR OPTS = "u" THEN GOTO 2110

1890 PRINT:PRINT:PRINT

1910 PRINT "THEN PLEASE PROVI DE | NCRI MENTS OF THE PARAMETRS "
1930 PRINT:PRINT:PRINT

1950 FOR BB = 1 TO NTAU

"both" THEN GOTO 5700
"grid" THEN GOTO 1860

1970 PRINT" INCRIMENT |N r@-";(BB);:INPUT "",INA(2%BB-1):PRINT
1990 PRINT" I NCRIMENT IN Ea-":(BB);:INPUT “",INA(2%BB):PRINT
2010 NEXT BB

2070 INPUT" NUMBER OF REFI NEMENTS REQUI RED =";MM : PRINT
2090 | NPUT" REDUCTI ON FACTOR I N | NTERATI ONS =" ;NN

2110 GOSUB 4750

2111 LOCATE 22,1 :PRINT 1/A(1);A(2)/4.19;1/A(3);A(4)/4.19;1/A(5);A(6)/4.18;
VAT ;A8)/4.19; 1/ A(9); A10)/4.19; 1/ A(11); A(12)

2120 RAUTES = "R D'

2130 OPEN "SASOUT8.ONE" FOR APPEND AS til

2150 PRINT #1," H00KkkskokkmkoRololok ook ikorkororoRoko

2170 PRINT til, " THE INCREMENTS ARE : "

2190 FOR BB = 1 TO NTAU

2210 PRINT #1, "DEL.RO-";(BB):INA(2*BB-I);TAB(40);"DEL.Ea";(BB);INA(2*BB)
2230 NEXT BB

2250 FRINT til, " somkikickmiokiokickkl

2270 CLOSE **1

2290 OPEN "SASSHADO.INC" FOR OUTRUT AS

2310 FOR BB = 1 TO NTAU

2330 PRINT $#1,INA(2*%BB-1),INA(2%BB)

2360 NEXT BB

2370 CLOSE #1

2390 LOCATE 3,20:PRINT "PLEASE WAIT "

2400 LOCATE 4,50 : PRINT " ITERATION NO : ";KK1

2418 REM PRINT " SEARCH FOR MINMUM RV IS IN PROGRESS'
2450 FOR JK1=1 TO M

2470 A(JK1) s A(IK1)+INA(IKI)

2510 GOSUB 7420



2530 RMSD2=RMSD

2550 | F RMSD2<RMSD1 THEN GOTO 2590

2570 INA(JKL)= -INA(JK1)

2590 A(JR1Y=A(JK1)+INA(JKD)

2610 GOSUB 7420

2630 RMSD3=RMSD

2650 IF RMSD3 >= RMSDZ THEN GOTO 2790

2690 RMSD1=RMSDZ2

2710 RMSD2=RMSD3

2730 GOTO 2590

2750 P=RMSD3-2xRMSD2+RMSD1

2770 Q=(RMSD3-RMSD2)/P+.5

2790 A(JK1)=A(JK1)-INA(JRD)

2830 RMSD1=RMSD2

2850 NEXT JK1

2833 GOSUB 7420

2950 RMSDY=RMSD

2970 IMPR=(RMSDX-RMSDY)/RMSDX

2990 GOSUB 4750

2991 LOCATE 22,1 : FRINT 1/A(1);A(2)/4.19;1/A(3);A(4)/4.19;1/A(5);A(6)/4.18;
1A(7);A(8)/4.19;1/A(9);A(10)/4.19;1/A(11);A(12)/4.19

3030 IF IMPR<.001 THEN GOTO 3090

3050 RMSDX=RMSDY

3070 GOTO 2390

3090 OPEN "SAS0UT8.0ONE" FOR APPEND AS til

3110 PRINT til,"  3okaokskiorokoiokokokkokokok ok okok Kokok kKo ok ok Aok

3130 PRINT #1, " FOLLONNG ARE THE FI TTED VALUES "

3150 FOR BB = 1 TO NTAU

3170 PRINTtil, "T@-":(BB);(1/A(2%BB-1));TAB(4@);" "Ea-";(BB); (A(2%BB)/4.13)
3190 NEXT BB

3210 PRINT #1,"RMSD = ";RMSD

3230 PRINT til, " tt**Wh P&l &&&PVI M

3240 PRINT #1," MSD HAS CONVERGED AND REFI NEMENT COMPLETE "

3250 CLOSEL |

3270 CPEN "SA5SHADO.8" FOR QUTPUT AS »2

3290 FCR BB = 1 TO NTAU

3310 PRINT #2.1/A(2%BB-1),A(2%BB)/4.19

3340 NEXT BB

3350 CLOSE #2

3370 PRINT:PRINT

3390 GOSUB 4450

3410 GOTO 2130

3420 ROUTINE ENDS. . .

3430 SCREEN 0.0.0

3450 STCP

3455 END

3460 -
3465 - END OF PROGRAMME

3470 ' SSS=IIEIzzzzzTIssIIEIEs == S==zz=zzz
3490 "SUBROUTINE TAUC. ... . ... . . . ..

3491 ' ARRAYS USED HERE ARE ASSUMED TO BE PROPERLY DIMENSIONED ALREADY
3492 ' A(odd)'s ARE RHO-@ - PRE EXPONENTIAL FACTORS. A(even)s ARE Ea-s
3493 '

3495 FCR 11 =1 TON " N 1S NO OF TEMPERATURES

3500 FOR JR2 = 1 TO NTAU

3505 RHO(I1,JK2) = A(2xJK2-1)XEXP(-A(2xJK2)/(R*.GO1*TEMP(I1)))
3510 NEXT JK2

3515 NEXT Il

3516 ' ALL RHOS ARE CALCULATED ABOVE




3520 RETURN

3521 © END OF ROUTINE.

3522 '

3525 'SUBROUTINE GOMEGA = = . = .

3526Y' G OF OMEGA FOR THE | NDI VI DUAL RHOS ARE CALCULATED AND STRCED IN AN

3527 ' WTH THE SECOND | NDEX REFERRI NG TO THE PARTI CLULAR RHO BEI NG USED.
3528

3530 ' GEE QVIEGA FOR CH3 GROUPS

3531 ' GEE OF K1 AND K2

3535 FOR J1= 1 TO N

3537 FOR KA = 2 7O 4

3540  NR = RHO(J1,KA+2)

3545  TERM1 = RHO(J1,KA+2) * RHO(J1,RA+2)

3550  TERM2 = OMEGAZ"2

3555  TERM3 = 4 * TERM2

3560  DRL = TERM1 + TERM2

3565 DR2 = TERM + TERM3

3570  GEEL = (NR/DR1)+((NR%4)/DR2)

3575  GEE2 = GEE1

3576

3577 ' GEE OF KA4 AND KAS

3588 NR = 2 * RHO(J1,KA+2)

3585  TERM1= 4 * RHO(J1,KA+2)*RHO(J1.KA+2) ' k- 2r
3590 DRl = TERM + TERM2

3595 DR2 = TERM1 + TERM3

3600  GEE4 - (NR/DR1) + ((4*NR)/DR2)

3605  GEE5 = GEE4

3610  GOMEGA(J1,KA+2) - Al « (GEE1) + A2 % (GEE4)
3611 NEXT KA

3612 ' GEE QVIEGA FOR TMA GROUPS

3613

3615 FOR KA - 1 TO 3

3620 NR = RHO(J1.KA)

3625 TERM = RHO(J1,KA)*RHO(J1.KA)
3630 TERMZ = OMEGAD"2

3635 TERM3 - 4*TERM2

3640 DR1 = TERM+TERM2

3645 DR2 - TERM1+TERM3

3650 GEE3 = (NR/DR1) + ((NRx4)/DRZ)
3655 GOMEGA(J1.KA) = B * GEE3
3660 NEXT KA

3665 NEXT J

3670 RETURN

3671 " END OF ROUTINE

3672 " END OF ROUTINE

3680

3685 'SUBROUTINE  TEEONE-INVERSE

3686

3700 GOSUB 3495

3705 GOSUB 3535

3710 'OPEN “\RAJAN\data\GRAPHICS\dm\SASFT8c.ch3" FOR OUTPUT AS #1
3715 FOR JK3 s 1 TO N

3720  SLRC(IK3) = (FRACX * GOMEGA(JK3,1)) + (FRACY * GOMEGA(JK3,2))
+ (FRACZ * GOMEGA(JK3,3)) + (FRACP * GOMEGA(JK3,4)) + (FRACQ * GOMBEGA(JK3,5))

+ (FRACR * GOMEGA(JK3,8))

3730 SLRC(JK3) = SLRC(JK3) * 1E+28
3735 'PRINT #1, TEMP(JK3),(10@0/SLRC(JK3))



3740 NEXT JK3

3745 ' OLCBE #1

3750

3751 "END OF RAUTINE................................

3752 "END OF ROUUTINE ... ... .. ... ... ... ... . .........

3800 RETURN

4430 REM ****xxxkxkex  QJBROUTINE TEEONNE INVERSE END  ***kxksxsx
4450 REM #sssgusssy  SUBROUTINE REFINE s#sissustnssnsns

4470 KK1 = KK1 + 1

4490 FORJ = 1 TO M

4510 IF KKI = MM THEN GOTO 4610
4530 INA(J) = INA@J) / NN

4550 NEXT J

4570 RETURN

4590 REM +++++++++++++ SUBROUTINE REFINE ENDS ++++++++++++++++++

4610 OFEN “SAS0UT8.ONE" FOR APFEND AS #1

4630 PRINT #1,"MSD HAS CONVERGED AND REFAINEMENT COMPLETE'

4650 CLOSE #1

4670 GOSUB 4750

4671 LOCATE 22,1 : PRINT 1/A(1);A(2)/4.18;1/A(3);A(4)/4.18;1/A(5);A(8)/4.19
VAT A8)/4.19; 1/ A9); A(10)/4.19; 1/ A(11); A(12)/4. 19

4672 LPRINT " Frequency "; FO

4675 FOR BB = 1 TONTAU : LPRINT (1/A(2xBB-1));(A(2*¥BB)/4.18) : NEXT BB
4677 LPRINT " MSD = ": RVBD

4680 FBRBB = 1 TONTAU : PRINT (1/A(2%BB-1));(A(2%BB)/4.19) : NEXT BB
4685 PRINT " fitting conplete ; enter Qor q "

4690 I NPUT " --* AKDLK$

4705 GOTO 3450
4710@\/'***************************

4750 “* x x x x x x x ROUTINE ROT
4760 FORTR = 1TO N

4770 Y(1,TR) = LOG(SLRE(TR))

4780 Y(2,TR) - LOG(SLRC(TR))

4790  X(TR) = TEMP1(TR)

4800  NEXT TR

5000 XMAX = 0 YMAX = 0 XMIN = 0 :YMIN = 0

5010 FOR IJ =1 TO N

5020 IF 1J > 1 GOTO 5050

5030 XVAX = X(1) :YMX = Y(I,1

5040 XMIN = X(1) :YMN = Y(I .|

5050 | F X(1J) > XVAX THEN XMAX = X(1J)
5060 |F Y(1,13) > YMAX THEN YMAX - YSl,IJ)
5070 |F X(1J) < XMN THEN XM N = X(1J)
5080 |F Y(I.1J) < YMIN THEN YMIN = ¥(1,13)
5090 NEXT 1J

5100 XDEN = (XMAX - XMN) : YDEN = (YMMX - YMN)
5120 SCREEN 2 : VIEW: QS

5140 | F GRAPHAT$ = "Z" OR GRAPHAT$ = "z" THEN VIEW(0,0) - (639,189),,1
5160 | F GRAPHATS = "P" OR GRAPHAT$ = "p" THEN VIEW (58,1)-(308,75),,1
5180 | F GRAPHAT$ = "p" OR GRAPHAT$ = "p" THEN QOTO 5215

5200 LOCATE 2,50 : PRINT "SAVPLE :"; SAVPLES

5205 LOCATE 3,50 : PRINT " FREQ : ":FO

5210 | F GRAPHATS = "Z" OR GRAPHAT$ = "z" THEN GOTO 5240

5215 LOCATE 2,25 : PR NT FOMANTI SSA

5240 WNDOW (@,@)-(1,1)

5260 LINE (.1,0)-(.1,1) ' Y-AXIS Line

5280 LI NE (0, .05)-(1..05) ' XAX S Line

5300 FCRTCK = 1 TO5

5320  LINE (.1+(TCKx.2),.@3)-(.1+(TCK*.2),.87) ' TI CK MARKS ON X AXI S



5340 LINE (9.000001E-02,(TCK*.2)-.1)-(.11,8+(TCK*.2)-.1) ' TICK
MARKS ON Y AXIS

5360 NEXT TCK

5380 FORL = 1 TO N

5400 XNR = X(L) - XMIN : IF XNR < 0 GOTO 5660

5420 YNRL = YMAX - Y(1,L) : IF YNR < 0 GOTO 5680

5440 YNRZ = YMAX - Y(2,L) : IF YNR < 0 GOTO 5680

5460 XP(L) = (.9 * (XNR/XDEN))+.1

5480 YPL(L) = (.9 * (YNRI/YDEN))+.l

5500 YP2(L) = (.9 * (YNR2/YDEN))+.1

5520 CIRCLE ((XP(L)),YP1(L)), .0075: IF L = 1 GOTO 5580
5540 PSET (XP(L),YP2(L)): IF L = 1 GOTO 5580

5560 LINE (XP(L),YP2(L)) - (XPP,YPP)

5580 XPP = XP(L)

5600 YPP = YP2(L)

5620 NEXT L

5640 RETURN

5660 PRINT "ERROR XNR = "XNR : STOP

5680 PRINT "ERROR YNR - ";YNR : STOP

5700 RM + + + + + + ROUTINE GRADIENT SEARCH

In

5720 SCREEN 0,0,0

5740 IF OPT$ = "U* CROPT$ = "u" THEN GOTO 5880

5760  PRINT " THEN PLEASE PROVI DE | NCREMENTS OF THE PARAMETERS "
5780 PRINT @ PRINT : PRINT

5800 FCR BB = 1 TO NTAU

5820 PRINT" I NCRIMENT IN R@-";(BB):INPUT"",INA(2%¥BB-1):PRINT
5840 PRI NT" I NCRIMENT IN Ea-";(2%BB):INPUT "",INA(2%BB):PRINT
5860 NEXT BB

5880 GOSUB 4750

5900 LOCATE 22,1 : PRINT 1/A(1);A(2)/4.18;1/A(3);A(4)
A7) A(8)14.19: 1/ A(9); A(10)/4.19; 1/ A(11) A(12) /4. 1
5920 ROUTE$ = "R D'

5940 CPEN "SA50UT8.ONE" FOR APPEND AS 81

5960 PRINT #1, " okkkokokaorior koo kR kKR RRAORIK KK AORK
5980 PRINT #1. " THE | NCREMENTS ARE : "

6000 FCR BB = 1 TO NTAU

6020 PRINT 81, "DEL.R@-":(BB);INA(2*BB-1);TAB(40);" DEL.Ea-";(2*BB);INA(2*BB)
6040 NEXT BB

6060 PRI NT #1, " IKKRKKIKIKIKIKKKAKAKIAIAIKACKIANK

6080 CLCSE 81

6100 CPEN “SASSHADO.INC" FOR QUTPUT AS 81

6120 FCR BB = 1 TO NTAU

6140 PRINT #1,INA(2*BB-1),INA(2¥BB)

6160 NEXT BB

6180 CLCSE #1

6200 LOCATE 3,20 : PRI NT "PLEASE WAI T"

6220  LOCATE 4,50 : PRINT " GRADIENT SEARCH'

6240 GOSUB 7420

6260 MSDO = RVBD

6280 DSWM = 0

6300 FRJ =1TOM

6320  A(J) = A(J) + .1* INAJ)

6340 GOSUB 7420

6360  DVSD(J) = (MSD@-RMSD)

6380 DSUM = DSUM + DMSD(J)"*2

6400  A(J) = A -. 1*INA(J)

6420 NEXT J

6440 DSUM = SQR(DSUM)

64.19;1/A(5);A(8)/4.19



6460 FORJ=1TO M

B4B® GAMA() = DMSD(J)/DSUM

6500  NEXT J

6520 FORJ=1TOM

6540 A(J) = A(J) + GAMA(J) * INA(J)

6560  NEXT J

8580 GOSB 7420

6600 MSD1 = RMSD

6620 GOBB 4750

6640 LOCATE 22,1 : PRINT 1/AC1);A(2)/4.18;1/A(3);A(4)/4.19;1/A(5);A(B)/4.18
S1/AC7);A(8)/4.19;1/A(9);AC10)/4.18;1/A(11);A(12)

6660 | F MSD1<MSD@ THEN GOTO 6782
6680 FCRJ =1TOM

6700  A(J) = A(J) - (GAMA(J)*INA(JI))
6720 GAMA(J)Y = GAMA(IY | 2

6740 NEXT J

6760 GQOTO 6520

6780 FORJ = 1 TOM

6800 EA>éTJ) = A(J) + (GAMA(I)*INA(IY
6820 NEXT J

6840 @0sUB 7420

6860  MSD2 = RVBD

6880 |F MSD2 > MsD1 THEN QOTO 6960
6900 MSDO = MSD1

6920 MBD = MBD2

6940 Q01O 6780

6960 CPEN "SA50UTS.ONE" FCR APPEND AS 81
6980 PRINT 81, " sk dorsorskokskaioraiobaackiodioororkorokok
7000 FCR BB = 1 TO NTAU

7020 PRINT 81, "T@-":(BB):1/A(2%BB-1);TAB(48); 'Ea-";(BB);A(2¥xBB)/4.19
7040 NEXT BB

7060 PRINT #1,"RMSD = "; RVBD

7080 PRINT 81, " sokksoksorkiorioooRioimok
7100 PRINT #1, " GRADI ENT SEARCH HAS CONVERGED TO 1% ACCURACY "
7120 CLOSE 81

7140 OPEN "SASSHADO.8" FCR QUTPUT AS 82

7160 FCR BB = 1 TO NTAU

7180 PRINT 82,1/ A(2*BB-1), A(2*BB)/ 4. 19

7200 NEXT BB

7220 CLCSE 82

7240  QOSUB 4750

7260 LOCATE 22,1 : PRINT 1/A(1) A >/4 19;1/A(3);A(4)/4.19;1/A(5);A(B)/4 .13
CUAT)A8)/4.19; 1/ A(9); A(10)/4.19; 1/ A(11); A(12)/4.19

7280 |F ROUTE$ = "GRD' OR ROUTE$ = grld" THEN GOTO 1860

7300 PRINT " DOYQJW\NTTOST G?I SEARCH (YIN) 2"

7320  PP$ = INKEY$ : |F PP$ = CR PP$ = "y" THEN GOTO 1860

7340 IFPP$ = "N" ORPP$ = "n" TI-EN GOTO 3430

7360  GOTO 7320

7380  REM 4+ 4+ 4+ 4+ + + END OF ROUTINE INCREMENT
7400 © ////// 11
7420 GOSUB 3700

7440 RVBD = 0

7460 FORABA = 1 TON

7480 RVED = RVBD + ((SLRC(ABA)-SLRE(ABA))/SLRE(ABA))"2
7500  NEXT ABA

7520 RMSD = RMSD / N

7540 RETURN

7560 REM  + 4+ 4+ + + 4+ ROUTINE ENDS + + + +




7580
7600
7620
7640
7660
7680
7700
7720
7740
7760
7780
7800
7820
7840
7860
7880

W4

11

REM + +++ TI MER I NTER ? UPT

OPEN "SASSHADO.8" FOR QUTPUT AS tt
PRINT #3,ROUTE$

FOR BB = 1 TO NTAU

PRINT #3,1/A(2%BR-1);A(2*BB)/4 .13
NEXT BB

CLOSE #3

OPEN "sA5SHADO . INC* FOR QUTPUT AS 83
FOR BB = 1 TO NTAU

PRI NT #3,INA(2*BB-1);INA(2*BB)
NEXT BB

CLOSE #3

ON TI MER(600) GOSUB 7600

TI MER ON

RETURN

7900 REM + + + + + + + + ROUTINE

ENDS

ROUTI NE ++

R T



PROGRAM NO : 3
PROGRAM USED TO FIT T1 DATA OF AWON UM SUBSTI TUTED COVPOUNDS. . .

10 CLS

30 ReM SAVPLE NAVE : [NH4]3 Bi2 Br9

35 ReM FREQUENCY : 8 Miz AND 39.6 Mz

50 REM SOURCE FI LE : SA2FI T8. BAS

80 REM DATA FI LE : SA2DATXx. THR

70 REM SOURCE PATH ; \ RAJAN ANALYS| S\ NH4BI BR. SA2\ XX
80 REM DATA PATH : \RAJAN\DATA\NH4BIBR.SA2\XX

90 REM single OCRRELATION TIME FI T

115 KEY CFF

120 SAVPLES = "NH4BI BR SA2"
125 GRAPHAT$ = "z
130 'HLE1A$ = "D:\rajan\data\nhdbibr.sa2\8\sa2dat8.thr"
131 ALEIAS$ = '"D:\rajan\data\nhdbibr.sa2\4@\saZdatdd.two"
132 ROUTES = "NONE'
150 RAVI ++++++4+++ttttttttttttttttttttttt bttt bbbt b+
170 opTg = "d"
190 CPEN FILEIA$ FOR INPUT AS #1
210 INPUT #1, N
230 DM TEMP1(N),SLRT(N) ,FX(N),FY(N),TEMP(N)
250 FORI - 1 TON
270 INPUT #1,TEMP(I),SLRT(I)
NEXT |

290

310 CLOSE

330 FCRJ:=1TON

350 AX = TEMP(J): K - J

370 FORI| - J TON

390 |F TEMP(I) <= AVAX THEN GOTO 430

410 AVBX = TEMP(I): K =

430 NEXT

450  XTEWP = TEMP(K) : TEMP(K) - TEI\/PSJ) : TENPSJ) = XTEMP
470  YTEMP = SLRT(K) : SLRT(K) = SLRT(J) : SLRT(J) = YTEWP
490 NEXT J

510 M2

520 NTAU = 1

530 DIM F1(N),F(N),SLRE(N),R(N),INACK),CX(N),CY(N),A(H)

550 DIM X(N),Y(2,N),X1(N),SLRC(N),C(N),DMSD(M),GAMA(M)

570 DI'M KK(5),LL(5),MM(5),K(5),ANEW(N),T$(30),XP(N),YP1(N), YP2(N)
575 DI M RHO(N,NTAU ) ,GOMEGA(N,NTAU )

630 FORI1 - 1 TON

640 SLRTER = SLRT(I) * .001

650 SLRE(|) = 1/SLRT(I)
660 TEMPI (1) = 100@/TEMP(I)
670 NEXT |

685 ' FO = 8000000!

686 FO = 3.96E+07

687 FOMANTISSA = FO / 1000000!
690 OMEGAD= 2 * 22 * FO | 7
695 B = 2.375E+10

700 R=8.3143

729 z4tttrtrtrtrtre+ | NEQU VALENCE FACTORS +4++tttttttttsts
730 REM  soiokokolokiokootoniolokioRokorokoRop



750  |F OPT$ = "U" OR OPT$ = "u" THEN GOTO 930

770 PRINT:PRINT:PRINT

790 A(1) - 2.58E-13 : A(2) = 2.05' NH4 GROP

850 FCR BB = 1 TO NTAU

860 A(2¥BB-1) = 1/A(2*BB-1) : A(2*BB) - A(2*BB) * 4.19
872 NEXT BB

920 GOTO 1180

930 OPEN "SA2SHADO.8" FCR | NPUT AS #3

940 | NPUT tf3, ROUTES

950  FOR BB = 1 TO NTAU

960 | NPUT #3,A(2¢BB-1),A(2+BB)

975  A(2*BB-1) = 1/A(2%BB-1) : A(2%BB)= A(2%BB) * 4.19
980 NEXT BB

995 CLOSE #3

1000 FCR BB = 1 TO NTAU

1005 INA(Z*BB-1) = A(2*BB-1)/100

1010 INA<2*BB) = A(2*BB)/100

1025 NEXT BB
1035 MM =5
1040 NN = 10

1180 GOIUB 7420

1200 PRINT " FOLLOWING ARE THE INITIAL VALUES "

1220 FOR BB = 1 TO NTAU

1240 PRINT "T@-":(BB);1/A(2%BB-1);TAB(48); "Ea-";(BB);A(2*BB)/4.18
1270 NEXT BB

1280 PRINT" MPD - ": KMSD

1350 RMSDX=RMSD

1370 RMDI=RMD

1390 OPEN "SA40UT8.ONE" FOR OUTPUT AS #1

1410 PRINT #1, " sokkokskonkkokk iRk aomok Aok HokRKKRk

1430 PRINT 1*1, " FOLLONNG ARE THE I NI TI AL VALUES "

1450 FOR BB = 1 TO NTAU

1470 PRINT #1, "T@-".(BB);1/A(2xBB-1);TAB(48);"Ea";(BB);A(2*%BB)/4.19
1490 NEXT BB

1510 PRINT #1, " 5o0imm0iokookkioiciololoRiorokiok
1530 PRINTtfl,"MsD= "; RVBD
1550 CLOSE #1

1740 GOSUB 4750

1745 | F ROUTES = "BOTH' OR ROUTE$
1750 IF ROUTES = "GRID' OR RQUTES
1790 GRAPHAT$ = INKEY$

1795 | F GRAPHAT$ = "" THEN QOTO 1790

1810 | F GRAPHAT$ = "P" OR GRAPHAT$="p" OR GRAPHAT$ = "Z" OR GRAPHAT$ = "z"
THEN GOSUB 5120 ELSE GOTO 1820

1815 GOTO 1790
1820 PRINT " DO YQU WANT TO START GRID SEARCH OR GRADI ENT SEARCH CR NONE (R/A/N)

“both" THEN GOTO 5700
"gri d" THEN GOTO 1860

1825 B$ = INKEY$ IF B$ = "* THEN GOTO 1840
1830 IF B$ = "R" CRB$= r* THEN GOTO 1860

1835 IF B$ = "A" CRB$ = "a" THEN GOTO 5700

1840 IF B$ = "N' CRB$ = "n" THEN GOTO 3430

1850 GOTO 1825

1855 UBROUTINEGRIDSEARCH

1860 | F OPT$ = "U" O?OF’I‘$ "u" THEN GOTO 2110

1890 PRINT:PRINT:PRINT

1910 PRINT "THEN PLEASE PROVI DE | NCRIMENTS OF THE PARAMETR

1930 PRINT:PRINT:PRINT

1950 FCR BB = 1 TO NTAU

1970 PRI NT" INCRIMENT IN r@-";(BB); :INPUT "",INA(2%BB-1):PRINT
1990 PRINT" [INCRIMENT IN Ea-" ;(BB);: INPUT "",INA(2¥BB ):PRINT



2010 NEXT BB

2070 INPUT" NUVBER OF REFI NEMENTS REQU RED =";MM : PRINT
2090 I NPUT" REDUCTI ON FACTCR IN | NTERATI ONS =" ;NN
2110 GOSUB 4750

2111 LOCATE 22,1

2115 FCR PLOOP = 1 TO NTAU : PRI NT 1/A(2%PLOOP-1);A(2%PLOOP)/4.19; :NEXT PLOCP
2120 ROUTE$ = "QRRID'

2130 CPEN "sA40UT8.ONE" FOR APPEND AS #1

2150 PRI NT $#1, " sokkokokokokaok ok kokookokokoRoiOoRRAK KKKk IORK K
2170 PRINT #1, " THE | NCREMENTS ARE : "

2190 FOR BB = 1 TO NTAU

2210 PRINT 81, "DEL.R2-":(BB);INA(2¥BB-1);TAB(4@);"DEL.Ea";(BB);INA(2*BB)
2230 NEXT BB

2250 PRINT #1, " solommiiokkokioroiolokokobooookokkokokkookkok
2270 CLOSE 81

2290 OPEN "sA4SHADO.INC" FOR QUTPUT AS 81

2310 FOR BB = 1 TO NTAU

2330 PRINT #1,INA(2¥BB-1),INA(2%BB)

2360 NEXT BB

2370 CLOSE 81

2390 LOCATE 3,20:PRINT 'PLEASE WAIT "

2400 LOCATE 4,50 : PRINT " ITERATION NO : "; KKl
2450 FOR JK1= 1 TOM

2470 A(JK1) = A(JKL)+l NA(JK1)

2510 GOSUB 7420

2530 RMSD2=RMSD

2550 | F RMSD2<RMSD1 THEN GOTO 2590

2570 INA(JK1)= -INA(JK1)

2590 A(JK1)=A(JK1)+INA(JK1)

2610 GOSUB 7420

2630 RMSD3=RMSD

2650 IF RMD3 >= RMSD2 THEN GOTO 2790

2690 RMSD1=RMSD2

2710 RMSD2=RMSD3

2730 GOTO 2590

2750 P=RMSD3-2*%RMSD2+RMSD1

2770 Q=(RMSD3-RMSD2)/P+.5

2790 A(JK1)=A(JK1)-INA(JK1)

2838 RMSD1=RMSD2

2850 NEXT JK1

2930 GOSUB 7420

2950 RMSDY=RMSD

2970 IMPR=( RMSDX~RMSDY )/RMSDX

2990 GOSUB 4750

2991 LOCATE 22,1

3000 FOR PLOOP = 1 TO NTAU

3010 PRINT (1/A(2%PLOOP-1));:(A(2*PLOOP)/4.198);
3020 NEXT PLOOP

3030 IF IMPR<.001 THEN GOTO 3090

3050 RMSDX=RMSDY

3070 GOTO 2390

3090 OPEN "SA40UT8.ONE" FOR APPEND AS 81

3110 PRINT .1, " sokoiobkorok ok kool okook ko]

3130 PRINT #1, " FOLLON NG ARE THE FI TTED VALUES "
3150 FOR BB = 1 TO NTAU

3170 PRINT 81, "1@-";(BB);:(1/A(2%BB-1));TAR(48); Ea-";(BB);(A(2¥BB)/4.19)
3190 NEXT BB

3210 PRINT #1,"RMSD = ";RMSD

3230 PRINT 81, "  sokcioriokkiokkkaokciolokoroioiok



3240 PRINT #1," MSD HAS CONVERGED AND REFI NEVENT COMPLETE
3250 CLOSE #1

3270 OPEN "SA2SHADO.8" FOR QUTPUT AS #2
3280 PRINT #2,"BOTH"

3290 FCR BB = 1 TO NTAU
3310PRINTtt2,[/A(2*BB-1), A(2*BB)/ 4. 19
3340 NEXT BB

3350 CLOSE #2

3370 PRINT:PRINT

3390 GOSUB 4450

3410 GOTO 2130

3420 ROUTINE ENDS. ..

3430 SCREEN 0.0,0

3455 B\D

3460 -

3465 END OF PROGRAMME

%?138 '"SUBROUTINE TAUC . . . .
3491 ' ARRAYS USED HERE ARE ASSUMED TO BE PROPERLY DIMENSIONED ALREADY
3492 ' A(odd)'s ARE RHO-@ - PRE EXPONENTIAL FACTORS. A(even)s ARE Ea-s
3493 '

3495 FOR I1=1 TON ' N IS NO. OF TEMPERATURES

3500 FOR JK2Z = 1 TO NTAU

3505 RHO(I1,JK2) = A(2%JK2-1)*EXP(-A(2*JK2)/(Rx.@0B1*TEMP(I1)))

3510 NEXT JK2

3515 NEXT Il

3518 ' ALL RHOS ARE CALCULATED ABOVE

3520 RETURN

3521 " E N D OF ROUTINE

3522

3525 "SUBROUTINE GIWMEA

3526 ' G COF OVEGA FCR THE | NDI VI DUAL RHOS ARE CALCULATED AND STRCED IN AN ARRAY
3527 © WTH THE SECOND | NDEX REFERRI NG TO THE PARTI CULAR RHO BEI NG USED.
3528 -

3530 ° GEE OVECA FOR NH4 GROUPS

3531"

3535 FOR J1=1TO N

3540 NR = RHO(J1,1)

3545 TERM1 = RHO(J1.1) * RHO(J1,1) ' k=

3550 TERM2 = OMEGA@"2

3555 TERM3 = 4 * TERMZ2

3560 DR1 = TERM1 + TERM2

3565 DR2 = TERM1 + TERMS3

3570 GEE1 = (NR/DR1)+((NR*4)/DR2)

3576 GOVEA (J1,1) = B * GEEl

3665 NEXT J

3670 RETURN

3671 " EN D OF ROUTINE ..

3680

3685 " SUBROUTINE TEEONEINVERSE
3686 °

3700 GOSUB 3495

3705 GOSUB 3535

3710 FORJK3 =1 TON

3720  SLRC(JK3) = GOMEGA(JKS,1)

g;gé " PRINT TEMP1(JK3):(100@/SLRC(JK3))
3740 NEXT JK3

3750 '



3751 "END OF RAUTINE ... .. ... .....................

3752 "END OF RAUTINE. . ... ... .. ... ... ... ... .......

3800 RETURN

4430 REM kkmrkociorick  SUBROUTINE TEEONNE INVERSE END  **x#xkxxsx
4450 REM s#sgsusussst  SUBROUTINE REFINE Ressusnsssssstis

4470 KK1 - KK1 + 1

4490 FORJ = 1 TO M

4510 IF KK1 = MM THEN GOTO 4610
4530 INA(J) = INA@J) / NN

4550 NEXT J

4570 RETURN

4590 RAM +++++++++++++ SUBROUTINE REFINE ENDS ++++++++++++++++++

4610 OPEN "SA40UT8.0NE" FOR APPEND AS 81

4630 PRINT «1,"MSD HAS CONVERGED AND REANEMENT COMPLETE'

4650 CLOSE #1

4670 GOSUB 4750

4671 LOCATE 22,1:FOR PLOOP - 1 TO NTAU : PRINT 1/A(2%PLOOP-1);A(2¥PLOOP)/4.18;
- NEXT PLCCP

4672 LPRINT " Frequency “; FO

4675 FCR BB = 1 TONTAU : LPRINT (1/A(2%BB-1));(A(2*BB)/4.18) : NEXT BB
4677 LPRINT " MSD = "; RVBD

4680 FCR BB = 1 TONTAU : PRINT (1/A(2*BB-1));(A(2¥BB)/4.19) : NEXT BB
2770150 QOTO 3455

HEM X K XK K K kK XK K XK XK K XK XK XK XK X XK X 4 X X X X X X X X
4750 “ * x x x x x x * ROUTINE PLOT
4760 FORTR=1TON
4770  Y(1,TR) = LOG(SLRE(TR))

4780 Y(2,TR) = LOG(SLRC(TR))
4790  X(TR) = TEMP1(TR)

4800  NEXT TR

5000 XVAX = 0 :YMX =0 :XMN =0 :YMN = 0
5010 FOR 1J = 1 TON

5020 I F 1] > 1 GOTO 5050

5030 XVAX = X(1) :YMX = Y(I,I

5040 XMIN = X(1) :YMN = Y(I.|

5050 | F X(1J) > XMAX THEN XMAX = X(1J)

5060 | F Y(1,10) > YMAX THEN YMAX = YSl, 1)
5070 IF X(1J) < XMN THEN XMN = X(1J)
5080 | F Y(1,1J) < YMIN THEN YMIN = Y(1,1J)

5090 NEXT 14

5100XDEN:£XI\/AX- XMN) : YDEN = (YMAX - YMN)
5120 SCREEN 2 : VIEW: (LS

5140 | F GRAPHATS = "Z" OR GRAPHATS$ = "z" THEN IEW(0,0) - (839,189),,1
5160 | F GRAPHATS = "P' CR GRAPHAT$ = "p" THEN VIEW (50,1)-(300,75), ,1
5180 | F GRAPHAT$ = "P" OR GRAPHATS$ = “p" THEN GOTO 5215

5200 LOCATE 2,50 : PRINT "SAWPLE :": SAVPLE$

5205 LOCATE 3,50 : PRINT " FREQ : ";FO

5210 | F GRAPHAT$ = "Z" OR GRAPHAT$ = "z" THEN GOTO 5240

5215 LOCATE 2,25 : PRINT FOMANTI SSA

5240 WNDOW (0, 0)- (1, 1)

5260 LINE (.1,0)-(.1,1) ' Y-AXIS Line

5280 LINE (@,.85)-(1,.85) ' X-AXIS Line

5300 R TK = 1 TO 5

5320 LINE ¢ 1+4(TCK*.2),.@3)-(.1+(TCK*.2),.@87) ' TICK MARKS ON X AXI S
5340 LINE (9.000001E-02, (TCK*.2)~.1)-(.11,8+(TCK*.2)-.1) ' TI CK MARKS
ON Y AXI'S

5360 NEXT TCK

5380 FORL = 1 TON



5400 XNR = X(L) - XMIN : |F XNR < 0 GOTO 5660
5420 YNRL = YMAX - Y(I.L) : IF YNR < 0 GOTO 5680
5440 YNR2 = YMAX - Y(2.L) : |F YNR < 0 GOTO 5680
5460 XPSL) = (L9 * (XNR/XDEN))+.1

5480 YP gL = 5.9 *  (YNR1/YDEN))+.1
5500 YP2(L) = (.9 x (YNRZ2/YDEN))+.1
5520 CI RCLE ((XP(L)), YP1L(L)), .0075; IFL=1
5540 PSET (XP(L).YP2(D): IFL = 1 GOTO 5580
5560 LI NE (XP(L),YP2(L)) - (XPP,YPP)

5580 XPP = XP(L

5600 YPP = YP2(

5620 NEXT L
5640 RETURN
5660 PRINT "ERRCR XNR = "; X\R : STCP

5680 PRINT "ERRCR YNR = ";YNR : STCP

5700 REM + o+ o+ o+ o+t ROUTINE GRADIENT SEARCH

b

5720 SCREEN 0,0,0

5740 |F OPTS = "Uu" R OPT$ = "u” THEN GOTO 5880

5760  PRINT * THEN PLEASE PROVI DE | NCREMENTS OF THE PARAMETERS "
5780  PRINT : PRINT : PRINT

5800 FOR BB = 1 TO NTAU

5820 PRINT" [ NCRIMENT IN R2-";(BB):INPUT"",INA(2%BB~1):PRINT
5840 PRINT" INCRIMENT IN Ea-";(2%BB):INPUT "",INA(2¥BB):PRINT
5860 NEXT BB

5880 Q0SUB 4750

5900 LOCATE 22,1

5905 FOR PLOCP = 1 TO NTAU

5910 PRINT 1/A(2*%PLOOP-1):A(2%PLOOP)Y/4.18;
5915 NEXT PLOCP

5920 ROUTE$ = "R D'

5940 CPEN "SA40UT8.ONE" FCOR APPEND AS #1
5960 PRI NT #1, " #ARkkkkRkRRKAKAIKAAAAAAKAANO
5980 PRINT #1, " THE | NCREMENTS ARE : "

6000 FCR BB = 1 TO NTAU

6020 PRINT #1, "DEL.R2-":(BB):INA(2¥BB-1);TAB(4@);"DEL.Ea-";(2*BB);INA(2*BB)
6040 NEXT BB

6060 PRI NT 81, " stkskomkskokork £ARAKAKRAKKKKAKKIMKK
6080 CLOSEtt ]

6100 OPEN “SA4SHADO.INC* FCR QUTPUT AS #1
6120 FOR BB = 1 TO NTAU

6140 PRINT #1,INA(2%BB-1),INA(2*BB)

6160 NEXT BB

6180 CLOSE #1

6200  LOCATE 3,20 : PRINT "PLEASE WAI T"
6220 LOCATE 4,50 : PRINT " GRADIENT SEARCH'
6240 GOSUB 7420

6260 MSDO = RVBD

6280 DSWM =

6300 FORJ =1TOM

6320 A = A + .1 * INA(J)

6340 GOSUB 7420

6360  DMSD(J) = (MSDO- RVBD)

6380 DM = DSM + DMSD(Jr2

6400 A(J) = A(J) -.1XINA(J)

6420 NEXT J

6440 DSM = SQR(DSUM)

6460 FORJ=1TO M

6480  GAMA(J) = DMSD(J)/DSUM

6500 NEXT J



252(0) AF(OQJ:%}'OM )
54 ) r A(J) + GAMA(IY * INA(J
6560 NEQF J
6560 GOSUB 7420
6600 MBDL = RMSD
6620 Q0SUB 4750
6640 LOCATE 22,1
6645 FOR PLOOP = 1 TO NTAU
6650 PRI NT 1/A(2*%PLOOP-1):A(2%PLOOP)Y/4.19;
6655 NEXT PLOOP
6660 | F MSD1<MSD@ THEN GOTO 6782
g?(% FG}J A1 TOM GL\VNJ) I NA(J))
6720 G& = GAMA(J)
6740 NEXT J
6760 Q01O 6520
gggg FOR J): 1 ;I'O)M

A(J) = A(J) + (GAMA(JI*INA(JI))
6820 !\E)éT J
6840 GOSUB 7420
6860 MSD2 = RVBD
6880 |F MSD2 > MsD1 THEN GOTO 6960
6900 MSD@ = MSD1
6920 MsD = MSD2
6940 Q01O 6780
6960 CPEN "SA40UT8.ONE" FCR APPEND AS #1
6980 PRI NT #1," sokskokakk Rk A Aok kAKAKAK
7000 FOR BB = 1 TO NTAU
7020 PRINT 81, "T@-":(BB);1/A(2*BB-1);TAB(40); "Ea-";(BB);A(2*¥BB)/4.19
7040 NEXT BB
7060 PRINT #1,"RMSD = ":RMSD

7080 PRINT #1, " s5okksokksmoiok sk dok ok aoRRARR AR RARKAKAKK
7100 PRINT 81, " GRADI ENT SEARCH HAS CONVERGED TO 1% ACCURA(
7120 CLOSE 81

7140 CPEN "SA2SHADO.8" FOR QUTPUT AS 82

7150 PRINT #2,"BOTH'

7160 FOR BB = 1 TO NTAU

7180 PRI NT #2,1/A(2*BB-1) A(2%BB)/4.18

7200 NEXT BB

7220 CLOSE 82

7240  GOSUB 4750

7260 LCCATE 22,1

7265 FOR PLOCP = 1 TO NTAU

7270 PRINT 1/A¢2%PLOOP-1):A(2xPLOOP)/4.18;

7275 NEXT PLOOP

7280 |F ROUTES = "GRID' OR ROUTE$ = "grid" THEN GOTO 1860
7300 PRINT " DO YOQU WANT TO START GRID SEARCH (y/N) ?°
7320 PP$ = INKEY$ : |F PP$ = "Y' ORPP$ = "y" THEN GOTO 1860
7340 IF PP$ = "N' ORPP$ = "n" THEN GOTO 3430

7360  GOTO 7320

7380  REM L END OF ROUTI NE INCREMENT + +

7400°" ////// I
7420 GOSUB 3700

7440 RVBD = 0

7460 FORABA=1TON

7480 RVMBD = RMBD + ((SLRC(ABA)-SLRE(ABA))/SLRE(ABA))"2

7500  NEXT ABA
7520 RV = RUD / N
7540 RETURN



PROGRAM NO: 4

1 CLEAR .60000! : IBINIT1=6000@! : |BINT2=IBINTI+3 : BLOAD "C:\GPIB\bib.m".
[BINT1

2 CALL IBINIT1(IBFIND, IBTRG. IBCLR, IBPCT, IBSIC, IBLOC, IBPPC, IBBNA, IBONL, IBRSC,
IBSRE, IBRSV,IBPAD,IBSAD.IBIST, IBDMA, IBEOS, IBTMO ., IBEQT , IBRDF , IBWRTF , IBTRAP)

3 CALL IBINIT2(IBGTS, IBCAC, IBWAIT,IBPOKE, IBWRT, IBWRTA,IBCMD, IBCMDA, IBRD,

IBRDA, IBSTOP, IBRPP, IBRSP . IBDIAG, IBXTRC, IBRDI , IBWRTI, IBRDIA, IBWRTIA,IBSTA%, IBERR%,
IBONT%)

10 BOARDS = "GPIB0" : CALL IBFIND(BOARD$,BRD%)

15 SCOPE$ = “TERSCOP" : CALL IBFIND(SCOPE$,TEK%)

20 DELAYS = "DELAY" : CALL IBFIND(DELAY$,DELAY%)

25 CLS

108 REM X X X X X XXX X X X X X PROGRAM ECHO FrAK XXXXXXXXXXXX
118 REM HAHN ECHO SEQUENCE

TIS REL X XX XXX XXX XX XXX XXXXXXXXXXXXXXXXXXXXX
120 REM L PART ONE L

130 REM

%?,8 %\/IM TH' S PART OF THE PROGRAM DCES THE FOLLOW NG

i%l @ 1. ASKS THE USER FCR TAU VALUES IN MILLI SECONDS.

188 @ 2. ASKS FCR THE REPETITICON RATE i.e. 5T1

%(1)8 % 3. ASKS FCOR THE NO. OF AVERAGES TO BE DONE.

220 REM 4. ASKS FCR THE FILE NAVE IN WH CH THE WAVEFORM | S TO BE

230 REM STORED.

240 REM * * * * - - - - 4 4 - x X % x

250 REM + + + + + +PART ONE BEGINS ++ + + o+ + o+

260 m\/l (ZIZZIZZZzZIZzZzZzZzIoo> DEG_ARAT'O\]S < ~

270 Rem

280 DM TAU(208),A(200),B(200), ITAU( 200, TATAU( 200) , X( 200>

290 DM Y(202),YL(203), YM(200),E(208) ,PX( 1508 .PY( 1500)

300 DM CX(208),CY(200),FX(200),FY(200) ,T$( 200)

310 DM JTAU(200) ,KTAU(200) ,0FFTEMP( 20), SLOPE( 20)

320 AFLAG =0

330 ReM

340 REM

350 REM <========zszzzz=zzz==z R ===z ====>

360 REM

370 REM ?222222072922702797777 QUERI ES 2?2090922°°009992°°20099777

380 CLS:INPUT " DO YOU NEED | NTERNAL GENERATI ON OF TAU VALUES ? (Y/N)"; I NTGH
390 [F (INTG$ = "Y") OR (INTGS$ = KI%/Y THEN GOSUB 6520

400 CLS: I NPUT "INPUT VALUES FROM OR FILE ? ENTER CHO CE (K/F) " .KF$

410  IF (KF$ = "K') OR (KF$ = "k") THEN GOTO 510
420  OPEN “ECHOSET1" FOR |NPUT AS #3

430  INPUT #3. TAUO : TAWI = TAUO

440  FORT = 1 TO TAW

450 INPUT #3.TAUCT) : | TAUT) = TAUT)
460  NEXT T

470 INPUT #3. AVERAGE

480  INPUT #3. VIEI GHT

490  CLOSE #3

500  GOTO 730

510  CPEN “ECHOSET1" FCR QUTPUT AS #3



520 CLS:INPUT "HON MANY TAU VALUES DO YQU HAVE "; TAW : TAUO1 = TAUW
530 PRINT #3,SPC(5) TAUD

540 CLS: PRINT "G VE THE TAU VALUES IN MILLT SECONDS "

550 FRJ = 1 TO TAW

560 PRINT “TAU"+STR$(J)+" = ": |NPUT TAU(J): PRINT
570  PRINT #3, SPQ(10), TAUJ)
580 NEXT J

500  CLS:PRINT “THESE ARE THE TAU VALUES YOU GAVE " : PRINT

600 FORK = 1 TO TAW

610 PRINT "TAU"+STR$(K),TAB(20),TAU(K)

620 NEXT K

630  PRINT -ENTER TO PROCEED'

640  INPUT:QUES

650 FCRLK =1 TOTAW : ITAYLK) = TAULK)

660  NEXT LK

670  CLS:INPUT "HONMANY NO OF AVERAGES DO YOU NEED * :AVERAGE

690  PRINT #3. SPC(5).AVERAGE

690  PRINT

700  CLS:INPUT "G VE THE WE GHT FOR AVERAG NG *;WEIGHT

710 PRINT #3, SPC(5).WEIGHT

720 COLOSE #3

730 CLS:INPUT "WHAT IS THE REPETITION RATE (GIVE IN SECONDS PLEASE)" ; RATE
740 CLS:PRINT " GIVE THE FILE NAME TO SAVE DATA PTS. {tau,A(tau)] "

750 PRINT: INPUT EXPi$

760 REM ??7?7?77??7277?7?????7? QUERIES END

770 WORD1$ = "P@132000000 CALL IBWRT(DELAYZX,WORD1$)
780 WORD2$ = "Q@131000000" : CALL IBWRT(DELAY%,WORD2$)
790 WORD3$ = "R@123002320" : CALL IBWRT(DELAY%,WORD3$)
800 WORD4$ = "S@1130000d3" : CALL IBWRT(DELAYX,WORD4$)
810 WORDS$ = "T@133000020" : CALL IBWRT(DELAY%,WORDS5$)
820 Rm

830 ReMm

840 RaM MASTER LooP

850 RV LPRINTSPC(15) "TAU (m.sec)"SPC(15)"DELTA V (volts)"
860 OPEN EXP1$ FOR OUTRUT AS #2

870 LAB1 = 65 : LAB2 = 0

880 FOR X = 1 TO TAUO

890 Rem

900 [F TAUCJKY <= 9.998999 QOTO 950
910 | F TAUCJRY <= 99.999 GOTO 960
920 [F TAUIKY <= 999.99 GOTO 970
930 I F TAU(JIKY <= 9999. 901 QOTO 980
940 | F TAU(JK) <= 99999! @GOTO 990

950 GsUB 1160 @ GOTO 1000

960 GOsUB 1310 : GOTO 1000

970 G0sUB 1460 : GOTO 1000

980 GOsUB 1610 : GOTO 1000

990 GsUB 1760 : GOTO 1000

1000 NEXT JK

1010 IF ARLAG = 1 THEN GOTO 1030
1020 CLOSE 32 : LAB1 = 65 : LAB2 = 0
1930 GOSUB 6200

1040 GOTO 1120
1050 D4 = EXTR * 10 : D41$ = STR$(D4)
1060 PARTI$ s "S"

1070 PART2$¢ = "D"

1080 PART3$ = MID$(D41$,2) : PART4$ = "1"
1090 WORDS1$ = PART1$+PART2$+PART3$+PART4$
1100 CALL IBWRT(DELAY%.WORDS1$)



1110 CALL IBWRT(DELAY%,WORD4$)
1120 CMD$ - "ACQ REP:SAM,HSR:SAM,LSR:SAM,SCAN:SAM ,NUM:@
1130 CALL IBWRT(TEK%,CMD$)

1140 IF AHAG = 1 THEN GOTO 2810 ELSE GOTO 2520

1150 RAM + + + + + + + + + + + + + + + ++ ++++++++++++++++ + +
1160 Rem SUBROUTINE RANGEI1

1170 Rem

1180 D1 = TAU(JK) * 10000 : DII$ = STR$(D1)

1190 PART1$ s "P"

1200 PART2$ = CHR$(74-LEN(D11$))

1210 PART3$ = MID$(D11%,2) : PART4$ = "!I"

1220 WORDP1$ = PART1$+PART2$+PART3$+PART4$

1230 CALL IBWRT(DELAY%,WORDP1$)

1240 CALL IBWRT(DELAY%.WORD1$)

1250 GOSUB 1940

1260 RETURN

1270 RfAM + + + + ++ + ++ + ++++++++++++++++++++++ ++
1280 ReM SUBROUTINE WORKING PROPERLY.

1290 ReM WWW SAVED IN THE NAME C:\GPIB-PC\T1R1.BAS AS AN ASCII FILE IN PC 1
1300 Rev
1310 RV SUBROUTINE RANGE?2
1320 RV
1330 D2 = TAU(JK) * 1000 : D21$ - STR$(D2)

1340 PART1$ = "Q"

1350 PART2$ = "D"

1360 PART3$ = MID$(D21$,2) : PART4$ = "!"

1370 WORDQ1$ = PART1$+PART2$+PART3$+PART4$

1380 CALL IBWRT(DELAY% . (WORDQ1$)

1390 CALL IBWRT(DELAY% . (WORD2$)

1400 GO03UB 1940

1410 RETURN

1420 REM +++++ A+
1430 ReM WWW SUBROUTINE IS WORKING PROPERLY

1440 ReM \\\\\\ SAVED IN THE NAME C:\GPIB-PC\T1R2.BAS IN PC1 AS AN ASCIlI FILE
1450 Rem
1460 M SUBROUTINE RANGE 3
1470 Rem
1480 D3 - TAUW(JK)Y * 100 : D31$ = STR$(D3)

1490 PART1$ = "R"

1500 PART2$ = "D"

1510 PART3$ = MID$(D31%$.2) : PART4$ = "!I"

1520 WORDR1$ = PART1$+FART2$+PART3¢+PART4$

1530 CALL IBWRT(DELAY”.WORDR1$)

1540 CALL IBWRT(DELAY?%,WORD3$)

1550 GOSUB 1940

1560 RETURN

I57T0 FAM + + + + + + + + + + + + +++ + ++++++++++++++++ 4+ + +
1580 ReM  W\W SUBROUTINE IS WORKING PROPERLY

1590 ReM W W\ SAVED IN THE NAME C:\GPIB-PC\T1R3.BAS IN PC1 AS AN ASCII FILE
1600 REM
1610 RaM SUBROUTINE RANGE 4
1620 Rem
1630 D4 - TAU(XK) * 10 : D41$ = STR$(D4)
1640 PART1$ "s"
1650 PART2$ "D"

1660 PART3$ MID$(D41$.2) : PART4$ = "!"
1670 WORDS1$ = PART1$+PART2$+PART3$+PART4$
1680 CALL IBWRT(DELAYZ%.WORDS1$)

1690 CALL IBWRT(DELAYZX.WORD4$)

o

on



1700

GOsUB 1940
RETURN

1710

1720 REM+ + + + + + + + + + + + + + + + + + + + + + + + 4+ + +++ + + + + + +
1730 REM \\\\\ SUBROUTINE |'S WORKI NG PROPERLY

1740 RRM \\\\\' SAVED |N THE NAME C:\GPIB-PC\T1R4.EAS IN PC1 AS AN ASCI| FILE
1750 REM

1760 Ram SUBROUTINE RANGE 5

1770 Rem

1780 D5 = TAU(JK) : D51$ - STR$(DS)

1790 PART1$ = "T"

1800 PART2$ = "D"

1810 PART3$ = MID$(D51%$,2) : PART4$ = "I"

1820  WORDT1$ - PART1$+PART2$+PART3$+PART4S

1830  CALL IBWRT(DELAY%,WORDT1$)

1840  CALL IBWRT(DELAY%.WORD5$)

1850 GOSUB 1940

1860 RETURN

1870 AM + + + + +++++++++++++++++++++++++++++++
1880 RAM \\\\\ SUBROUTINE IS WORKING PROPERLY

1890 RV \\\\\ SAVED IN THE NAME C:\GPIB-PC\T1R5.BAS IN PC1 AS AN ASCIl FILE
1900 Rev

1910 Rav

1920 ReM SUBROUTINEWAVETRANS

1930 M

1940  OMD$ = "ACQ REP:SAM.HSR:SAM,LSR:SAM,SCA:SAM": CALL IBWRT(TEKX,CMDS$)
1950 SWEEP% = AVERAGE - 1

1960  MASK% = &H4000 : WAIT1% =11

1970  CALL IBTMO(BRD%.WAIT1%) : CALL IBWAIT(BRD%,MASK%)

1980 QUERY$ = "ACQ? SWP' : CALL IBWRT(TEK%,QUERY$)

1990 ANSS = SPACE$(30) : CALL IBRD(TEKYX,ANS$)

2000 IF VAL(MID$(ANS$,22)) < 1 THEN GO9UB 2180 ELSE 2020

2010 GOTO 1980

2020 OVD$ = "ACQ REP:AVE,HSR:AVE,LSR:AVE,SCA:AVE,SMO:ON,VEC:ON,NUM:"
2030  VERS = STR$(AVERAGE):CMD1$ = CMD$ + MID$(VERS2)

2040  WEIT$ = " .MEI:"+MID$(STR$(WEIGHT),2)

2050 CMD2$ = CMD1$ + WEIT$

2060 CALL IBWRT(TEK%.CMD2%)

2070 SWEEP% = O

2080 GOSUB 2180

2090 QUERY$ = "ACQ? SWP' : CALL IBWRT(TEK%,QUERY$)

2100 ANS$ = SPACES$(30) : CALL IBRD(TEK%,ANS$) : SWEEPZ = VAL(MIDS(ANS$,22))
2110 IF SWEEP% = AVERAGE THEN GOTO 2140

2120 G0SJB 2180

2130 GOTO 2090

2140 ”RM——~ . . . ECHOPEAK TRANSER DETAILS . ..

2150 Ravi

2160 GOSUB 5980

2170  RETURN

2180 REM DDDDDDDDDDDD  SUBROUTINE  DELAY  DDDDDDDDDDDD

2190 REM

2200  SWEEP1% = AVERAGE - SWEEP%

2210  TME = SWEEP1% * (TAU(JK)*.081 + RATE )

2220  AA= .001 : BB = .003

2230 FORN =5 TO 17

2240 IF (TME »>= AA) AND (TME < BB) THEN GOTO 2310

2250 AA = AA* 10

2260 C = AA

2270  AA = BB

2280 BB = CC



2290  NEXT N

2300 @GOTO 2350

2310 Wo= N :CALL IBTMO(BRD%,VX)
2320 MASKX = &H4000

2330 CALL IBWAIT(BRD%,MASK%)
2340 RETURN

2350 vk = 17

2360 GOTO 2310

REeM
REMm THIS SUBROUTINE IS STORED AS "TiDELAY.BAS" IN THE
REM FOLLOWING PLACES
2400 ReMm C:\GPIB IN PC2
REm C:\GPIB-PC IN PC1
RAM e e e NINININNIIDIIIIIIIII

2440 RRM * * * * % x  * PART ONE ENDS *  * % *xx s«

2460 REM Lrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrn

2490 RM X * * x - - - - - - - x %k K %
2500 R+ + + + PART TWO BEGINS + + + +
2510 Ram

2520 CLS:PRINT " YQU HAVE THREE OPTIONS G VEN NON THEY ARE. " :PRINT

2530 PRI NT " 1. YQU CAN REPEAT THE ENTI RE EXPERI MENT " : PRINT

2540 PRINT " 2. YOU CAN RN THE EXPER MENT FOR FEW MORE TAUS " @ PRINT
255%R|N|E’R|NT" 3. YQU CAN GO AHEAD AND FIT THE DATA TO A STRAIGHT LINE -
2560 PRINT 4. YOU CAN HAVE AN X-Y PLOT OF THE DATA " : PRINT

2570 PRINT " ENTER THE APPRCPRI ATE NUMBER (1/2/3/4) FOR THE OPTION YOU
CHOOSE * : PRINT

2580 I NPUT NU

2590 IF NU =1 THEN GOTO 400

2600 IF NU = 3 THEN GOTO 3290

2610 IF NU = 2 THEN GOTO 2660

2620 IF NU =4 THEN GOTO 6700

2630 PRINT " G VE THE PROPER NUMBER TO CHOOSE AN OPTI ON, PLEASE (1/2/3)" : PRINT
2640 I NPUT NU

2650 Q01O 2580

2660 CLS:PRINT " CPTION 2 : " :PRINT

2670 PRINT " PLEASE REMEMBER THAT |F ANY OF THE TAU VALUES "
:PRINT

ZGSlglNT PRINT * YOU G VE NONV IS THE SAME AS ANY ONE OF THE TAU VALUES
2690 PRINT " ALREADY G VEN. THE DATA PO NT (TAU,A(tau)) OF THE QLD "
:PRINT

27?3% AT PRINT " TAU WLL BE REPLACED BY THE DATA PO NT CORRESPONDI NG TO™"
2710 PRINT " THE NEWTAU YOU HAVE G VEN. " : PRINT

%8 FE’RIRl wT " G VE THE NO OF TAU VALUES YOU WANT TO G'VE “: | NPUT TAWD
2740  PRINT "G VE THE TAU VALUES | N MILLI SECONDS PLEASE *:PRINT

2750 FCRKK = 1 TO TAU@

2780 PRINT "TAU'+STRS(KK) : |NPUT TAU(KK)

2770 NEXT RK

2780 FORLN = 1 TOTAW : JTAULN = TAULN) : NEXT LN

2790  AFLAG = 1

2800  GOTO 880

2810  KOUNT = TAWO1



2820
2830
2840
2850
2860
2870
2880
2890
2900
2910
2920
2930
2940
2950
2960
2970
2980
2990
3000
3010
3020
3030
3040
3050
3060
3070
3080
3090
3100
3110
3120
3130
3140
3150
3160
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3310
3320
3330
3340
3350
3360
3370
3380
3390
3400

FOR M = 1 TO TAWO
FORL = 1 TO TAW1
I F ITAUCL) «».JTAU(M) THEN GOTO 2870
ACL) = BOO
0 2910
NEXT L
KOUNT = KOUNT + 1
ITAUCROUNT) = JTAUM
AC KONNT) = BOO
NEXT M
TAW1 = KONT : AFLAG = 0
FOR KAN - 1 TO TAWO1

KTAUCKAN) = | TAUCKAN)
g <

REM LPRINT SPC(15) "TAU(m.sec)" SPC(15) "M(tau)(volts)"
ARN - PR AT SPCC20) | TAUCN) TAB(45) A(N)
NEXT N
OPEN "ECHOSET1" FOR OUTRUT AS #3
OFEN EXP1$ FOR OUTRUT AS $#2
FOR J = 1 TO TAUO1
AMIN = ITAUCJ) : K = J
AAMIN = A(JI)
FR | = J TO TAWI
IF ITAICI) >= AM N THEN GOTO 3100
AMN = ITAUCIY : K=

AAMN = acl)
NEXT |
ATENP = | TAUCJ)
| TAUC]) = AMN
ITAU(R) = ATEWP
AATEMP = ACJ)
ACJ) = AAMN
A(K) = AATEMP
NEXT J

PRINT #3.TAU@1
CLS: PRINT SPC(15) "TAU(m.sec)" SPC(15) "A(TAU)(volts)"
FR S = 1 TO TAWL1
PRINT SPC(5) S SPC(1@)ITAU(S)TAB(45)A(S)
PRINT #3, ITAU(S)
PRINT #2. SPC( 10) | TAUCS) TABCAS5) ACS)
NEXT S : PRINT
PRI NT #3,AVERAGE
PRI NT #3.WEIGHT
CLOSE #3.#2
GOTO 2520
FR TT = 1 TO TAW1
XCTT) = | TAUCTT)

YMCTT) = ACTT)
PRINT SPC(18) XCTT) TABCA0) YNCTT)
NEXT HEI-\l;IT

PRINT :PRINT :FRINT :PRINT"LS-FIT AND PLOT OF T1 DATA " :PRINT:PRINT
PRINT:PRINT :PRINT :PRINT

REM  soorsookrrnnx  PROGRAM FOR LS-FIT AND PLOT /T1 DATA **¥*xkxkxk
PRINT : PRINT :PRINT : PRINT

INPUT"NO. OF PO NTS PLEASE": N

READ SAMPLE$ .FREQ$.STPT$,VARIACS ,EMF1,EMF2.TEMR



3410 51=0:52=0:53=0:54=0:550
3420 FORI =1TON

3430 YL(I)=LOG(YM(I))

3440 S1=51+X(1):52=52+YL(I):83=83+X(1)"2
3450 S4=84+X( T YYL(T):85=S5+YL(I)"2

3460 NEXT |

3470 D=83-(S1"2)/N

3480 A=(S4-S1xS2/N)/D

3490 B=(S2%S53-51%54 )/ (D4N )

3500 D1=SQR((S3-(S1°2)/N*(S5-(S272)/N)):R=(34-(S1%S2)/N) /D1
3510 S6=0:57=0

3520 FCR I=1 TO N

3530 Y(I)=A*X(I1)+B

3540 E(D=Y(I)-YL(I)

3550 S6=SB+E(I)"2

3560 S7=87+(E(I)/Y(I))"2

3570 NEXT |

3580 PRINT “x(i)";TAB(1@);"ym(1)";TAB(20);"y1(i)";TAB(4@);"y(1)";TAB(68): " "e(i)’
3590 FOR I=1 TO N

3600 YL(ID)=(INT(YL(I)* 1000 ) )/ 1000

3610 Y(I)=(INT(Y(1)*1000))/ 1000

3620 PRINT X(I);TAB(1@);YM(I);TAB(28);YL(1);TAB(48);Y(1);TAB(8@);E(I)
3630 NEXT |

3640 SD=SQR(SB/N)

3650 DY=SQR(S7/N)

3660 TI=I/A

3670 DT=DY#T1:PRINT :PRINT

3680 PRINT “t1=":T1:TAB(S®);"error=";DT:PRINT:PRINT

3690 PRINT ' rmsd=":SD:TAB(52):"corr.="; R

3700 8B 5150

3710 FOR I=1 TON

3720 CX(IN=X(I):CY(I>=YL(I):NEXT I

3730 8B 3960

3740 SREN 0

3750 I'F (BB% “P") OR (BB$ = "p") THEN GOSUB 5400

3760 I F (BB$ "E"OR (BB$ = "e") THEN GOTO 2520

3770 IF (BB$ = "Q") OR (BB$% = "q") THEN GOTO 5130

3780 INPUT "how many bad data points do you have"; M

3790 PRINT :PRINT:PRINT "type the x(i)'s of the bad points”
3800 FOR I=1 TOM

3810 I NPUT""; X1(1)

3820 FOR J=I TO N

3830 I F X(JY<>X1(I) THEN 3890
3840 IF J=N THEN 3880

3850 FOR K=J TO N-1

3860 X(KI=X(R+ 1) : YH(K)=YM(K+1)

3870 NEXT K

3880 NEN- 1

3890 NEXT J

3900 NEXT |

3910 QOTO 3418

3920 DATA "[TEA] 6 Bi 8 C132".20,3.38(COLD), 140,-3.663,-3.657,-103.4

3960 REM + + + + + + + + + + + + + +
3970  REM mkowkkikk  SUBROUTI NE PLOT — ***#xsxs
3980 REM+ + + + + + + + + + + + + +
3990 PRINT:PRINT

4000 I NPUT" "B

4010 TQ=1

4020 PRINT : PRINT : PRINT



4030 X8=CX(1):X@=CX(1)>:Y9=CY(1):YB8=CY(1)
4040 HFB I=1TON

4050 IF CX(1)>X9 THEN X8=CX(I)
4060 IF CX(1)<X0 THEN X@=CX(I)
4070 IF CY()>Y9 THEN Y8=CY(I)
4080 IF CY(I)<Y® THEN YO=CY(l)
4090 NEXT

4100 DX=(X3-X2)/10:DY=(Y9-Y3)/10
4110 X8=X9+DX : Y9=YS+DY

4120 X0=X2-DX: YO=Y2-DY

4130 IX=570/(X9-X3):1Y=162/(Y9-YB)
4140 HFR I=1 TON

4150 CX(IH=50+(CX( I -X@)H*#IX

4160 CY(I1)=178-(CY(I)-YO *1Y
4170 NEXT

4180 CLS

4190 STREN 2

4200 LINE (10,5) - (630,190),,B
4210 LINE (¢35.178)- (620,170)
4220 LINE (50,10) -¢52,185)
4230 XL=107

4240 FOR I=- 1 TO 10

4250 LINE (XL,168) - (XL,172)
4260 XL=XL+57

4270 NEXT

4280 YL=10

4290 FOR I=1 TO 10

4300 LINE(48,YL)-(52,YL)

4310 YL=YL+16

4320 NEXT

4330 RV TEXT SCREEN 0,0,1,10
4340 X1=107: YK=20

4350 FOR I-1TO 4

4360 XC(I1)=Xd+(XL-50)/IX

4370 XL=XL+65

4380 NEXT

4390 YK=10

4400 FOR I= 4 TO 1 STEP -1
4410 YC(1)=Y0+(170-YK)/IY

4420 YR=YK+40

4430 NEXT

4440 FOR I=1TO 4

4450 X1(1)=XC(I)

4460 NEXT

4470 I=1

4480 XQ(IY=INT(ABS(XC(IY))

4490 XU(IH)=XC(D

4500 L=0:K=0

4510 IF XQ(I)=0 THEN XC(I)=XC(I)*10:L=L+1:XQ(I)=INT(ABS(XC(I))):GOTO 4510
4520 IF XQ(l) > 10 THEN XC(I)=XC(I)/1@:R=K+1:XQ(I)=INT(ABS(XC(I))):GOTO 4520
4530 IF L=0 THEN PP=K

4540 IF k=0 THEN PP=-L

4550 IF L=0 A\D K=0 THEN PP=0
4560 PP$=STR$(PP)

4570 FOR I=1TO 4

4580 XU(IH=X1(I)*(18"(-PP))
4590 X1(D)=¢CINT(X1( 1 %*100) )/ 100
4600 NEXT

4610 RV TEXT 240,199, "x10",1,1,8



4620 REM TEXT 260, 186, PP$, 1, 1. 8
4630 FCRI=1TO4
4640 Y1(I)=YC(I)

NEXT

4650

4660  1=1

4670 YQ(1)=INT(ABS(YC(I)))

4680  Y1(I)=YC(D)

4690  L=0:X-0

4700  |F YQI)=0 THEN YC(I)=YC(I)*1@:L=L+1:YQ(I)=INT(ABS(YC(I))):GOTO 4700
4710  |F YQ(I)>1@8 THEN YC(I)=YC(I)/1@:K=K+1:YQ(I)=INT(ABS(YC(I))):GOTO 4710
4720  |F L=@ THEN PP=K

4730 | F k=@ THEN PP=-L

4740  |F L= AND K= THEN PP=0

4750 PP$=STR$(PP)

4760 FCR 1=1 TO 4

4770 Y1(IH)=Y1(I)*( 1@~ (-PP))

4780 Y1(I)=(INT(YI(I)*x18))/18

4790 NEXT

4800 FEM TEXTZ.165,"x18".1.1,8

4810 REM TEXT 25,168,PP$.1,1.8

4820 QX=87

4830 FRI1I=1T04

4840 X1$( 1) =STR$(X1(I))

4850 REM TEXT QX,182,X1$(I1),1,1,8
4860 QX=QX+65

4870 NEXT

4880 QY=126

4890 FOR I=1TO 4

4900  Y1$(1)=STR$(Y1(1))

4910 M TEXT1,QY.Y1$(I1),1,1.8

4920 QY=QY-42

4930 NEXT

4940 FOR I1=1TO N

4950 LINE (CX(I)-1.CY(I)-1) - (CX(I)+l ,CY(I)+1), B
4960 NEXT

4970 IF TQ=1 THEN QOTO 4990

4980 Q010 5110

4990 FOR I=1TO N

5000 FX(IN=52+(X(1)-XPHY*IX

5010 FY(I)=170-(Y(I)-Y@)*xIY

5020 NEXT

5030 M=N-1

5040 FORI=1TO M

5050 LINE (FX(I),FY(ID-(FX(I+1),FY(I+1))
5060 NEXT

5070 YY=2x(ABS(SD) »*(ABS(IY))

5080 LINE (600, 100)-(600.100-YY)
5090 LINE ¢598.100-YY) - (601,108-YY)
5100 LINE (588,100) - (621.102)

5110 BB$ = INKEY$:IF BB$="" QOO 5110

5120 RETURN
5130 SCREEN 0.0
5140 as

5150 END

5160 SCREEN 0
5170 END

5180 ||M + + + + + SUBROUTINE ERROR ESTIMATE + + + + + +
5190 AM + + + + + + + + + + + + + + + + + + + +*
5200 AX=0:AY=0



5210 FOR1I=1TON

5220 AX=AX+X(I):AY=AY+YL(I)

5230 NEXT |

5240 AX=AX/N:AY=AY/N

5250 Al=0:A2=0:A3=0

5260 FOR I=1TO N

5270 Al=A1+(YL(I)-AYY"2

5280 A2=A2+(X(1)-AX)*(YL(I)-AY)

5290 A3=A3+(X(I)-AX)"2

5300 NEXT

5310 S=(A1-(A2°2)/A3)/(N-2)

5320 SB=S/(SQR(A3))

5330 PRINT "s=";S;"sb=":5B

5340 RR=ABS(SBXT1%T1)

5350 PRINT:PRINT "error in t1 =":RR

5360 SL=A2/A3:SS=1/SL:PRINT"t1 is ";SS

5370 RETURN

5380 REM END OF SUBROUTINE ERROR ESTI MATE
5390 REM - - - - - - - - - - - - - - - -
5400 RM - - - - - SUBROUTINE PRINT OQUT - - - - -

5410 ReM - - - - -

5420 ReM - - - - =

5430 RaM

5440 OPEN EXP1$ FOR APPEND AS 12

5450 FOR J = 1 TO TAUO1

5460 RAM LPRINT SPC(10) ITAUCJ) TAB(40) A(J)

5470 NEXT J

5480  PRINT #2 : REM LPRINT

5490 REM LPRINT SPC(13) "SAMPLE IS "+SAMPLES$;TAB(4@); "FREQ. = '-+FREQ$+" MHz."
5500 PRINT #2 SPC(18) "SAMPLE IS "+SAMPLES$:TAB(40);"FREQ. = "+FREQ$+" MHz."
5510 RBM LPRINT

5520 PRINT #2

5530 FREMLPRINT sPC(18) "SET PONT - “+STPT$;TAB(48);" VARIAC = "+VAR AC$;" VOLTS"
5540 PRINT #2 SPC(1@) "SET PO NT = "+STPT$; TAB(40);" VAR AC = "+VARI ACS; " VOLTS"
5550 REM LPRINT

5560  PRINT #2

5570 REMLPRINT SPC(1@) "EMF1 - “;EMF1;TAB(4@); .MF2 =" EM2
5580 PRINT #2 spcc1@y "EMH = ":EMFL; TAB(40);"EMF2 = "; EMF2
5590  REM LPRINT

5600 PRINT #2

5610  REM LPRINT "

5620 PRINT #2"
5630  REM REM LPRINT " L
5640  PRINT #2 " LS-F
5650 REMLPRINT "

5660 PRINT #2

5670 REM LPRINT

5680 PRINT #2

5690 REMLPRINT "X(¢i)"; TAB(10); "Ym(i)";TAB(25);"Y1(i)";TAB(48);"Y(i)";TAB(60@);" E(i
5700 PRINT #2 "X(i)"; TAB(10); “Ym(i)";TAB(25);"Y1(i)";TAB(4@);"Y(i)";TAB(6@);" E(1)"
5710 REM LPRINT

5720 PRINT #2

5730 REMLPRINT "

DATA"
A

5740 PRINT #2 "

5750 FORI = 1TON

5760 REMLPRINT X(I );TAB(10);YM(I);TAB(28);YL(1);TAB(35);Y(I);TAB(5@);E(T)
5770  PRINT #2 X(| );TAB(1@):YM(I):TAB(20);YL(I);TAB(35);Y(I);TAB(50);E(I)
5780  NEXT |

5790 REMLPRINT *




5800 PRINT #2 *

5810 REM LPRINT
5820 PRINT #2

5830 REMLPRINT SPC(10) "corr. ="; RTAB% "T1 = %_ )

5840 PRINT #2 SPC(1@) “corr. = ";RTAB(40) "T1 =";(-Tl)

5850 REM LPRINT

5868 PR NT #2

5870 REMLPRINT SPC(10) "ERR INTI = " ;RR;TAB(4@);"TEMP. = ";TEMR;" C'
5880 PRINT #2 spc(1@) "ERR INTl = ";RR;TAB(4@);"TEMP. = "; TEMR" C"
5890 REM LPRINT

5900 PRINT #2

5910 REMLPRINT SPC(10) "RVBD = " ;SD;TAB(489); (273+TEMR);" K" :REM LPRINT
5920 PRINT #2 SPC(10) "RVBD = "; SD; TAB(49); (273+TEMR);" K" :REM LPRINT

5930 REMLPRINT S %10) "1000/T = *;1000/(273+TEMR) ; TAB(42);"1n Tl = ";LOG(-T1)
gggg (F;ILQICSNE #2 SPC(10) "100@/T = ";1000/(273+TEMR);TAB(48);"In Tl = *;LOG(-T1)
22

5960 RETURN

5970 REM + + + + + + END OF SUBROUTINE PRINT QUT + + + + +
gggg %’\/IV' EEEEEEEEEEEEE ~ SUBRQUTI NE ECHO PEAK  PPPPPPPPPPPPPP
6000 IF (JK <> 1) OR (AFLAG <> 0) THEN GOTO 6050

6010 INPUT " POSITION THE CURSOR AND ENTER " ,JDJ

6020 QMVD$ = "CURS? POS' : ANSh = SPACE$(30)

6030 CALL IBWRT(TEK%,CMD$) : CALL IBRD(TEK%ANS$)

6040 CURS = VAL(MID$(ANS$,17))

6050 OMD$ = "REFF ACQ:SAV REF1" : CALL IBWRT(TEK%,CMD$)
6060 CQVID$ = "DATA SOU:REF1.ENC:HEX,CHA:CH2" : CALL IBWRT(TEK%,CMD$)
6070 QVID$ = "WFMPRE? YMULT" : ANS$ = SPACES$(80)

6080 CALL IBWRT(TEKY%,CMD$) : CALL IBRD(TEKY%,ANS$)

6090 YMULT = VAL(MID$(ANS$,14))

6100 OVD$ = "WRMPRE? XINCR" : ANS$ = SPACE$(80)

6110 CALL IBWRT(TEK%,CMD$) : CALL IBRD(TEKY, ANS$)

6120 XMULT = VAL(MID$(ANSS$,14))

6130 LAB2 = LAB2 + 1 : |F LAB2 <= 99 THEN GOTO 6150
6140 LAB1 = l1AB1 + 1 : LAB2 =1

6150  LABELS = "."+CHR$(LAB2) +M D$( STR$( LAB2), 2)

6160 DUVP$ = “ECHOWAVE'+LAREL$

6170 CMVD$ = "WAVFRWP"

6180  CALL IBWRT(TEK%.CMD$) : CALL IBRDF(TEK%.DUMP$)
6190  RETURN

6200 REM * k k k k k k k k *k Kk k k k *k *k *k *k *k *k *k % %k *k *k %k * * *k * *
8210 REM PEAK DETECT
6220  REM

6230 LAB2 = LAB2 + 1 : |F LAB2 <= 99 THEN GOTO 6250
6240 LAB1 = LAB1 + 1 : LAB2 =1

6250 LABELS = "."+CHR$(LABL) +M D$( STR$( LAB2+1))
6260 DUMP$ = "ECHOWAVE"+LABEL$

6270 COPEN "R".1.DUMP$.4

6280 FIELD 1.2 AS MI$,2 AS M2

6290 GET 1,1024

6300 FI$ = "&H"+M1$: F2$ = "&H"+M2$

6310 FIRST = (VAL(F1$) * 256 + VAL(F2$)) * YMULT
6320 FCR LM - (CURS+4) TO 1027

6330 GET 1.1M

6340 YI$ = "&H +M1$:Y2$ = "&H' +M$

6350 PY(LM :2 = (<VAL(Y1$)*256 + VAL(Y2$))*YMULT) - FIRST
6360 PY(LM

6370 PX(LM-3

) = ABS(PY(LM3))
Y =
6380 NEXT LM )

(LM - 3



6390 PXMAX = PX(CURS+1) : PYMAX = PY(CURS+1)
6400 FOR KM= CURS + 2 TO 1024

6410 IF PY(KM) < PYMAX THEN GOTO 6430
6420 PYMAX = PY(KM : PXMAX = PX(RM)
6430 NEXT KM

6440 CLCSE 1

6450 |F AFLAG = 1 THEN B(JK PYMAX
6460 |F AFLAG = 0 THEN A(JK) = PYMAX
6470 |F AFLAG - 1 THEN GOTO 6490
68480 PRI NT #2,5PC(20) TAU(JK) TABCA5) PYMAX

6490 PRINT SPC(20) TAU(JK) TAB(45) PYMAX

6500 RETURN

6510 REM  x *x * x x % x #» *x x END OF ROUTINE ECHO-PEAK * * * * * % % * x % %
6520 RAM  + + + + + + + + + + SUBROUTINE TAUINT + + + + + + + + + + + + + +
6530 ReM
6540 CLS:INPUT " INPUT VALUES FROM KEYBOARD OR FILE ? (R/F) ", K$

6550 IF (K$ = "K") OR (K$ = "k") THEN GOTO 6590

6560 OPEN "ECHOSET2" FOR INPUT AS #3

6570  INPUT #3, AINTAU,AFITAU,GRID

6580 GOTO 6620

6590 CLS:INPUT " INITIAL TAU, FINAL TAU, GRID PLEASE " ,AINTAU,AFITAU,GRID
6600 OPEN "ECHOSET2" FOR OUTPUT AS #3

6610  PRINT #3 ,AINTAU.AFITAU.GRID

6620 TAUO = INT((AFITAU-AINTAU)/GRID)

6630 TAUO1 - TAUO

6640 FOR D = 1 TO TAUO

[

6650 TAU(D) = AINTAU + (D-1GRID
6660 ITAUCD)Y = TAU(D)
6670  NEXT D

6680 IF (K$ - "K") OR (K$ = “k" ) THEN RETURN 670
6690  RETURN 470

6700 RM * +* 4+ % + x4+ ¥ 4% DATA PLOT * +* +* +* ¥

6710 REM

6720 FQR TT = 1 TO TAW1
6730 X(TT) = I TAJTT)
6740 Y(TT) = ACTT)
6750 NEXT TT

6790 XMAX - X(1) :YMAX - Y(I

6800 XMIN = X(1) :YMN = Y(I

6810 | F X(1J) > XMAX THEN XMAX = X(1J)

6820 | F Y(1J) > YMAX THEN YMAX = Y(IJ)

6830 | F X(1J) < XMNTHEN XM N = X(IJ

6840 | F Y(IJ) < YMIN THEN YMIN = Y(IJ

6850 NEXT 1J

6860 XDEN = (XMAX - XM N) : YDEN = (YMAX - YMIND
6870 KEY OFF : CLS : SOREEN 2

6880 LI NE (10.10) - (60@,192)..B

6890 FOR L = 1 TO TAW1

6900 XNR = X(L) - XMN : |F X\R < 0 GOTO 6990
6910 YNR = YMAX - Y(L) : IF YNR < 0 GOTO 7000
6920 XP = 40 + 540 * (XNR/XDEN)

6930 YP = 15 + 155 * (YNR/YDEN)

6940 PSET (xp,YPY : IF L = 1 GOTO 6960

6950 LINE (XP,YP) - (XPP.YPP

6960 XPP = XP

6970 YPP - YP



6980 NEXT L : GOTO 7010
6990 PRINT "ERRCR XNR = ":XNR : SICP
7000 PRINT "ERRR YNR = ";YNR : STCP

7010
7020
7030
7040
7050
7060
7070
7080
7090
7100
7110
7120
7130
7140
7150
7180
7190
7200
7210
7220
7230
7240

LINE (42,15) - (40,170)
LINE (40,170) - (580,170)
COEX1 = 40 : STEPX =110
COWHY1 = 15 : STEPY = 32
STEPVALX = XDEN/5
FORSDS=1TO5
LINE (COEX1,188) - (COEX1,172)
LINE (¢38,COWHY1) - (42,COWHY1)
COEFF - INT(COEX1/8)
COEX1 = COEX1 + STEPX
COWHY1 = COWHY1 + STEPY
MEX = XMIN + (SDS-1) * STEPVALX
LOCATE 23.COEFF
PRINT MESX
NEXT DS
LOCATE 5,55
PRINT " tau vs echo ampl.”
LOCATE 23,68
PRINT " m.sec "
JARJ$ = INKEY$ : IF JARJ$ = "" THEN GOTO 7220
SCREEN 0,0,0
GOTO 2520



P

PROGRAM N O : 5+

BECHO .OFF

[ e e ]

Thi s programme attmpts to fit a five Lorentzian model to the experinental
groups to be present

T1 values IN TEACE. W assune four inequival ent methy
here. x , y, z and p are weightages of the four inequivalent methy

respectively. User is pronpted at the tine of running the programme to
provi de these four val ues

LARMOR FREQUENCY ; 10

gd sd

FORGET .ALL

CLEAR.TOKENS
load.overlay c:\asvst\matfit.sov
| oad programs\newskrn.asy

-1 4 sci.format

le-20 fit.tolerance :=

1000 max.#.iterations :=

\ VAR ABLE DECLARATI ONS

\

real dim{ 5] array tOdinf 5, 49 ] array tc
real dim{ 5, 49 ] array gomega

real dinf 5] array slope

real scalar x scalar y scalar z scalar freq

real scalar onmega scalar a real scalar deviation
real scalar b scalar c scalar devl scal ar dev2
real scalar delta scalar p

integer scalar dum integer scalar jk
integer scalar m scalar n scalar d scalar kount
integer scalar erno scal ar outer.kount

50 string file 10 string myflag

12 string filel 12 string datel 12 string timel
5 string dummy 5 string catch

token tenp token tifitrate token tlexpva
token tlexprate token tlifitval token tenp

COLON DEFI NI'TI ONS

tauc
slope [ 1] swap / exptO[ 1] * tc xsect[ 1,
slope [ 2 Jtemp / exp tO[ 2] * tc xsect[ 2,
slope [ 3] tenp / exptO[ 3 }* tc xsect[ 3,
slope [ 4 Jtenp / exptO [ 4] * tc xsect[ 4,
slope [ 5] tenp / exptO[ 531 * tc xsect[ 5,

MHz .

P~

fa—
——

TRTTL

groups



: taucl

slope [ 1] temp / exptO[ 1] * tc xsect[ 1, 1]:
slope [ 2] tenp / exp tO [ 2] * tc xsect[ 2, ! ]
slope [ 3 Jtenp / exp tO[ 3] * tc xsect[ 3, 1]:
slope [ 4] tenp / exptO [ 4] * tcxsect[4, ! ] :=
slope [ 5 Jtenp / exptO [ 5] * tc xsect[ 5, ! ]
: gofom
8 1 do
te xsect[ 1, ! ]
omega 2 ** tc xsect[ 1 , ! ] Z % x 1 +
/
te xseet[ 1, ! ] 4 %
omega 2 ¥ to xseet[ 1, ! ] 2 % x 4 x ] +
/
+
gomega xsect[ i , ! ] :=
loop
; curve .plot
gd
" x " symbol

1 templ / tlexpval le3 * In xyvap
solid 1 templ / tl1fitval 1e3 * ln xydap

: full.plot
gd
g0
x " symbol
1 templ / tlexpval le3 *x In xyyap
solid 1 templ / tifitval 1e3 *x In xydap

: msd

@ deviation :=
tlexpval tlfitval - dup *
[lsum deviation :=
deviation n / deviation :

: tlinverse
tauc
gofom
ap* gomega xsect[ 5 , ! ] *
a z * gomega xsect[ 4 , ! ] *
+
ay * gomega xsect[ 3 , ! ] *
+
a x ¥ gomega xsect[ 2 , ! ] %
+
b gomega xsect{[ 1 , ! ] %
+
tifitrate :=

tifitrate inv tifitval :
tifitrate 1 /



: tlinversel

a p * gomega xsect[ S5 ,
a z * gomega xsect[ 4 ,

—t
* ¥*

+

ay* gomega xsect[ 3 , ! ] *
+
a X * gomega xsect[ 2 , ! ] *
-
b

gomega xsect[ 1, ! ] *

+

tifitrate :=
tifitrate inv tlfitval :

: submain
hybrid.fit .
curve.fit[ temp , tlexprate ; tlinverse ; t8 [ 1] , t8 [ 2 ] ,
td [ 3] ,.tB[4],.tB[5],slope[ 1], slope[ 2], slope [ 3]
, slope [4 ], slope [ 51 ]

curve.plot
msd
A S S S SUB MAIN ENDS R = S S S S T S S S =
: MAIN
CLEAR . TOKENS
CONSOLE.OFF OUT>PRINTER
CR
OF 1 KA AR AR AR A KA AR AKACK AR AR AR AA A AR AR
er ." FREQUENCY : 1@ MHz. "
O .7 AR K IR AR ACKAORACK KA AR ICK AR AR
CONSOLE
sd
real n ramp becomes> tifitrate
real n ramp becomes> tifitval
real n ramp becomes> tlexprate
real n ramp becomes> tlexpval
real n ramp becomes> temp
real n ramp becomes> templ
@ tifitrate :=
@ tifitval :=
@ tlexprate :=
@ tlexpval :=
A temp (=
¥ templ 3=
1.0e7 freq :=
freq 2 * pi * omega :=
8.05e9 a :
3.382e8 b :

5.1842e-12 017 :=



2.1067e-13 @27 :=
2.0554e-13 td [ 3] :=
1.8735e-12 @[ 4] :=
6.2855e-13 t8[§ ] &=
2.1687e3 slope [ 1] :=
1.4243e3 slope [ 2 ] :=

9.3092e2 slope [ 3 ] :=

7.163e2 slope [ 4 2

1.0192e3 slope [
@ kount :=

]
57 :

" \rajan\data\teacb\saZl@c.dat" file ":=
file defer> basic.open
nl+ 1do
basic.read
dum :=
tlexpval [ i ] :=
temp [ 1] :=
loop
tlexpval le-3 * tlexpval :=
tlexpval inv tlexprate :=
temp le-3 * templ :=
basic.close
T1INVERSEl1l curve.plot
BEGIN
cr ." DO YOU NEED CHANGE OF INITIAL PARAMETERS? IF SO ENTER Y
CR ." ELSE ENTER ANY OTHER KEY "

“INPUT dummy ":= dummy " Y" "= dummy " v" "= OR

IF

sd

er ." x = " #input x :=

cr "y =" #input v :=

er " z =" #input 2z :=

cr ." p =" #input p :=

cr ." If you want to assume default values for t@ and s "
" enter d " "input catch ":z

catch " D" "= cateh " d" "= OR NOT

IF

er " t@ [ 11" #input td [ 1 ]

er "t [ 21" #input tB [ 2 ]

cr " t@ [ 3] " #input t8 [ 3 ]

er " t@ [ 4] " #input t@ [ 4 ]

er " t@ [ 5] #input t@ [ 5 ]

R SR IR R TITIRT

cr ." slope [ 1 ] " #input slope [ 1 ] :=

cr ." slope [ 2 ] " #input slope [ 7 =

cr ." slope [ 3 ] " #input slope [ 3 ] :=

cr ." slope [ 4 ] " #input slope [ ] a=

cr ." slope [ 5 ] " #input slope [ )

THEN

THEN

T1INVERSE1

curve.plot

dummy " Y" "= dummy " y" "= OR NOT

UNTIL

CONSOLE .OFF QUT>PRINTER

cr ." taul = " t@ [ 1] Y sl =" slope [ 1]
er ." tauz = " td (23] . . s2 =" slope [ 2 ]
cr ." tawd =" tB (3] . . s3 = " slope [ 3]
or ." tavd =" tB [ 4] . ." s4 = " slope [ 4 ]



er ." tawS ="t [5] . . s =" slope [ 5] .

CONSOLE

-1 4 sci.format

cr ." PROGRAM IS RUNNING ......... PLEASE DO NOT DISTURB OR STO
submain

CONSOLE.OFF OUT>PRINTER
CR ." THE FINAL SET OF VALUES ARE THE FOLLOWING

CR

OF .\ ACRIORACKAIARIOKAACK AAAAATKACKA K AN A AN AAKAAAAKAAAAAAAAAAKAHAK
er ." taul = " tB [ 1] W sl =" slope [ 1]

er " tanZ2 = " tB [ 2 ] . ' s2 =" slope [ 2 ]

cr " taud3 = " tB [3 ] . 83 = " slope [ 3 ]

er . taud = " tB [ 4 ] - s4 =" slope [ 4 ]

er . tauS = " W[5 ks 7 s5 = " slope [ 5 1]

er " msd = " deviation .

Or L R ACK A AR AA A AR A AAAKA KA NAKAAAAAAAAAAAAAAAAAK
"DATE DATE1 ":= "TIME TIME1l ":=

cr 5 spaces .” DATE : " DATEl "TYPE 20 spaces ." TIME : " timel "type
Cr . AR AR ARk ACKACKACKAAK A AR A AAAAAKAAAK HAAAAAAAAAAAARAK !
CR

+ o+ o+ o+ o+ MAIN ENDS HERE + + + 4 + + +

: SUPER.MAIN
48 N 725
er x = " #input x :=
cr .” v = " #input y :=
er ." z =" #input z :=
cr " p =" #input p :=
main
Cr L KRR AR ORI IR ORI AR O,
cr 5 spaces ." X = " x . 15 spaces ." FREQUENCY = " FREQ .
Or L RO RIS AOIIORKR A IOICOIAIAOIOIAR AR AIORRIICKOOoE. !

CONEOLE



