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ABSTRACT

Measurements of spin-lattice relaxation time, T,,
of protons in oxygen-free samples of 100% CH,I,,
80% CH,I, - 20% CD,I, , 60% CH,I, - 40% CD,I,, 40% CH,I, -
60% CD,I, and of deuterons in oxygen-free samples of
CD,I, have been carried out between 7 - 100°C at a frequency

of 4 Mc/sec using pulse techniques.

The intermolecular dipole~dipole, intramolecular
dipole-dipole and spin=-rotational contributions have been
separated. The results show that both the intramolecular
dipole-dipcle and intermolecular dipole-dipole contributions
are temperature dependent and the intramolecular dipole-
dipole interaction is predominant in causing relaxation.

The contributions due to intramolecular dipole-dipole and.
intermolecular dipole-dipole interactions are found to be
67.5% and 32.5% of the total relaxation respectively
between 7 - 100°C. The intra- and intermolecular dipole=-
dipole contributions due to interactions between non-
identical spins are 5% of the intramolecular dipole-dipole
contribution ané.24%_of the intermolecular dipole-dipole
contribution respectively. The spin-rotational contribution
is zero over the temperatufe range studied. The inter-

molecular dipole-dipole contribution calculated using the
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Bloembergen, Purcell and Pound theory, modified by Gierer

and Wirtz to take into account the finite size of the
molecules, agrees with the experimental value to within

22%. The activation energies of the intramolecular dipole-
dipole and intermolecular dipole-dipole contributions are
3.14 £ 0.03 kcal/mole and 3.13 * 0.03 kcal/mole respectively.
The activation energy obtained from the deuteron T, data

is 3.07 *+ 0.02 kcal/mole.

The rotational motion of this molecule appears to
be anisotropic and the microviscosity theory for rotational
diffusion seems to apply here. The rotational correlation
times calculated from the Debye - BPP expression (4mna®/3kT)
differ from the experimental values by a factor of about 15,
The correlation time of translational motion is about 3
times that of rotational motion and it appears that the
molecule reorientates substantially while moving by a

distance of the order of one molecular diameter.
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CHAPTER 1

" INTRODUCT ION

In 1946 the nuclear magnetic resonance (NMR)
phenomenon was observed in bulk matter for the first time,
independently by Purcell et al. (1946) and Bloch et al.
°(1946). Since this breakthrough NMR has been used as a
tool in the investigation of a variety of topics, e.qg.
the determination of chemical shifts, the determination of
magnetic moments, the identification of nuclei present in
a given substance and the study of microdynamic behaviour

of molecules in matter.

A simple picture of what is meant by magnetic
resonance is as follows: Many nuclei possess a magnetic
moment W and an intrinsic spin or angular momentum If.

When a free nuclear spin is placed in a steady magnetic
field Hy, as shown in Fig. 1, the magnetic moment vector
will precess about Hy. The frequency of precession wg is
determined by the Larmor relation wo = YHo where Yy is the
gyromagnetic ratio of the spin. 1If one now applies a field
H, normal to Ho and rotating at some angular frequency w
about Hp, a torque will be exerted on § causing the angle 6
between Ho and 7 to change. If w # wp or the sense of

rotation of H, is opposite to that of W then the phase between




Fig. 1 Larmor precession of ¥ about the

" magnetic field H,




H; and § will be continuously changing with time and the
torque will produce no net effect. If H; is made to rotate
in synchronism with U at the frequency wo, the torque will
cause the angle 6 to increase continuously. Thus when the
angular frequency of H1 is equal to the natural precessional
frequency of the nucleus in the steady field H,, resonance

occurs and energy is absorbed from the oscillating field H,.

The behaviour of the spin ensemble needs now fo be
described because nuclear spins in bulk matter are not
isolated but form a part of an ensemble of spins. Consider
an ensemble of weakly interacting spins in a steady magnetic
field Hy in the z-direction to be in thermal equilibrium with
their surroundings at a temperature T. The observable values
of the angular momentum (mfi) and magnetic moment (mu/I) are
quantized and the magnetic quantum number m can take any of
the (2I+l1l) values I, I-1l, ..., =(I-1), -I. The energy of
each level is given by -muHy/I and the separation between
the adjacent levels is uHy/I. The selection rule for
transitions between levels requires Am = *1 and thus
electromagnetic radiation of frequency wo may cause transi-

tions for fiwg = uHo/I.

For protons having spin I = 1/2, there are only two

energy levels corresponding to the spins being parallel or




anti-parallel to Hy as shown in Fig. 2. At thermal
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Fig. 2 Energy levels of protons in a
magnetic field. Hp

equilibrium, the spin states of such a system are governed
by the Boltzmann distribution and the population of the
lower state exceeds that of the upper by the Boltzmann
factor eﬁp(ZuHo/kT) =~ 1 + 2uHo/kT. Thus at'equilibrium a
larger number of spins are aligned along the direction of
H, producing a net macroscopic_magnetization My, in the

z-direction.

A magnetic field normal to and rotating about Hp is
now applied to the spin ensemble. When this field is of the
Larmor frequency, Ww,, energy is absorbed by the ensemble.
This results in an increase in the temperature of the spin
ensemble and an increase in the number of spins in the upper
state, thereby causing a change in the z-component of the

magnetization M. The magnetization vector will now precess




about H, and will have the z-component Mz smaller in
magnitude than the equilibrium value Mjp. The rotating

field is now removed. If no coupling existed between the
spin ensemble and its surroundings - or "lattice" - the
temperature of the spin system would remain unchanged and
the magnetization vector would continue precessing about

Ho. However, the spin ensemble and lattice are in "contact"
with each other so that a common temperature will again be
reached and M, will attain its equilibrium value Mp. Bloch
(1946) considered the return of M, towards Mo to be
exponential with a characteristic time constant T; which

is known as the spin-lattice relaxation time. The rate of
change of My is given by the following differential equation .

{(Bloch 1946)

Mz (£) _ _ Mg () = Mg | (L3
at T,

If the initial value of Mz=0 at t=0, the solution of

eq. (1.1) becomes
Mz (t) = Mg [1 - exp (-t/Tl)] (1.2)

Thus for t=T,, the z-component of M equals 0.632 My. In
other words T, is the time taken for Mz to recover to

63.2% of its equilibrium value My.

Once the spin ensemble has been perturbed, it will




return to thermal equilibrium - or relax - by interacting

with the lattice. Different relaxation mechanisms may

contribute in establishing thermal equilibrium between the

spin ensemble and the lattice. These are:

a) * the interaction between a nuclear magnetic

b)

c)

dipole and magnetic fields due to other

nuclear magnetic dipoles. This interaction

can be divided into two parts:

1) the intramolecular dipole-dipole inter-
action between nuclei on the same molecule.
The contribution to this interaction
arises from the rotational or tumbling
motion of molecules.

2) the intermolecular dipole~dipole inter-
action between nuclei on different
molecules which results from the trans-
lational motion of molecules.

the interaction between the nuclear magnetic

dipole and the magnetic fields due to electric

currents which are produced by the charges of

a rotating molecule - the spin-rotational

interaction.

the interaction between the electric quadrupole

moment of a nucleus and the electric field

gradient at the nucleus due to surrounding




electrons and nuclei. Only nuclei with spin
I > 1 possess a guadrupole moment and thus this
interaction need not be considered for nuclei

with a0 %* 1,

It is of interest to obtain information about the
different relaxation mechanisms occurring in a given sub-
stance in order to gain some understanding about molecular
motion., Each of the relaxation mechanisms a, b and ¢ can
contribute to the relaxation. T, obtained from experiment
is a measure of the total contribution arising from the
various relaxation mechanisms and cannot give the separate
contributions directly. However the intermolecular dipole-
dipole contribution can be separated from the other con-
tributions (intramolecular dipole-dipole and spin-rotational
contributions) by studying T; in a given liquid as a function
of ccencentration in certain other liquids (CS,, CCl, or |
the perdeuterated analog of the liquid). The intramolecular
dipole-~dipole and spin-rotational contributions can then
be separated by studying T, of deuterons in the perdeuterated

analog of the given liquid.

This thesis deals with the separation of the various
mechanisms contributing to relaxation in liquid methylene
iodide (CH,I,) in order to gain some information about

molecular motions in this liquid.




Measurements of deuteron T; in oxygen-~-free samples
of CD,I, and proton T, in oxygen-free samples of 100%
CH,I,, 80% CH,I, - 20% CD,I,, 60% CH,I, - 40% CD,I, and 40%
CH,I, - 60% CD,I, by volume have been carried out between
7°C to 100°C. The differént contributions have been
separated and it is found that the intramolecular dipole-
dipole contribution amounts to 67.5% of the total relaxation
while the intermolecular dipole-dipole contribution amounts
to about 32.5% of the total relaxation over the temperature
range studied. Results indicate that spin-rotation inter-
action makes no Contribution in the temperature range

studied.

In Chapter 2 the experimental apparatus and the
experimental technique for spin-lattice relaxation time
measurements are described. Chapter 3 deals with the
theory of spin-lattice relaxation. The experimental
results are presented and discussed in Chapter 4. In
Chapter 5 the results are summarized and the conclusions

reached from this work given.




CHAPTER 2

EXPERIMENTAL APPARATUS AND

RELAXATION TIME MEASUREMENT TECHNIQUE

2.1 The Spectrometer

The basic arrangement of the 4 Mc/sec spectrometer
is shown in Fig. 3. It is similar to that described by
Hahn (1950) and is simple and straightforward. A brief

discussion of the equipment follows.

2.1.1 DC Magnet

The magnet used in this work was a Magnion Model
L-75 Laboratory Electromagnet having 17.8 cm (or 7")
diameter pole faces. The magnet is capable of supplying

fields up to 7000 gauss with an air gap of 5.7 cm.

2,1.2 Pulse Generating System

Two Tektronix Type 162 Waveform Generators (A and B)
and three Tektronix Type 163 Pulse Generators (C, D and E)
were connected as shown in Fig. 4 to produce two equal pulses

of adjustable width, amplitude and pulse interval.

The time base for the pulse generating.system was
derived from generator A which was set in the recurrent mode
of operation and produced rectangular pulses at variable
repetition frequency. The output pulses from generators

C and D could be positioned anywhere in time between the
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Fig. 3 Block diagram of the 4 Mc/sec

NMR Spectrometer
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beginning and end of the decreasing sawtooth as long as
t >t (Fig. 4). The amplitude of the pulses from generators

C and D must be large enough to trigger generator E.

The repetition frequency of the pulses controlled
by generat;r A could be adjusted from 10" times per second
to 10 seconds. Longer intervals could be obtained by
disconnecting generator A by means of switch S; for the : i

given time interval.

The trigger voltage required to start the horizontal
sweep of the oscilloscope was supplied by generator A (see

Fig. 4).

°

A third pulse may be obtained by adding another
Tektronix Type 163 Pulse Generator in parallel with generators

C ang Ds

2.1.3 Gated Transmitter

The schematic diagram of the gated transmitter is
shown in Fig. 5. This circuit is similar to that described
by de Wit (1966) except for some minor modifications which

are discussed below.

In the original design the tank circuit of the
Hartley oscillator was coupled to the grid of the first
6L6 by means of a 100 pF capacitor and the bias for this
tube was obtained through a 47 KQ grid resistor. The

cathode of the first 6L6 was connected directly to the
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center tap of the coil in the tank circuit. It was found
that a single carrier frequency of the pulse could not be
obtained by this arrangement. A 4 Mc/sec radio frequency
(rf) was obtained by changing the grid and cathode circuit
of the first 6L6 as shown in Fig. 5. This design also had
the added advantage that the waveform at the output of the
first 6L6 could be easily adjusted to that of a rectangular

rf pulse by the 500 ohm potentiometer.

A 2,7 KQ resistor was added between the grid and
ground of the second 6L6 to supply proper bias for this

tube.

By adding a 2.2 KQ resistor in parallel with the
12 - 27.5 uH inductor in the tuned circuit following the
third 6L6, the fall time of the output pulses of the

transmitter was reduced to 0.5 usec.

It was found that ringing occurred in the plate
circuit of the 829-B tube at a frequency of about 2.5 Mc/sec.
This problem was eliminated by specially winding the 75 uH
inductor in the 829-B plate circuit so as to have low
capacitance and adding a 22 ohm resistor in series with the
inductor (see Fig. 5). The coil was wound on a 3 cm
diameter plastic former using AWG No. 24 wire. It consisted
of 12 sections containing 7 turns each with a spacing of

about 0.3 cm between sections.
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The screen voltage for the 829-B was obtained from
the high voltage power supply by the divider network in
the screen circuit of this tube. This network eliminated
the necessity of adjusting the screen voltage whenever the
plate voltage is changed. It also had the advantage that
only one high voltage power supply was required for the

829-B.

This transmitter was capable of producing rf pulses
of up to 1500 volts peak to peak at pulse widths that

could be varied from 2 to 60 usec.

2.1.4 Receiver

A receiver of high gain and low noise is required
because the nuclear signals of the samples studied here
were extremely small (of the order of microvolts). The
schematic diagram of the receiver is shown in Fig. 6 and

is described briefly.

‘The tube configuration of the front end of the
receiver consisted of a grounded-cathode triode followed
by a grounded-grid triode. This input configuration was
designed for low noise by Wallman et al. (1948). These
tubes were followed by a 6DJ8 double triode, half of which
was used for rf amplification and the other half was
connected as a cathode follower. The purpose of this
cathode follower was to permit the insertion of an attenuator

at point A (Fig. 6). This can provide an alternative method
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Fig. 6 Schematic diagram of the receiver




- 17 -

for changing the gain of the receiver, if desired. The
double triode was followed by three 6AK5 peﬁtodes which

were used for rf amplification. The rf signal was detected
using a 1N34A diode and was fed into a 6AK5 cathode follower
which served as a buffer between the receiver and the out-
put. The detected signal was amplified by a 6DJ8 triode
which was capacitive coupled to the output. To avoid
distortion due to capacitive coupling between tubes, the

6AK5 and 6DJ8 in the video section was direct coupled.

The receiver was synchronous single-tuned with an
overall bandwidth of 0.5 Mc/sec and a maximum gain of
0.5 x 10°., The output of the receiver was found to be
linear above 0.6 volts. Since all readings were taken for
output voltages exceeding this value linearity corrections

were not required.

2+.12:.5 Tuned Circuit

The circuit shown in Fig. 7a is described by
Gray et al. (1966) and was tuned to 4 Mc/sec. The resistor
R; shown in Fig. 1 of the paper (Gray et al. 1966) was not

included here because it loaded the transmitter.

The sample coil consisted of 33 turns of AWG No. 26
enamelled copper wire with an inside diameter of 8 mm. It
was placed inside a hollow acrylic plastic former because,

due to the small wire size it could not be self-supporting.
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The former and coil are shown in Fig. 7b. The former was
held in place by being fitted tightly over a copper tube
(tube B in Fig; 8a). One end of the sample coil was
soldered to the tube B at A (Fig. 8a). The other end of
the coil was brought out of the bomb through a small hole
in the top part of the bomb and then connected to the tuned

gircuit at J 1EBig«i7a)s

All capacitors used in the tuned circuit should
have a low dissipation factor in order to minimize signal

loss.

2.2 Control and Measurement of Temperature

The temperature control system used to keep the
sample at constant temperature consisted of a device
called a ."bomb" (shown in Fig. 8) and a constant temperature
water bath. The bomb was designed by Dr. Sandhu and is a
modified version of one described earlier (Sandhu 1964).
The sample is maintained at a given temperature by
circulating water from the constant temperature water bath
through the jacket of the bomb. The jacket was specially
designed (Fig. 8b) to allow enough time for the water to
dissipate its heat to the bomb. The inner cylinder (Fig. 8a)
was made of copper in order to provide a good thermal contact

between the circulating water and the inner chamber (Fig. 8a)
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in which the sample is located. The outer cylinder

(Fig. 8a) and the bottom cap (Fig. 8a) of the bomb were
made of brass which provides better thermal insulation than
copper and is easier to thread. '0' rings O, and O,

(Fig. 8a) were used to provide a proper seal when the top
part H was screwed into the outer cylinder. The sample
tube was positioned as shown in Fig. 8a and it could slide
easily in and out of the bomb without dismantling the whole
assembly. The bomb was placed inside a glass dewar closed
at the bottom to provide thermal insulation between the
bomb and the surroundings. Thick walled rubber tubing was
used to connect the constant temperature water bath to.the

bomb, thus minimizing heat lost from the flowing water.

The constant temperature water bath (Colora Ultra -
Thermostat Type NB) was heated by a thermostat controlled
electric element and a given temperature of the bath could
be obtained by adjusting the thermostat to the desired
value. It was found that the above system maintained sample
temperatures stable to within #0.1°C from room temperature

to 100°c.

Since the constant temperature water bath maintains
a given £eﬁperature by heating the water, it was found
difficult to maintain stable temperatures between room
temperature and 0°C. For temperatures in this range
compressed dry air was used instead of water. The air was

cooled by passing it through a coil of copper tubing
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immersed in an ice=-salt mixture. A two layer coil about
15 cm in diameter and consisting of about 60 turns of
0.6 cm copper tubing provided énough length to cool the
sample to about 0°C. The temperature was varied by
changing the rate of flow of air passing through the
system by means of a needlevalve. This system provided
stable temperatures to within #0.1°C for 1 - 2 hour

periods in the range 0°C to room temperature.

The sample temperatures were measured by means of
a copper-~constantan thermocouple soldered at A to the
copper tube B (Fig. 8a) and a Honeywell Portable Potenti-
ometer Model 2746. The caiibration of the thermocouple
was carefully checked and temperatures were measurea to

within *0.1°%C.

2.3 Sample Purification

It is well known that T, is decreased considerably
if dissolved paramagnetic impurities (e.g. oxygen) are
present in the liquid (Bloembergen et al. 1948; Nederbragt
and Reilly 1956; Nolle and Mahendroo 1960; Sandhu et al.
1960; Sandhu 1966). This is due to the much larger
electronic moments of paramagnetic species, resulting in
a larger interaction between a nuclear moment and the
electronic moment of such a species. The samples, obtained
commercially, contained oxygen and had therefore to be

purified.
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There are several techniques available for obtaining

oxygen~free samples and two commonly used techniques are:

1) the gettering technique (Nolle and Mahendroo
1960; Sandhu et al. 1960; Lees et al. 1961;

" sandhu 1971a)

2) the freeze-pump-thaw technique (Nederbragt and
Reilly 1956; Nolle and Mahendroo 1960; Sandhu |
1969).

Although both techniques are equally effective in removing
oxygen, the samples were purified usihg the freeze-pump-
thaw technique because it is somewhat simpler to.use than
the gettering technique. In brief the purification

technique was as follows:

The schematic diagram of the purification system is
shown in Fig. 9. Three Pyrex glass traps M,, M, and M,
were connected to copper tubing of about 3 cm in diameter.,
All metal valves V, - V., are greasefree so as to prevent
contamination of the sample. In a typical sample purifica-
tion, the system was pumped to a pressure of about 10~% mm
of mercury and baked several times during pumping in order
to remove oxygen molecules adsorbed on the walls. The
Pyrex glass tube G was thoroughly cleaned and boiled in
distilled water for approximately 3/4 of an hour. It was

then dried with hot air. The tube G, filled with about

TS —

I
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Fig. 9 Schematic diagram of purification system
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1l ml of the sample to be purified.was connected to the
system through the demountable vacuum union D. That part
of tube G filled with the sample was immersed in liquid
nitrogen to freeze the sample. The air above the sample
was pumped out for about 10 minutes by closing valve Vg

and opening valves V,, V, and Vs. After the air was

pumped out valve Vs was closed and the system pumped for
about 20 - 30 minutes by opening valve V¢. The samplé was
then transferred to trap M; by removing the liquid nitrogen
from tube G and immersing M; in liquid nitrogen. Since the
freezing point of oxygen is quite close to liquid nitrogen
temperature, oxygen moleculés do not get frozen in the trap
M, and are forced out of the system by the diffusion pump
while the molecules of the liquid freeze in the trap. Once
G was empty, valves V, and V, were closed and.the trap M:
instead of trap M, was immersed in liquid nitrogen. Valve
V, was then opened and the sample transferred into trap M,.
The sample was transferred back and forth between the traps
M; and M, usually about 10 - 15 times and was then transferred
into the trap M;. All valves were then closed and the
frozen sample in M; allowed to melt in order to collect it
in the Pyrex glass sample tube S. The sample tube S was
disconnected from the system by freezing the sahple and

sealing the tube at P (Fig. 9).
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fields given by eq.(2.1l) will be in phase with the ?
precession of M and will tip the magnetic moment vector ’

away from the direction of H, by an angle 3 5

—

T —

where t,; is the width of the rf pulse. The other circularly
polarized field is out of phase with the precession of M

and has no appreciable effect (Bloch and Siegert 1940).

The magnetic moment vector M, precessing about Hp
at an angle 6, will have a component in the x-y plane
rotating about Hy and as a result an rf voltage is induced
into the same coil used for the generation of the rf field.
This induced voltage will be maximum when the magnetic
moment vector M is in the x-y plane, i.e. when 6 = 71/2,

The induced voltage decays due to damping effects such as
spin~lattice relaxation, spin-spin relaxation, an inhomo-
geneous dclfield, etc. Thus a decaying signal called an

induction tail is observed following the rf pulse.

If a second pulse is applied at a time T < T, after
the first pulse, an induction tail is also observed after
the secpnq pulse. The maximum amplitude of this induction
tail depends upon the regrowth of the z-component of the
magnetization. The induction tails observed following a

pair of egual pulses applied to a spin ensemble initially
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at thermal equilibrium are shown in Fig., 10. A(0) and

PULSES

\
. il d
tw
INDUCTION SPIN
4 TAIL ECHO
A(0)
I | |
0o ; g -3 o

Fig. 10 NMR signal resulting from
two equal pulses
A(t) are the maximum induction tail amplitudes following
the first and second pulse respectively. The sighal at
21 is due to constructive interference between precessing
magnetic moments, and Hahn (1950), who first observed this

signal has called it a "spin echo".

If a pulse of width ty is applied to a spin ensemble
at time t = 0, then immediately following the pulse t = ty
and My (z-component of M) is equal to Mz(ty). Solving

eg.(l.1) using these initial conditions leads to

Mgz (t) - Mg = [Mz(tw} = Mo] exp[-(t—tw)/T,] . - 13.3)




- 28 -

For t = T and ty << 7, eq.(2.3) becomes
Mo - M,(T) = Constant exp(-t1/T;) . (2.4)

If t, << T, andITz (spin-spin relaxation time), the
magnitude pf Mz will not change appreciably during the
time interval ty. The induction tail amplitude immediately
following the pulse can then be considered proportional to
the value of Mz at the beginning of the pulse. This means
that the maximum induction tail amplitudes A(0) and A(T)
shown in Fig. 10 are proportional to Mo and My (T) respec-

tively and thus eqg.(2.4) can be written as

A(0) - A(t) = Constant exp(-1/T,) . (2.5)

In practice, T, may be measured by applying two 90°
(6 = m/2) pulses separated by a time interval T. The first
90° pulse perturbs the spin ensemble, which is initially
at thermal equilibrium, and the second 90° pulse gives an
indication of the extent M; has recovered towards its
equilibrium value in the time T. The sequence of two 90°
pulses is repeated for different values of T at a repetition
frequency that allows enough time between éuccessive
sequences for the spin ensemble to reach thermal equilibrium.
Measuring the amplitude A(t) as a function of 1, T, is

found from the slope of a plot of 1n[A(0) - A(Tq against T.
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Method II -

The method described above can be conveniently used
for small T, (of the order of milliseconds) because the
signals following the two pulses of a sequence can be
simultaneously observed on the oscilloscope. However, the
liquids studied in this work had long T; (of the order of
seconds). It thus becomes impractical to display the two
signals of a sequence simultaneously on the oscilloscope
because T is of the order of seconds. To measure long T,,
a sequence of two 90° pulses, where T << T,, was applied
to the spin ensemble at a repetition frequency such that
the times t between successive sequences was of the order
of Ty. The maximum amplitude of the induction tail
following the first 90° pulse of a sequence is proportional
to the vélue of Mz (t) at the beginning of the sequence and
is denoted by A(t). In order to obtain a value of A(t)
proportional to Mp the system was given sufficient time to
reach thermal equilibrium (about 10T,;) and then a sequence
of 90° pulses was applied. The maximum amplitude of the
induction tail following the first pulse in this sequence
is denoted by A(»). T, was measured by applying sequences
of pulses at different repetition frequencies, thus
obtaining values of A(t) as a function of t. Replacing

A(0) by A(«) and A(t) by A(t) eq.(2.5) becomes

A(e) = A(t) = Constant exp(-t/T,) . (2.6)
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and T, was obtained from the slope of a plot of

1n[A(°°) - A(t)] against t.

The induction tails were observed with a Tektronix
Type 555 Oscilloscope and the amplitudes of the signals

were measured directly from the'oscilloscope.



= 3¢ 2

CHAPTER 3

THEORY OF SPIN-LATTICE RELAXATION

In liquids molecules are constantly moving due to
thermal agitation. The motion of the molecules is random
Brownian motion., As a result of this motion nuclei are
subjected to rapidly fluctuating magnetic and electric
fields due to neighboring molecular nuclei and electrons.
These random fluctuations comprise a spectrum of frequen-
cies. If some of these frequencies satisfy the resonance
condition of a given nucleus, transitions between the
energy levels of the nucleus may result. The relaxation
rate, 1/T, is directly proportional to the probability of

such transitions and is given by
(1/T1) ora1 = (W/Ti)gq + (/T o + (/1) (3.1)

where (l/T;)dd is the contribgtion arising from dipole-
dipole interaction,
(1/Ty) . is the contribution due to spin-rotation
interaction,
(l/Tl)q is the contribution resulting from gquadrupolar
- interaction.
These contributions are discussed in turn in the following

three sections.
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3.1 Dipole-Dipole Contribution

Consider a spin Ij interacting with spin I .
Such an ensemble of spins located in a steady field Ho

may be described by the following Hamiltonian
!
H=#Ho + H(v) _ (3.2)

where #, is the unperturbed Hamiltonian giving the
Zeeman energies -p+Hp and 7{Qt) is a random perturbation
term describing the magnetic interaction due to fluc-
tuating fields. For nucleus j one may write

!
#y(t) = %xjk(t) - (3.3)

where ?{jk(t) represents the dipole-=dipole interaction

k
corresponding to dipolar interactions may be found by

between the spins Ij and I, . The relaxation rate

determining the probability of transitions induced by
!
)

?CJ( )

Consider the two spins Ij and I joined by the

vector Eﬂk whose polar and azimuthal angles are ejk and

¢jk respectively. 1In this case the perturbing Hamiltonian

7ﬂjk(t) is commonly written as (Bloembergen et al. 1948)

2Cjk(t) = Y-Ykhz(A + B+ C+D+E+ F) (3.4a)

J

e rTe B = 1
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where A =1 .I  F? 3

zj zk” jk
ey +
B = (1/4) (IjI + I, Ik)ij
e * . +yml
C = (3/2) (IjIzk + IZjIk)ij
| % (3.4Db)
* i~
D=C = -(3/2)(IjIzk + k)FJk
E = -(3/4)I Ik jk
= " = -(3/4
F=FE = «=(3/4)I, Ik jk )
0 — o 5
and ij = Jk [l 3cos?0 k(t)]

Fly = rgisinejk(t)cosejk(t)exp[-i¢jk(tﬂ L (3.4c)

2 e~ il _9:
Fi, = rjk51n ejk(t)exp[ 21¢jk(tﬂ

with * indicating the complex conjugate
+
I” are raising and lowering operators defined

& :
?y I - Ix - J.Iy .

The ij's given in eq,(3.4c) are time dependent position
functions and describe the.spatial orientation of the
fluctuating magnetic field produced by nucleus k at the

site of nucleus j. The different terms of 7£jk(t)

R ee—
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induce certain types of transitions which may be found

from the spin operators indicated in eq. (3.4b).

Let m, mj and m be the total magnetic gquantum
number, the magnetic quantum number for the jth nucleus and
the magnetic quantum number for the kth nucleus respect-
ively. For terms A and B of eq.(3.4a), Am = 0 because
for term A mj and m remain unchanged and for term B
either Amj = 41 and Amk = =1 or Amj = =1 and Amk = +1.
Therefore term A and B do not cause energy changes of
the spin ensemble. Term C induces transitions for which

Am. +1 and thus Am = +1. For term D

J
Am.
3

+1 or Amk

-1 or Amk -1 and therefore Am = =1, Term E
involves the raising of mj and m, resulting in Am = +2
while for term F Amj = Amk = =1 and thus Am = -2. Thus,
terms C, D, E and F produce exchanges of energy between

the spin ensemble and the lattice.

The probability of the transitions of ijk(t)
brought about by term A can be evaluated from the following

expression

. * P
P, = (1/h2)f <;f§.’*k(t);fc’j‘*k(t+n> e*ar (3.5)
where 2{§k(t) = Yijth

T is a time interval

and { ) indicates time averaging.
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Similar expressions can be written for the'transition
probabilities due to the remaining terms of afjk(t) by
replacing %?k in eq. (3.5) by the Hamiltonians ?{?k =
ijkth,... ,?f?k = ijkh?F. These transition probabilities
depend on the degree of correlation between a position func-
tion at time t and its value at a later time (t+T). As

the position functions are fluctuating rapidly there is
essentially no correlation for large enough values of T.

It is generally assumed that the behaviour of a position
function with time can be expressed by a correlation

function which decreases exponentially with T as follows

(Bloembergen et al. 1948)
c¢*(1) = ng(t)Fg‘;(t)> g itl/1e (3.6)

where T, is called the correlation time and o = 0,1,2.
The Fourier transforms of G”(t) are known as spectral

densities and are defined by

00 -

% (w) =f c%(r)el¥Tqr . e3P

S
These spectral densities can be evaluated by pgrforming
the integration in eq.(3.7) where the Ga(T)'S have been
replaced by eq.(3.6) énd then time averaging the quantities
<F?k(t)F§;(t)> . The resulting spectral densities are

given by [Bloembergen et al. 1948, egs.(43) and (454

e —
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" 8<rj'.'}i>
242
5(1 + w Tc)
4<rTG>T
3, = LS (3.8)
15(1 + w?t?)
c
-6
16 <rjk> T4 4
Jz gt

2.2
15(1 + w Tc)

In the theory of nuclear spin relaxation by
Bloembergen et al. (1948), the relation between relaxation
rates and the transition probabilities is obtained from
rate equations that govern the populations of the different
spin states. This theory assumes that the behaviour of a
spin ensemble can be completely described through the
populations of the ensemble's energy states. Such a
description is in general incomplete (Abragam 1961, p. 26
and 275). A more general formulism has been developed by
Wangsness and Bloch (1953), Kubo and Tomita (1954) and
Redfield (1957) who describe the spin ensemble through a
density matrix (Abragam 1961, p. 26). Evaluation of the
relaxation rate due to dipolar spin-lattice interaction
between identical spins (Ij = Ik) using the density matrix

formulism yields the following

/1, = G/ @Dy [a, o+ 3, e0] . 6.9
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Substituting eq.(3.8) into eq.(3.9) gives the relaxation

rate of a system of identical spins to be

- c'ij
(1/7)) 45 = (2/5)14(T+1) 3R Z $i52| T TSRy
‘ ¢’
4{v )%
% €13 : (3.10)
1 + 4w? (TC)JJ

where ('rc)jj is the correlation time involved in the
reorientation of the internuclear vector Ejj' Similarly
the relaxation rate for the case of nonidentical spins

(Ij # Ik) can be evaluated and is given by Blicharski

et al. (1966) as

(1/T1) 5, = (2/5)v3h* )f‘ Yielg (T +1) <23 !

5 (1/3)(10)jk - (Tc)jk
2 2 2
1+ (wj-wk) (rc)jk 1+ wg(Tc)jk

2131 :
+ o L (3.11)
1+ (wj+wk)2(rc)§k

where (Tc)jk is the correlation time associated with the

reorientation of the internuclear vector fjk‘

relaxation rate of spin j due to dipole-dipole interaction

The total

is equal to the sum of the contributions due to identical
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spins and nonidentical spins. Combining egs.(3.10) and

(3.11) gives

(1/T)) gq = (2/5)Y§h2 {Y:Z]Ij(lj+l) Z <rj'§

J
x 1 - 4 (T) e
1 + w2(t_ )2, 1 + dw?(t.)2, ¢ 3JJ
i [ = E S ol
(1/3)

2 -6
#. ¥ gl L AT 41 {rig - - .

1 2

» oy g 2 2 (Tc)jk} i
1l + wj(Tc 3k 1 + (wj+wk) ('rc)jk

(3.12)

Dipole~dipole interactions can be divided into

parts:

1) intramolecular dipole-dipole interaction
between nuclei on the same molecule whose

contribution is represented by (l/Tl)dd-intra ’

2) intermolecular dipole-dipole interaction
between nuclei located on different molecules
or between nuclear spins and paramagnetic
ions whose contribution is represented by

(l/Tl)dd-inter g
(1/T1)dd is then written as

* (/) ga irear +  (3+13)

(1/T1)gq = (/T gg-intra
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3.1.1 Intramolecular Dipole-Dipole Contribution

It is often assumed that the rotational motion of
the molecule in a liquid is similar to that of a rigid
sphere of radius a in a medium of viscosity n. The
magnitudes of the vectors between nuclei of a rigid sphere
remain fixed and the average values <r5;> and <r3']°{>
5; and rgﬁ
and (Tc)jk are assumed to be

of eq.(3.12) are replaced by r respectively.

The correlation times (TC)jj
equal for a sphere and may be replaced by a single time
(Tc)dd' This correlation time is of the order of the time
involved for a molecule to turn through a radian and is
generally extremely short such that wZ(Tc)éd <€"]

(Andrew 1955, p. 116). Using this approximation in

eqg. (3.12) and making the substitutions indicated above,

the intramolecular dipole-dipole contribution can be written

as

< o Bl 2 -6
(L/T1) ag-intra = B Yj[ZIj(Ij+l)Yj 2 £33

+ (4/3) Y Ik(1k+1)y;r5§](rc)dd (3.14)
k .

where the correlation time (Tc)dd is given by Bloembergen

et al. (1948) to be

(Tc)dd = 4mnad/3kT . (3.15)
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3.1.2 Intermolecular Dipole-Dipole Contribution

Consider a nucleus j interacting with nuclei in
different molecules contained in a spherical shell between
r and r+dr, where the center of the shell is located at the
center of the molecule to which the nucleus j belongs.
Assuming translational motion of the molecules to be
diffusion-like, the translational correlation time may be
expressed in terms of the diffusion coefficient D of the

liquid and Bloembergen et al. (1948) give that

(1) = r?/12D (3.16)

c’transl
where r is the distance a particular molecule of the shell

moves relative to the molecule containing the nucleus j in

the time (1) According to eq. (3.16) the correlation

Te’transl®

time (TC) increases with increasing values of r, and

transl

2

¢’ trans1i << 1] may also be used here

the approximation [wz(r
because neighbors with large r will have no appreciable

effect on nucleus j due to the factors r~® in eq.(3.12).

Thus far molecules in the shell or element of volume
4nr?dr have been considered. The effects of all neighbors
are taken into account by ihtegrating over the volume from
o to the distance of closest approach which is written as
djj for j-j nuclei ana-djk for j=k nuclei. Letting N to

be the number of molecules per cm®, the total intermolecular
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dipole-dipole contribution is found by multiplying the
integration over the volume by N. Then, letting

ol
following

= (Tc)jk = (Tc) 1 ¢ eq. (3.12) becomes the

trans

- B
JJ

A2y2N|21. (T.41)y2 f.'? r2/12D) 4nr%dr
Y3 [ 5015 )YJZ r3§ (x*/12D)

(l/Tl)dd—inter

d.
jk
(4/3) ;Z, I, (I, +1) Yﬁfrj'ﬁ (r?/12D) 41rr2dr]

e

©

= 22 2 -1
= (nhyn/D) [(2/3)1j(1j+1)yj§j a3}

o

(4/9) Y. I (T 1) YgdJy (3.17)
k

where the summations are carried out over a single
neighboring molecule only. The coefficient of self-
diffusion, D, may be replaced by the well known Stokes-

Einstein formula
D = kT/6mna A (3.18)

3.2 Spin-Rotational Contribution

A nucleus, besides interacting with the magnetic
fields due to other nuclear dipoles, can also interact

with the magnetic field resulting from the electric currents
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set up by molecular rotation. The Hamiltonian describing

this interaction may be written
H = TeCcegd (3:.19)

where I is the nuclear spin,
C is a tensor,
J is the angular momentum of the molecule.

Due to molecular collisions J does not remain constant.
The magnetic field at the nucleus j changes due to
molecular rotation. Huntress (1968) has given the

following expression for the relaxation rate involved here

L

/Ty) g = ‘2/3“‘Ti§{ 5 Z[Cii - 20, (¢;-C )] Ty (1)
Y 14

(3.20)

where x=-y=-z is a co-ordinate system fixed in the molecule,

C;; are spin-rotation constants,

Ctr equals 1/3 of trace of the spin-rotation tensor,

Ii is the moment of inertia about the ith axis,

(TJ)i

is an angular-velocity correlation time for
the ith axis which can be written as DiIi/kT
where Dy is a quantity known as the rotational

diffusion constant for the ith axis.
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3.3 Quadrupolar Contribution

Nuclei having a spin I > 1/2 possess an electric
quadrupole moment. Such a quadrupole moment can interact
with the electric fields at the site of the nucleus. Due
to molecular motions these fields are fluctuating rapidly
resulting in transitions between the unperturbed magnetic
energy levels. The Hamiltonian representing this inter-
action may be written in a similar form as that for the
magnetic dipole case, i.e. eqg.(3.4), and is given by

(Pound 1950; Shimizu 1964)

¥ = Leq)ed [212 -t/ - (1/2)I'I+]f°
9  21(21-1) .

+

12t i W | 9 f™ - 1
(3/2) Y271 e 0 2T YE" L 0w (3/2)Y (Fitem I 1) £

(3/2) Y2 (1% 2£-2 + (3/2) V2 (17) 242 (3.21)

o

where e is the electronic charge,
Q is the quadrupole moment,
(eq) is the electric-field gradient,
Ii_, I, are the spin operators,
£9, £*', £** are position functions given by

£ = (1/4) (3cos?6-1)

Hh
I
!

(3/8) Y2 sinbcosbexp (+ig) (3.22)

(3/32) Y25in20exp (+21¢)

Hh
I
i
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with polar and azimuthal angles 6 and ¢ respectively.

As in the case of dipolar interactions spectral
densities are defined, giving the intensities of the
Fourier spectra of the position functions. These spectral
densities can be calculated using egs.(3.6), (3.7) and
(3.22). The relaxation rate due to quadrupolar interaction
can be evaluated using the density matrix formulism and is
given by the following expression (Shimizu 1964; Huntress
1968)

_ 3m*(21+3)
1012 (21~1)

(1/7) (e*qo/n)* () (3.23)

where (‘rc)q is the correlation time associated with

the reorientation of the electric-~field

gradient,
(e?gQ/h) is the quadrupole coupling constant,
and wz(Tc)é FT A

For symmetric top molecules,('rc)q is given by the

following equation (Woessner 1962; Huntress 1968)

T d (1/4) (3cos?6-1)% 3sin20cos?9 & (3/4)sin"@

(3.24)

where 6 is the angle between the internuclear vector

(symmetry axis of electric field) and the
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motional symmetry axis of the molecule,

D, and D; are the rotational diffusion constants
for rotation about and perpendicular to the

motional symmetry axis respectively.

Substituting eq.(3.24) into eq. (3.23) gives

_ 3m2(21+3)
1012 (21~1)

(1/4) (3cos?6-1)2
6D,

(1/T,) (equ/h)z[

+ -

(3.25)

3sin?6cos?6 (3/4)sin"6 ]

It may be noted that the relaxation rate given by
eqg. (3.25) represents the contribution due to the rotational
motion of the molecule. It is well known (Shimizu 1964;
Bonera and Rigamonti 1965b;Bopp 1967; Huntress 1968; Jonas
and DiGennaro 1969) that the electric field at the nucleus
due to other molecules in the liquid contribute negligibly
to the relaxation and thus no intermolecular qguadrupolar

contribution need be considered.

The total relaxation rate can be expressed by adding
the contributions evaluated in egs.(3.14), (3.17), (3.20)

and (3.25) and is given by

(/) ¢otal = M/T1)ga-intra ¥ (1/T1)ga-inter

+ (l/Tl)sr + (1/T1)q . (3.26)
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3.4 Separation of Contributions

Measurements of T; made in a liquid yield only the
left hand side of eq.(3.26), the total relaxation rate.
One can only calculate the individual contributions using
the expressions given earlier and then compare the sum
of the calculated contributions with the experimental
value. Unfortunately this can result in some misleading
conclusions. Furthermore these individual contributions
are sometimes difficult to calculate because the values of
certain parameters required for the calculations are not
available. Therefore it is desirable to separate the
individual contributions éxperimentally in order*to check
the experimental results and gain some information about

molecular motion.

The quadfupolar contribution can be eliminated by
measuring T, of nuclei with spin 1/2., Since the inter-
molecular dipole-dipole contribution depends upon the
number of molecules in the pure liquid, it is possible to
separate this contribution from the others by studying T,
of the liquid (solute) as a function of concentration in a
magnetically neutral liquid or the perdeuterated analog
(solvent) as long as the molecular motions of the solute
molecules in the mixture do not differ from those in the

pure solute and there are no molecular associations between

mEm e B =

Bt 3
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the solute and the solvent or an exchange of protons and

deuterons between the liquid and its perdeuterated analog.

T, for a liquid (solute) in solution with another
liguid (solvent) can be expressed as (Mitchell and Eisner

1960; Bonera and Rigamonti 1965a;Powles and Figgins 1966)

(l/Tl)expt. = (l/Tl)intra b4 f(l/Tl)dd-inter
+ (l'f)(l/Tl)éd-inter {3.27)
where (l/T‘)intra = (l/Tl)dd-intra + (l/Tl)sr (3.28)

f is the mole fraction of the solute molecules,

: : . :
(/7)) §g-intey S the contribution due to the
solvent when a solute molecule ic totally

surrounded by solvent molecules.

By extrapolating the plot of (l/Tl)expt versus f to

f = 0 and subtracting (l/Tl)éd—inter from the intercept,
(l/Tl)intra
(1/T,)

is obtained.

is obtained. By subtracting (1/T,) from

intra
in the pure solute, i.e. £

1 (l/Tl)dd—inter

expt.
For spherical molecules undergoing isotropic

rotational diffusion, (l/Tl)dd—intra and (1/T1)sr can be
separated from (1/T,).. by using the expression (Smith

intra
and Powles 1966; Powles and Figgins 1966; Woessner et al.l1l968)

(l/Tl)dd-intra'(l/T})sr = (1/4)(1/T‘)?igra (3.29)
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min . ey .
where (l/Tl)intra is the minimum value of the intra

molecular relaxation rate. Using egs.(3.28) and (3.29),

(1/T)) 4g-intra @nd (1/T,) . can be seperated.

For nonspherical molecules, and

(l/Tl)dd-intra

(1/T. ) can be seperated by calculating (l/Tl)

1'sr dd-intra

using eq. (3.14), where (Tc)dd has been replaced by
correlation times pertinent to the individual internuclear
vectors (Woessner et al. 1968; Gillen et al., 1971l). Sub-
tracting this calculated value of (1/T,) from

(1/1,)

dd-intra
gives (l/Tl)sr' The correlation times used in

intra ;
place of ('rc)dd of eqg.(3.14) are evaluated from eq. (3.24)
using the appropriate angles between the symmetry axis of
the molecule and the internuclear vectors joining the i-j
nuclei apd i-k nuclei. (1/T,)34-intra M2y thus be
evaluated using physical constants, known iﬁternuclear
distances and bond angles, and the rotational diffusion
constants bL and Dy. Dy and Dy can be calculated by
obtaining (Tc)q's from a study of T, of two different

quadrupolar nuclei, i.e. eq.(3.23), and substituting these

values of (Tc)q into eqg.(3.24).
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CHAPTER 4

EXPERIMENTAL RESULTS AND DISCUSSION

Measurements of T, were performed at a frequency
of 4 Mc/sec in pure (oxygén-free) liquid samples of
CH,I,, CD;I,, and CH,I, - CD,I, mixtures, using the method
described in sec.(2.4). The samples were purified using
the technique described in sec.(2.3). Before presenting
the measurements of T;, a brief description of the

methylene iodide (CH,I,) molecule is given.

4,1 CH,I, Molecule

The arrangement of the various nuclei in the CH,I,
molecule is shown in Fig. 11 and some of its geometric
parameters are given in Table I. This molecule belongs to
the C2v point group (Herzberg 1945, p. 6) and thus has a
twofold axis of symmetry (Y-axis, Fig. 1l1) as well as two‘
mutually perpendicular planes of symmetry (planes HCH and
ICI, Fig. 11). Molecules of the C2v point group are con-
sidered to be asymmetric top molecules, but if two of the
principal moments of inertia are equal, the molecule is taken
to be a symmetric top molecule (Herzberg 1945, p. 13).
Using the atomic masses of the atoms of this molecule and
interatomic distances given in Appendix B, the principal
moments of inertia about the center of mass are calculated

to be I, = 13.77 x 107%® g-cm?, I, = 13.45 x 10 ~*® g-cm?

X X
and I, = 0.374 x 107°° g-cm?. Thus this molecule is taken
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TABLE I Geometric Parameters of the CH,I, Molecule

Description of
Parameter Symbol Value Reference

ICI bond angle LICI 114.7° Hassel and
Viervoll (1947)

I-C bond length e 2.12 A .
HCH bond angle £ HCH 109.5° assumed
H-C bond length r 1.093 A "

HC
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to be a symmetric top molecule (i.e. since Iy = IY)' The
Z-axis (Fig. 11), about which the moment of inertia is
different from the other two moments of inertia is known as

the figure axis (Herzberg 1945, p. 22).

4,2 Accuracy of T, Measurements

A plot of ln[A(w) - A(tﬂ versus t for a typical
@1 measurement in the mixtures at lowest proton concentration
(40% CH,I, - 60% CD,I,) and high temperature (95°C) is
shown in Fig. 12. The error bars indicated represent the
uncertainty in reading the induction tail amplitudes from
the oscilloscope screen, considered to be approximately
t0.2 of a division. The resulting uncertainty in T, is
about *10%. The accuracy is estimated to improve to about
+5% at low temperatures and highest proton concentration.
The uncertainties involved in deuteron T; measurements are
of the same magnitude as those for proton T,;'s at lowest

concentration.

4.3 Measurements of T, of Protons

Measurements of T, of protons were carried out in
oxygen-free samples of 100% CH,I,, 80% CHzi2 - 20% CD,I,,
60% CH,I, — 40% CD,I, and 40% CH,I, ~ 60% CD,I,, by volume,
between 7 - 100°C and the results are plotted as 1ln(1l/T,)
versus 1000/T°K in Fig; 13. The straight lines passing
through the data are obtained by the method of least

squares. T; in pure CH,I, has been previously measured
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at 26.8 Mc/sec and the curve obtained by Sandhu (1969)
deviates only slightly at the high and low temperature
ends from the plot given in Fig. 13. The data of pure
CH,I, shown in Fig. 13 is considered more reliable because
of better signal to noise ratios achieved with the equip-
ment described in sec. (2.1l), better temperature control at
the lower temperatures and improved accuracy in the

measurements of T,.

4,4 Separation of (l/T,)dd_inter and (l/Tl)intra

There are two types of molecules (CH,I, and CD,I,)
in CHI, - CD,yI, mixtures. A proton on one CH,I, molécule
interacts with a proton and an iodine nucleus on another
CH,I, molecule and with a deuteron and an iodine nucleus

on a CD,I, molecule. Therefore (1/T and

1)dd-inter
1 .
(l/Tl)dd-inter can be written as

(l/Tl)dd—inter ) (l/Tl)HH-inter iy (l/Tl)HI-inter

(4.1)

) -
(1/T) gg-inter = /T ppointer ¥ /1) gr-inter
(4.2)

where is the contribution due to dipole-

(1/T1) g~inter
dipole interaction between protons on different

molecules,
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(l/Tl)HI-inter is the contribution arising from

dipole-dipole interaction between protons and

iodine nuclei on different molecules,

is duve to intermolecular dipole-

(1/T,)

dipole interaction between protons and

HD-inter

deuterons.

Substituting egs.(4.1) and (4.2) into eq.(3.27) gives the
total experimental relaxation rate in the mixture as

follows:

(l/Tl)expt. 2 f[(l/TI)HH-inter i § (l/Tl)HI-inter]

-

(158 [(l/Tl)HD-inter * (1/T1)HI-inter]

+ (1/T,) . (4.3).

intra

Taking Iy = 1/2

H
il

Br2
T = L
Yy = 2.675 x 10* ¢™'gec™

5.353 x 10° G lgec™?

=,
H
]

Yp = 4.107 x 10% ¢~*sec™

and assuming dHH = dHD = dHI , it can be shown that
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2 -1
21D(1D+1)YD§I; -

= = 0,042 (4.4a)
we 2 ‘a -1
HH-inter 3IH(IH+1)YH§ dHH

(1/T,)
(1/T,)

HD-inter

' 2 <1
21, (I,+1)v3 ; g2t
= =%0.311 (4.4Db)
5 0 S S 2 -3
HH-inter 3IH(IH+1)YH§ d

(1/T,)

HI-inter

Equation (4.4) can be written as

(1/T1) gp-inter = 0+042(1/T1) gy inter (4. 38
(l/Tl)HI—inter 2 0'311(1/T1)HH—inter ‘ P4 58
Substituting eq.(4.5) into eq.(4.3) gives
(l/Tl)expt. = (0.958f + 0‘353)(1/T1)HH-inter
i (l/Tl)intra ‘
It is convenient to express this equation as
(l/Tl)expﬁ. 9 (l/Ti)HH-inter("B/z‘;)f
t [0'353(]‘/Tl)HH-interv+ (l/Tl)intra]'
(4.6)

It can be seen that the slope and the intercept of the plot
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of (l/Tl)expt. versus (23/24)f gives
SLOPE = (1/T1) yp_inter
INTERCEPT = 0.353(1/T))gu_inter ¥ (1/T1)intra
= 0.353 SLOPE + (1/T))y .. .
or (1/Ty) ggeinter = SLOPE (4.7)
(1/T)) ;1 4rq = INTERCEPT - 0.353 SLOPE . (4.8)

A plot of (l/Tl)exp versus (23/24)f at 25%C is

t.
shown in Fig. 14. The error bars indicated in Fig. 14

represent the standard deviations of the (l/Tl)expt. values
calculated by the method of least squares. It can be seen
that the plot is a straight line whose intercept and slope,
using egs.(4.7) and (4.8), give (1/T,) and
(1/7))

egs.(4.7), (4.5b) and (4.1l), is given by

HH-inter

intra *© (1/T1)g4-inter ¢ Obtained by combining

(/7)) 3g-inter = 1-311 SLOPE . (4.9)

(1/T,) and (1/T,) are evaluated using the

intra dd-inter

approach outlined above and are plotted as ln(l/Tl)intra

and 1ln(l/T,) against 1000/T°K in Fig. 15. The

dd-inter
computer program used for these calculations is given in
Appendix A (Program I). It can be seen that the plots are

straight lines and the two contributions increase with
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decreasing temperature. The errors indicated in Fig. 15
result from the uncertainties in the intercept and slope.

The contributions (l/Tl)intra and (1/T1)dd-inter are about

67.5% and 32.5% of the total relaxation respectively over
the temperature range studied (7 - 100°C). Furthermore,
the intermolecular dipole-dipole contribution is 76% of
(l/T,)dd_inter due to interactions between identical spins

and 24% of (1/T due to interactions between non=-

1)dd-inter
identical spins.

It is useful to express the temperature dependence
of relaxation rates in terms of the activation energy Ej

given by
1/T, =« exp(E5/RT) (4.10)

where R is the universal gas constant [= 1.987cal/(mole)(°Kﬂ .

The straight line plots of (l/Tl)dd-inter and (1/T‘)intra

have an activation energy of 3.13 * 0.03 kcal/mole and

3.14 £ 0.03 kcal/mole respectively.

The same behaviour of (1/T;) and (1/T,)

intra dd=-inter
with temperature (i.e. equal activation energies) seems

to suggest that (l/Tl)dd-inter and (l/Tl)intré are controlled

by the same relaxation mechanism (Powles and Figgins 1967).

As (1/T,) is due to dipole-dipole interaction,

dd-inter

(1/T4)

inbra should also be due to dipole-dipole interaction,
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suggesting that the spin-rotational contribution may be

Z€ro.

4,5 Results from T, of Deuterons

T, ?f deuterons was measured in oxygen-free samples
of CD,I, between 7 - 100°C and the results are plotted as
ln(l/Tl)q versus 1000/T°K in Fig. 16. The line passing
through the data is calculated by the least squares method.
The straight line plot has an activation energy of
3.07 £ 0.02 kcal/mole. This activation energy is nearly the

same as that for (1/T,).

intra [3.14 *+ 0.03 kcal/mole, Fig. lst

As (1/T1)q and (1/T,) depend on molecular reorienta-

dd-intra

tion in the same way (Powles and Figgins 1967) and since

the activation energy of (1/T,) is nearly the same as

intra

that for (1/T1)q , it appears that (1/T,) is due only

intra
to intramolecular dipole-dipole interaction (Powles and
Figgins 1967) and this would mean that the spin-rotational

contribution is zero.

Using the deuteron T, data, (l/Tl)dd-intra can now
be calculated. Since deuteron spin-lattice relaxation and
intramolecular dipole-dipole relaxation result from the
same molecular reorientation and refer to the same spherical
harmonic, one can assume that (Tc)dd in eq.(3.i4) can be
replaced by (Tc)q . Substituting the value of ('rc)q from

eq.(3.23), the values of the known constants (given on
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HE = 1.785A and Ty = 2.671A (Appendix B, eq.B.5)

into eq.(3.14), leads to

page 57), r

(1/T3) 34-intrg = 1882 x 109(1/T1)q(e2qQ/h)Bz (4.11)

where (e"qb/h)D is the quadrupole coupling constant for the

deuteron.

The calculation of (1/T,) involves the

dd-intra
knowledge of (equ/h)D for the deuteron, in CD,I,. Unfor-
tunately no measured value of (equ/h)D in CD,I, is avail-
able in the literature. Taking into account the published
data for other similar ligquids (Table II) it turns out
that it is difficult to assign a definite value éo the
guadrupole coupling constant. However, one can establish
a range of values for the quadrupole coupling constant.

This range is téken to be from 170 kc/sec to 190 kc/sec

for the purpose of calculating (l/Tl)dd-

intra
The calculated values of (l/Tl)dd-intra are plotted

in Fig. 17 as 1n(1/T1) 34 i ¢pa VErsSus 1000/T 'k for

(equ/h)D = 170 and 190 kc/sec. It can be seen that the

experimental values of (1/T,) lie between the two

intra

plots. If a spin-rotational contribution is to be present,
it can be obtained by subtracting (l/Tl)dd-intra from

(1/T,) . Plot A (Fig. 17) shows that the spin-

intra

rotational contribution is zero for (equ/h)D = 170 kc/sec.



TABLE II

Liquid
CD,Cl1,
cpol,
CD,Br
CD,CN
CD,I
CH,;D
CHDO

CF,D

- 66 -

Quadrupole Coupling Constants for the Deuteron
in Some Similar Liquids

(e?qQ/h) ; (kc/sec)

169.6

167.6

1171

I+

b iy 3 8

+

189

I+

I+

I+

18

[ =
w0

191.48 + 0.077

170 %

170.8

2

2,0

Reference

Ragle and Sherk (1969)

Millet and Dailey (1972)

Wofsy et al. (1970)

Thaddeus et al. (1964)

Kukolich et al. (1971)
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Plot B (Fig. 17) can give some small spin-rotational
contribution for (equ/h)D'= 190 kc/sec. However, the

difference between (1/T,) (Fig. 17B) and (1/T,)

dd-intra

(Fig. 17C) becomes larger with decreasing temperature and

intra

this means’that (l/Tl)sr is increasing with decreasing
temperature. It has been shown (Hubbard 1963; Powles and
Figgins 1966, 1967; Powles et al. 1966; Woessner et al.
1968; Gillen et al.l971) that the spin-rotational contribu-
tion increases with increasing temperature. Therefore it

appears that the differences between (1/T,).

intra (plot C)

and (l/Tl)dd—
the knowledge of (e2?gQ/h)

Fitied (plot A.and B) are due to the lack of

D * and are not due to a’ spin-

rotational contribution.

It may be mentioned that a large error introduced

by assuming dHI'= d will produce a much smaller error

HH

(2 Ty ) because (1/T,)

intra
(l/Tl)intra

HI-inter 1S only 12% of

. For example if dHI = (3/4)dHH , it would

produce an error of only 3% in (1/T,) . Thus the

intra

error introduced by assuming dHI = dHH is quite insignifi-

cant and cannot account for the above differences. This

means that (1/T;) found experimentally is only due to

intra

dipole-dipole interaction, i.e. (l/T‘)intra = (1/T1)dd-intra

and (l/Tl)sr = 0. Here, from now on (1/T,) will be

intra

referred to as (1/T)) 34 intra
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The quadrupole coupling constant for the deuteron
in CD,I, that would make the plot A or B (Fig. 17) to
coincide with the experimental values of (1/T)) 34 i, tra
(plot C) can now be estimated. The estimated value of
(eZqQ/h)D is equal to 176 * 2 kc/sec. The uncertainty
(*2 kc/sec) is due to slightly different slopes of
(l/T‘)dd-intra obtained from eq.(4.11l) and of experimental

(1/T1) 39— (plot C). This estimated value of the

intra

quadrupole coupling constant appears to be quite reasonable.

4.6 Anisotropic Rotational Diffusion

Rotational diffusion of molecules proceeding by
a small-step Brownian process (diffusion limit) can be
described by a rotational diffusion tensor. In general,
where completely anisotropic rotational diffusion takes

place, this tensor consists of three components.

For a symmetric top molecule the rotational motion
is generally considered to be symmetric with respect to
the symmetry axis. Only two rotational diffusion constants
are then needed to describe the motion; D, which is
associated with rotation about axes normal to the symmetry
axis and D, which is associated with rotation about the
symmetry axis. The CH,I, molecule has a dipole moment
equal to 6.2 x 107 '%esu (Prichard and Orville-Thomas 1963)
and the dipole axis coincides with the molecule's symmetry

axis YY' (Fig. 11). Due to the interactions among dipoles
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it might be expected that the reorientation of the dipole
axis proceeds much more slowly than the reorientation about
the dipole axis. This suggests that the rotational motion
of this molecule is symmetric with respect to its dipole
axis (i.e. symmetry axis YY', Fig. 11l). Therefore D, can
be associated with motion about the symmetry axis and D;

with motion about axes perpendicular to the symmetry axis.

One approach for finding D, and D; involves the
study of T, of two different quadrupolar nuclei of a
molecule and solving eq. (3.25) for D} and Dy. The CD,I,
molecule has two quadrupolar nuclei; the deuteron and
iodine. However, the quadrupole coupling constant associ-
ated with the iodine nucleus is rather large (1897 Mc/sec,
Robinson et al. 1954) and therefore the relaxation time of
the iodine nucleus is quite small as indicated by eq. (3.23)
and is not measurable. Thus one rotational diffusion

constant needs to be determined by other means.

In certain cases, one of the rotational diffusion
constants may be calculated from the Stokes rotational

diffusion constant (DU) given by

Du = kT/8mna?’ (4.12)

where a is the radius of the molecules. The quantity n
is the macroscopic viscosity which applies to molecules

surrounded by layers of fluid, where the layers are of
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infinitesmal thickness. In liquids a molecule is moving
in a medium that consists of other molecules of finite

size and thus the layer of fluid surrounding a molecule

is of finite thickness. Taking into account the finite
size of the molecules of the medium, Gierer and Wirtz
(1953) introduced a microviscosity factor fr for rotational

motion and eq.(4.12) can be written as

- 3
Du = kT/8mna fr -
For a pure liquid fr = 1/6.125,

5By - 6.125kT/8mna’ . (4.13)

Assuming the molecules in the liquid have a hexagonally
close-packed structure and thus fill only 0.74 of the

available volume, the radius a is given by
(4/3)7ma’Ng = 0.74M/d (4.14)

where No is Avogadro's number, M is the molecular weight
and d is the density. Substituting eqg.(4.14) in eq. (4.13)

and taking
k = 1.38 x 10 tferg/’K
No = 6.0225 x 102® molecules/mole

M = 267.84 (for CH,I,)
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leads to

Du = 4,28 x 10°Td/n . (4.15)

Gillen and Noggle (1970) found that molecular motions
in pure liquids which reorient an electric dipole are highly
likely to be in the rotational diffusion limit and that in
such cases D, may be calculated with good accuracy by taking
D = D, . Assuming that this also applies to the CH,I,

M
molecule eqg.(4.15) can be rewritten as

D, = 4.28 x 10°Td/n . : (4.16)

Equation (4.16) is evaluated using viscosity and density
values given by Griffing et al. (1954) and is plotted as
1nD, versus 1000/T°K in Fig. 18, This plot is a straight

line with an activation energy of 3.09 kcal/mole.

Dy is then calculated from eq.(3.25), taking I = 1,
D, from Fig. 18, (1/T1)q from Fig. 16 and 6 = 54.75°,
i.e. (1/2)£Z HCH . The computer program used for these
calculations is given in Appendix A (Program IIA). Fig. 18
shows a plot of 1nD, versus 1000/T°K for (equ/h)D =
176 kc/sec and it can be seen that this plot is a straight

line with an activation energy of 3.10 kcal/mole.

Fig. 18 shows that D, # D; which indicates that this
molecule undergoes anisotropic rotational diffusion. The

ratio D,;/D; is approximately 6.7 over the temperature range
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studied (7 - 100°C). Since the angular correlation time
about the ith axis equals (GDi)'1 where Di is the rotational
diffusion constant for the ith axis, it can be seen that
this molecule reorientates about 6.7 times faster about the
symmetry axis than about an axis normal to the symmetry

axis.

One possible test to check if the motion reorientating
the dipole in the CH,I, molecule is in the rotational
diffusion limit and D, is given by Du
'y test' (Bopp 1967; Jonas and DiGennaro 1969; Gillen and

is to apply the

Noggle 1970). The motion about the ith axis of a molecule

is in the rotational diffusion limit if
- 1/2
X3 (5/18Di)(kT/Ii) 3-8 ]

where Ii is the moment of inertia about the ith axis.
Gillen and Noggle (1970) indicate that the motion may be
considered in the rotational diffusion limit if X =5
while for X < 3 the motion is in the inertial region (i.e.
region where inertia plays a significant role). If

3 < x <5 then motion is in an intermediate region. To
determine whether the reorientational motion of the dipole
axis vv' (Fig. 11) is in the limit of rotational diffusion,
the X test is applied to the X and Z-axis. Using D; given

in Fig. 18 and I, , it is found that xL(X-axis) varies

X
from 3.7 to 12.7 between 100°C to 7°C respectively. This
indicates that xl(x—axis) is greater than 5 for most of

the temperature range studied (7 - 100°C) except the high
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temperature end. ¥ for the Z-axis, calculated using Dy
from Fig. 18 and I, is found to vary from 22.4 to 76
between 100°C and 7°C respectively and is therefore
greater than 5 over the entire temperature range. It

would thus appear that motion reorientating the dipole in

CH,I, is likely to be in the rotational diffusion limit.

It may be noted that the molecule reorientates by
an angle of £ 5° for X 2 5 and by an angle of % 10° for
X £ 3 (Gillen and Noggle 1970). It thus appears that the
dipole or symmetry axis of the CH,I, molecule does not
reorientate by more than 10° during a given diffusional

step.

The X test can also be applied to the rotational
motion about the symmetry axis (YY', Fig. 11). X for the
symmetry axis (i.e. x”), calculated using D, from Fig. 18
and IY , varies from 0.55 to 1.85 between 100°c to 7°cC
respectively. Therefore rotation about the symmetry axis
is not in the rotational diffusion limit and takes place

by large angle steps (i.e. > 10%).

Thus inertial effects (i.e. X < 3) enter into the
rotational motion about the symmetry axis (or dipole axis)
of the molecule. This seems to be consistent with results
for a variety of symmetric top molecules (Huntress 1969;
Jonas and DiGennaro 1969; Gillen and Noggle 1970; Gillen

et al. 1971).
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Another way of checking if D, is in the diffusion
limit and Du can be used to give D, is to calculate the
intramolecular dipole-~dipole contribution to the relaxation
and then compare the results with the experimental values.
(l/Tl)dd__i‘ntra can be calculated using the approach out-
lined at the end of sec.(3.4). This involves the evaluation
of (1/T1)dd—intra using eq. (3.14), where (Tc)dd is replaced
by correlation times that apply to the individual inter-

nuclear vectors.

Considering the jth nucleus to be a proton (H),
and the kth nucleus to be an iodine (I) in eq.(3.14),

(l/Tl)dd-intra for a CH,I, molecule is given by
(1/T1)dd-intra B ZhZYEIH(IH+l)rﬁ§(Tc)HH
+ (8L YorsTs (T +1)ER (T ) ks
(4.17)

where the subscripts j and k have been replaced by H and

I. (Tc)HH

in the reorientation of the internuclear vectors H-~H and

and (Tc)HI are the correlation times involved

H-I respectively. Using the values of Thug = 1,785 A and
ryp = 2.671 A (Appendix B), h = 1.0545 x 10 *’erg-sec,
and other constants given on page 57, eq.(4.17) can be

written as



- T =

= 10
(1/T1) g3~intra = 264 * 107 (T )yy

10
+ 0.147 x 10 ('rc)HI . (4.18)

Replacing (TC)HH and (Tc)HI by correlation times

given by eq.(3.24), (l/Tl)dd-intra becomes the following

(1/4)(3coszeHH - 1)2

s 10
(1/T1) gqintrs = 2+64 % 10

e 2 2 E B
5 3sin OHHcos eHH I’ (3/4)sin eHH

.

(1/4)(3cos?eHI - 1)2

+ 0.147 x 10!°
6D

Pl | 2 ‘ "
. 3sin GHIcos eHI . (3/4)sin eHI

(4.19)

where eHH is the angle between the symmetry axis and the

H-H internuclear vector,

eHI is the angle between the symmetry axis and the

H-I internuclear vector.

It can be seen from Fig. 11 that eHH = 90%, By substituting

D, and D; from Fig. 18 and the angles BHH and eHI

(Appendix B, eq.B.7) into eq.(4.19), (1/Ty) g4 ipeypq 1S
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obtained. The solution of eq. (4.19) is given in Appendix A.
Fig. 19 shows a plot of 1n(1/Ty)34_intra VErSUS 1000/T°K
for (equ/h)D = 176 kc/sec. The plot is a straight line
with an activation energy of 3.10 kcal/mole. It can be
seen from Fig. 19 that the calculated values of (l/Tl)dd-intra

agree very well with the experimental values of (l/Tl)dd-intra’

This would indicate that the assumption Du = D) is valid
for this liquid and the rotational motion can be adequately
described by the microviscosity theory for rotational

diffusion.

The contributions due to interactions between
identical spins and between nonidentical spins can also
be obtained from eqg.(4.18). The results show that the
contribution due to identical spins is 95% of (l/Tl)dd-intra

and the contribution due to nonidentical spins is 5% of

(1/T1) 3g-intra °

4.7 Results

(l/Tl)dd—inter

The experimental values of (l/Tl)dd-inter can also
be compared to values predicted from the Bloembergen,
Purcell and Pound (BPP) theory (eq.3.17). The macroscopic
viscosity n in the Stokes-Einstein relation (eq.3.18) is
modified by Gierer and Wirtz (1953) by introducing a

translational microviscosity factor £ This leads to the

t.
following expression for the coefficient of self-diffusion, D,

D = kT/61maft .
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For a pure liquid £_ = 1/2,

t

. D = kT/3mna " ' (4.20)

Using eq. (4.20) in eq.(3.17) and summing over the two
protons and two iodine nuclei of one neighboring CH,I,

molecule, (1/T1)dd is given by

~-inter

(1/T)) 44~ = (3r*a%y.Nna/kT) [de'*

inter H HH

+ (70/9)yv3dzl ] (4.21)

where the number of molecules per cubic centimeter can be

replaced by

Assuming that dHH = dHI = 2a and using the appropriate

constants given earlier, eq.(4.21) becomes

(1/7,) 3g-inter = (1.80 x 10%)nd/T . (4.23)

Equation (4.23) is evaluated over the temperature range

studied (7 - 100°C) and plotted as In(l/T,) versus

dd-inter
1000/T°K in Fig. 20. The plot is a straight line with an
activation energy of 3.40 kcal/mole. This activation energy
is in reasonable agreement with the experimental value of

3.13 * 0.03 kcal/mole. From Fig. 20 it is seen that

the calculated and experiméntal values of (l/Tl)dd-inter
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agree to within 22% of the calculated value.

The agreement between the experimental and calculated
values of (l/Tl)dd-inter and between the corresponding
activation energies suggests that the intermolecular theory
developed by Bloembergen, Purcell and Pound (1948) and
modified by Gierer and Wirtz (1953), by introducing a
translational microviscosity factor, correctly predicts

intermolecular dipole-dipole relaxation rates.

D calculated from eq.(4.20) is 0.584 x 10 °cm?/sec
at 25°C. This value is in reasonable agreement with the
value of 0.56 x 10 °cm?/sec at 25°C given by Sandhu (1971b).
This comparison between calculated and experimental values
of D seems to confirm the introduction of the translational

microviscosity factor (Gierer and Wirtz 1953).

(1/T1)dd-inter and D are both related to the trans-
lational motion of molecules and might be expected to
exhibit similar temperature dependence. This is borne out

from the comparison of the activation energies (Ea)dd-intef

and (Ea) . The experimental value of (Ea)

diffusion dd-inter =

3.13 £ 0,03 kcal/mole (Fig. 20) is in good agreement with

the value - of (Ea) = 3,29 * 0,06 kcal/mole

diffusion
reported by Sandhu (1971b).

4,8 Rotational and Translational Correlation Times

Using the experimental values of (1/T1)dd-inter p
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the correlation time for translational motion, (Tc)transl '

can be evaluated from eqg.(3.16) with r replaced by a.

Using egs.(3.16) and (3.17), (Tc) is given by

transl

)

(T

transl

- = (a?/12) (th?y2N) 7} [(2/3)1H(1H+1)y§§ az

+ (4/9) Y II(II+1)Y§d§;] : (4.24)
I

Substituting the value of N from eq.(4.22), a from eq. (4.14)

and assuming dHH = dHI = 2a, eq.(4.24) becomes

- 2 -3
(Tc)transl % [(1/T1)dd-inter/4'028d ] x 10 4

(4.25)

The calculated values of (Tc) are plotted as

transl

ln(Tc) versus 1000/T°K in FPig. 21.

transl
The rotational correlation time can be obtained from

eq. (3.14) using r = 1,785 i, < = 2,671 A (Appendix B,

HH HI
eq.B.5), A = 1.0545 x 10~ ?’erg-sec, and other constants

previously given (p. 57). This leads to

= 3,559 x 10~1(1/T,)

(Tc)dd 2 [(Tc)rot]expt. dd-intra

(4.26)

where the symbol (TC)dd is replaced by [( for

Tc)rot]expt.

convenience. is evaluated from eqg. (4.26)

[(Tc)rot]expt.

using the experimental values of (l/Tl)dd—intra shown in
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. . 0 )
Fig. 19 and is plotted as ln[(Tc)rot]expt. yersus 1000/T°K

in Fig. 21. From Fig. 21 it is seen that ('rc)transl is

larger than [(T ) by a factor of about 3. This

e rot]expt.
suggests that the reorientational motion is faster than the

translatiomal motion. Thus as the molecule moves by a molec-
ular diameter it would appear to have reorientated by appre-

ciable angles.

The rotational correlation time given by the Debye-
BPP relation [(Tc)rot = 4nna3/3kE] can also be evaluated
by substituting the molecular radius a from eq. (4.14) and

using the constants given on p. 71l. This leads to

s -6
[*e) ot |pebye-ppp = 2-38% x 107n/za . (4.27)

Using density and viscosity values given by Griffing et al.
(1954) [(Tc)rot]Debye-BPP is evaluated and also plotted in
Fig. 21. Comparing the plots of the two rotational cor-
relation times (Fig. 21), it is seen that the values of

differ from by a factor

[(Tc)rot]Debye—BPP [(Tc)rot]expt.
of about 14.3 to 15 between 7°C to 100°C respectively. This
indicates that the rotational correlation time for CH,I,
molecules cannot be described by the Debye - BPP relation

which is generally used in the Bloembergen, Purcell and

Pound (1948) theory for rotational motion.

The results for CH,I, at 25°C are summarized in

Table III.
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TABLE III Summary of Results for CH,I, at 25°C

3 _1
(1/T1) oypt. 0.177 * 0.002 sec
g cl
(1/T,) - (l/Tl)HH-intra = 0,113 sec
17gd-intra o
(l/Tl)HI_intra = 0.006 sec

= 0,119 * 0,008 sec™?

0.044 sec™

(1/T ) = (l/Tl)HH-inter v
1’ dd-inter s :
(l/Tl)HI-inter = 0.014 sec

= 0,058 + 0.01 sec™

(1/T1)sr =0
ot -12

(Tc)rot = (4.30 £ 0.3) x 10 sec
- -12

(Tc)transl #2118, 21202 )~%120 sec

(Ea)dd-intra = 3,14 *+ 0,03 kcal/mole

(Ea)dd-inter scaida

I+

0.03 kcal/mole

(Ea)deuteron = 3.07

I+

0.02 kcal/mole
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CHAPTER 5

SUMMARY AND CONCLUSIONS

In this thesis a study of the nuclear spin-lattice

relaxation in CH,I, - CD,I, mixtures and CD,I, has been

described in order to separate the various mechanisms

contributing to relaxation and gain some information about

molecular motions of the CH,I, molecule.

Results of the study of T, of protons in mixtures

of CH,I, - CD,I, as a function of concentration and T, of

deuterons in CD,I, between 7 - 100°C are summarized below:

1)

2)

3)

The intramolecular dipole-dipole and the
intermolecular dipole=-dipole contributions

are temperature dependent and are found to be
67.5% and 32.5% of the total relaxation
respectively over the temperature range.
studied (7 - 100°C). The intra~ and inter-
molecular dipole-dipole contributions due to
interactions between nonidentical spins are

5% of (l/Tl)dd-intra and 24% Of'(l/Tl)dd-inter

respectively.

The spin-rotational contribution is zero over

the temperature range studied.

The activation energies of the intermolecular



4)

5)

6)

7)

8)
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dipole-dipole and intramolecular dipole-dipole'
contributions are 3.13 * 0.03 kcal/mole and
3.14 + 0.03 kcal/mole respectively. The
activation energy obtained from the deuteron

T, data is 3.07 * 0.02 kcal/mole.

The rotational motion may be adequately
described by microviscosity theory for rota-

tional diffusion.

The rotational motion of this molecule is
anisotropic. Reorientation about the symmetry
axis occurs faster than the reorientation of

°

the symmetry axis.

A comparison between the correlation times of
rotational and translational motion shows that

it takes about 3 times as long for the molecule

to move by a distance of the order of a molecular

diameter than to reorientate through a radian.

The experimental values of the rotational
correlation time do not agree with the values
predicted by the Debye - BPP expression

(4mna’/3kT).

The experimental values of the intermolecular
dipole-dipole contribution agree to within

22% of the values predicted by the BPP
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theory modified by Gierer and Wirtz (1953)
to include the translational microviscosity

factor.

It may be useful to extend this work as follows:

1)

2)

3)

4)

]

Since the boiling point of CH,I, is about
180°C, it would be of interest to measure T,

in mixtures as a function of concentration
between 100 - 180°C to check if spin-
rotational contribution is present in that
temperature range. Howevef, this would require

some changes in the temperature control system.

A study of T; in other similar liquids such as
CH,Br, may help to confirm results found in
this work and also provide more information

about molecular motions of this type of molecule.

A knowledge of the quadrupole coupling constant
for the deuteron in CD2I, would be extremely

helpful in confirming these results.

It would be useful to extend the measurements
of T, in solid CH,I, to obtain some information

about the solid state properties of CH,I,.
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APPENDIX A

COMPUTER PROGRAM LISTING

Program I evaluates the least squares lines for
the mixtures and separates the intermolecular dipole-
dipole contribution from the intramolecular contribution.
The input consists of the experimental T,;'s and the

corresponding temperatures.

Program II A calculates D; from the following
equation which was obtained by solving eq. (3.25) for D

and taking I = 1

-b t (b%-dac)¥?
2a

Dy =

where a 24QL(TC)q - 4A ,
b = 132qf(rc)q - (22A + 24B + 6C)D; ,

c = eoqf(Tc)q - (oA + 12B + 30C)D} ,

A = (1/4) (3cos?6 - 1)2 ,
B = 3sin®@cos?6 ,
c = (3/4)sin%e ,
4 2 2 -2
(Tc)q = (2/37°) (e“qQ/h) (1/T1)q .

The input data consists of values of D, , together with the
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corresponding temperatures and values of (1/T1)q .

Program II B evaluates (1/T,) using eq. (4.19).

dd-intra
The output of Program II gives the following calcu-
lated valu?s: Dy » (Tc)HH N ('rc)HI ’ ('rc)q " (l/Tl)HH-intra "

(1/T1)HI-intra and (l/Tl)dd-intra 3
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c PRUGRAM I - CALCULATICN OF LEAST SQUARES LINES AND SEPERATION OF
c INTERMOLECULAR DIPOLE - DIPOLE AND INTRAMOLECULAR
[ CONTRIBUTIONS o
G
C
=
2031 DIMENSION A(9)4B(9)+sC(9)+D(9)E(T)sT(48)+XR(4) JAH(9) +BA(9), INTRA(9)
2¢INTER(G)4DITRA(G)IOITER(9) 4 X3(9) 4 XS5(9) sONTRA(D) yONTER(9) s BONAR(9)
2+80NER(9) yBONTRA(9) 4BINTER(9) »DEVA(D) +DEVB(9)+CUT(9) 4FUT(9) s WAL (9)
2,WUL(9) s XH(9) )
00,2 INTEGER COUNT ,CON .
20r 3 REAL INTRA, INTER
00 & CON=C
G025 999 CON=CON+1
0oL 6 M=0
ocne7 COUNT=0
0008 SUMX=0
Q009 SUMY =0
actc ., SUMXY=0
0ull SUMXSQ=0 - - - - -
¢e12 READ(Ss1U1)N °
0013 101 FORMAT(3X,13)
oula WRITE(652C1)N
culs 201 FORMAT(®*—=*,6X¢*'N=",13)
ov16 WRITE(G6,111)
0017 111 FORMAT (' =" 42X o'T*46Xs*X=10C0/T*e6Xs "'T1%¢9Xs*1/T1"¢7Xs*Y=LNTL®,10X,
. 20T 1 46Xe"X=100I/T? 36Xe* T1® 3OXe*1/T1 % «7Xe? Y=LNT1Y) ¥
oc18 33 READ(S+301)XX3,YY1
[e2%8 §=] 301 FORMATI(FA 404 32X eFBeb)
acze XX1=XX3+273.16
oc21 X=1000/XX1
oo22 YRY2=42¥YL
¢ec23 Y=ALOG(YY1)
024 M=M+1 .
0c 2% GO TO(34,35) M
nu26 34 WRITE(S640C1)XX3sXeYY1sYY2,Y
con 401 FORMAT(® ' FGaZ2e8XsFOets6XsF542,6XsF604 06X sFbed)
onz2s8 G Ty (AT .
Go29 35 WRITE(6,402)XX3sXe¥YY1sYY2,Y
Q31 G02 FORMAT( " +' 4 SOAXsF6a2+14XsF6eA46XsF5:236XsF 646X 3FE04)
Q531 M=0
0.32 17 CONTINUE
033 COUNT=COUNT+1
00 34 SUMX=SUMX+X
oc 35 SUMY=SUMY +Y )
0¢ 36 SUMXY=SUMXY +( X*Y)
0537 SUMXSG=SUMXSQ+X k%2
oc3e IF{COUNT.LT.N)GO TO 33
039 DENOM=N%SUMXS Q-SUMX % %2
00sr Z=(SUMY* SUMXSQ=SUMXY®SUMX) /DENOM
ccay 0= (NESUMXY=SUMX2SUMY ) /DENOM
eca2 WRITE(G«5C1 ) SUMK s SUMY ¢ SUMXY s SUMXSQ

orsas S01 FORMAT{'=* 32X ' SUMX=¢ ,FBe3412Xe 'SUMY=? ,FEa3¢2X " SUMXY=? ;FB43+2X+s*'SU
TMXSA=*4F3.3)

0044 WRITE(6.,601)2,0

CcCas 601 FORMAT('=", 10Xs'A=',FBe446Xe'B=',F8.4)



0046
0047

ocas
0049
0C50
0051

006s2
0053
0054
0es5s5
0uUsSé6
0Ccs?
ooss
0059
0060
Cco61

cos62
0063
0064
0065
0065
0067
0068
C069
oo07¢e
oe71

oG72
0073
co7a4
0075
0076
0C77
0078

0079
o080
cos1

Q082
0083
oca4
ocas
0086
0087
0088
0039
0930
0091
oc92
0093
Q094
0095
0096
oco7
oc 98
00972

C
C

WRITE(64,7C1)2Z,Q

701 FOKMAT(*=*,*THE LEAST SQUARES REGRESSION LINE IS Y = ', FB844,FB8et,"

2x%1)
WRITE(6,801)
801 FORMAT('=" 49X 3" X" ¢9Xs' Y 49X, 'EXPY! 49X, INVe EXPY?)
XH1=247
DO 19 J=1,9
XH(J)=XH1
XHI=XH140 41
19 CONTINUE
D0 2 J=1.,9
Y1=Z4Q*XH(J)
YEXP=EXP(Y1)
YINV=1/YEXP
WRITE(6+901 )XH(JI)sY1,YEXP,YINY
9G1 FORMAT(' *,6XeFBeds2XsFBeas3XsFBels7XsFBeS)
A(J)=YINV
2 CONTINUE
GO TO(13414415.16),CON
13 DO 3 J=1,9
B(J)=A(J)
3 CONTINUE
GO TO 999
14 DO 4 JU=1,9 5
C(JI)=A(Y)
4 CONTINUE
GO TO 999
15 DO § J=1,9
D(J)=A(J)
5 CONTINUE
GO TO 999
16 DO 6 J=1,9
E(J)=A(J)
6 CONTINUE

P=4
WRITE(6.2222)
2222 FORMAT(* =", '1000/T 44X, 'INTERCEPTS FRUM PLOTS OF 1/T1 VS.

2000/T* 44Xy *SLOPES FROM PLOTS CF 1/T1 VSe C*)
00 303 J=149

SUK=0

sSUY=0

SUKY=0

SUKSQ=0

T(1)=8(J)

T(2)=C(J)

T(3)=0(J)

T(a)=E(J)
XR(1)=23.0/24.,0
XR(2)=18.4/244,0
XR(3)=13.8724.0
XR(4)=9,2/24.0

DO 202 I=1,4
SUK=SUK+XR( )
SUY=SUY+T(1)

SUKY=SUKY +(XR(I)*T(1))
SUKSQ=SUKSQ+XR(I)%u2

C.'Qx"l
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0100 202 CONTINUE

c131 DEMON=P#SUKSQO-(SUK*%2)

0132 AH(J) =(SUY *SUKSQ-SUKY *3UK ) /DEMON

C153 BACJ)=(P*SUKY~SUK*¥SUY) /DEMON

cl04 SAKI=0

C1)3s5 DO 414 [=1,4

G126 SAKI=SAKI#+(T(I)=(AH(J)+BA(J)*XXR(]))) *%2
0107 414 CONTINUE

0108 SAR=ABS((P-2) % ((P%*SUKSQ)-((SUK)*%%2)))
c109 DEVA{J)=SORT( (SAKIA25UKSQ)/SAR)

110 DEVB(J)=SORT((P*SAKI)/SAR)

o111 WRITE(6s 1111)IXH(J) s AH(J) s DEVA(JI) s XH(J) s BA(J) «DEVB(J)

c112 1111 FORMAT(®' ', FH5.446XeF84592Xy "PLUS OR MINUS?® 42X ¢F 8459 SXeF6ed93XsFBeS
292X 'PLUS OR MINUS® 42X4FB8e5)
0113 303 CONTINUE

c114 WRITE(G+3333)

0115 3323 FORMAT(*—=%,*10C0/T*49X, *INTRA TOTALS® 322X+%1000/T*,9X ! INTER TOTAL
25"

0116 DO S5C5 J=1+9

0117 TOTS=(8A(J)/26)+(BA(J)*0.311) % - s e

clia INTRA(J)=AH(J)-TOTS .

0119 INTER(J)I=(BA(JII+(BA(JI)*0.311))

0126 DITRA(J)=DEVA(JI)I+((1/24)+0311)*DEVB(JI)

o121 DITER(J)=DEVB(JII*(1.311)

g122 - WRITE(G641111)XH{J) 9 INTRA(JIIOITRA(JI) $XH(J) JINTER(J) (DITER(J)

0123 505 CONTINUE

0124 POT=9 y g ¥

n125 TUBX=0

0126 TUBY=0

0127 TUBXY=0

o128 TUBXSQ=0

0129 DO 606 J=1,9

¢130 CUT(JI=1/INTRA(J) .

0131 ONTRA(J) =ALOG(CUT(J))

0132 TUBX=TUSX+XH(J)

¢133 TUBY=TUBY +0ONTRA(J)

0134 TUBXY=TUBXY+{XH(J) *CNTRA(J))

0135 TUBXSQ=TUBXSQ+XH(J)*%x2

0136 606 CONTINUE

0137 DUMMY=POT#TUBXSQ-TUBX%%x2

c138 AARB=((TUBY=TUIXSQ)=(TUAXYXTUBX) ) /DUMMY

0139 BARB=( (POT*TU3XY)=(TUBX*¥TUBY) ) /DUMMY

0140 SOKI=2.7

clal DO 'TO7? =219

0142 X3(J) =S0OKI

0143 SOKI=SOKI[+0.1

0144 707 CONTINUE

G145 BOXA=0

c146 DO 808 J=1.9

0147 BOXA=30XA+(ONTRA(J)=(AARB+(BARB%X3(J)))) »%2

148 808 CONTINUE :

0149 ARR=SCRT ((POT=BOXAIZASS ((PAT=2)*((POT*TUBXSQ)=((TUBX}*%2))))

0150 WRITE(G6s4444)AARD ,BARB, ARR z

0151 4468 FORMAT('=*,0X,*THE EQUATION OF THE INTRA-LINE IS ULNT1 =',2X,FB8e542
2X42XeFB8e5¢3Xe ' (PLUS CR MINUS® 42X,FBe5¢* ) +3X*1C00/T*)

0152 FUMX=0

0153 FUMY=0

v154 FUMXY=0



0155
Cc156
G157
G156
C159
C160
0161
Clo2
0163
0164
0165
0166
0167
0168
0169
017¢
0171
oy72
0173
ci17a
0175
0176
0177

c178.

0179
0180

o181
c182
0183
0184
0185
0186
©c187
o188
0189
c190
0191
o192
0193
0194
0195
0196

0197
0198

0199
0200
0201

9C9e

22%
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FUMXSQ=0

00 9G9 J=149

FUT(J)=1Z7INTER(J)
ONTER(J)I=ALOG(FUT(J))

FUMX=FUMX +XH(J)

FUMY=FUMY+CNTER(J)
FUMXY=FUMXY+( XH(J) #ONTER(J))
FUMXSQ=FUMXSQ+XH(J)*%2

CONTINUE

FUMMY=POT*FUMXSO-FUMX* &2
AARBLI=((FUMY*FUMXSQ) - (FUMXY®FUMX ) )/FUMMY
BARBI=((POT*FUMXY )= (FUMXXFUMY) ) /FUMMY
FAOX1=2.7

DO 115 J=1:9

XS(J)=Foxt

FOXI=FOXI+0.1

CONT INUE

FOXA=0

DO 225 J=1.9

FOXA=FOXA+(ONTER(J)~(AARB14+(BARBLI*XS5(J)))) *%x2

CONT INUE ’

ERR=SORT((POT*FOXA)/ABS((PCT=2)% ((POT*FUMXSQ)=((FUMX)*%2))))

ARITE(6+5555)AARB 1 4BARS31,ERR

6555 FORMAT('~",6X,'THE ECUATION OF THE INTER-LINE IS LNT1 =43 2XeF845s 2
2X32XeFB8e5+3Xe *(PLUS GR MINUS® 42XsFBe54") '43X, 1000/ T*)

440

S5S0
599

1222 FORMAT('=',*'THE ACTIVATION ENERGY OF THE INTRA L INE

1223

594

WRITE(6.440)

FORMAT(*=*4*1000/T" 34X,*INTRA VALUES FRQOM INTRA LINE®'*+4X,*1000/T"*,

24X,V INTER VALUES FROM INTER LINE?)

DO S99 J=1,9

SONAR(J)=AARB+BARBEXH(J)
WAL(J)=EXP(BONAR(J))

BONTRA(J)I=1/WAL(J)
SONER(J)=AARBI+BARBI*XH(J)
WUL(J)=EXP(BAONER(J))

SONTER(J)I=1/WUL(J)
WRITE(6+45509XH(J)« BONTRA(J Je XH(J) o BONTER(J)
FORMAT(' *F6e8418XeF6s84317XsF6e8,312XsF6e4)
CONT INUE

ANTS=BARB%*1,987

AANTS=PARBI%*1.987

ANT [ =ARR*1 ,987

AANTI=ERR*1.987

WRITE(G6,1222)ANTS,ANTI

24°PLUS DR MINUS® (F8.5)
WRITE (64,1223 )AANTS AANT I

FORMAT(®*-*,*THZ ACTIVATION ENERGY OF THE INTER LINE

2y 'PLUS OR MINUS*,FB.5S)

 WRITE(6+:594)

FORMAY(/////777777) -
ENOD B

IS*12XeFBae502X

IS* 42X FB8e54+2X
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c PROGRAM I1IA - CALCULATION OF D-PARALLEL
c
c
0001 DIMENSION T1(20),DPER(2C) + TEMP(20)40P16(20) +CORRA(20) 1ANS(20) +BNS(
220 14.CNS(2C0) s DPARP (2C )4 DPARM(2C) +RES1 (20 )9 CORHH(20) 3 CORRI(20) » TIHH(
22C) s TIHI(20) 2 TLINT(20)
0002 DOUNLE PRECISION PI,0ARSIN
0003 READ(5,11)N
0coa 11 FORMAT(3X,13)
0005 WRITE(6,22)N
0vos 22 FORMAT('-',6X%:13) _ .
0007 DO 1 J=1.N
0008 READ(5,33)1T1(J)
€009 33 FORMAT(F8.4)
0010 1 CONTINUE
Go11 DO 2 J=1.N
0o12 READ(S,33)0PER(J)
Gel3 DPIC(JI=(DPER(J)I#(10.0%+1040)
o014 2 CONT INUE
Go1Ss DO 3 J=1.N N e LT
0016 READ(S+33)TEMP(J)
0017 3 CONTINUE
0018 COUPC=17640%(1040%%340)
0019 CONST=(2¢0/340)%((740/22:01¥%240)%(1+0/(COUPCX%240) )
0020 ANGDE=53.75
vo21 ANGHH=9040
0c22 ANGHI=4B.355 :
" 0023 PI=2.CD0%DARS IN(14000)
co24 POT=P /18040
0025 BUS=ANGDE *PQOT
0026 BAS=ANGHH¥POT
ocar BUSHI=ANGHI *PQOT
L 0P =COS(BUS)
0029 OM=SIN(BUS)
0033 00=COS(BAS)
c031 OL=SIN(BAS)
oc32 0G=COS(BUSHI)
0033 CLL=SIN(BUSHI) ¢
003a AQ=s25%( (3% (COS(BUS) )¥%2)=1,0)%*2
0c35 BO=3*((SIN(BUS) ) #%2)*((COS(BUS) ) *%2)
0036 CQ=. 7S%((SIN(DUS) ) #*a)
0037 AHH= 425 %( (3% (COS(BAS) ) %%2) ~140) *#2
o038 BHH=3%((SIN(BAS) ) ¥2) *((COS(BAS) ) ¥%2)
6039 CHH=.75% ( (SIN(BAS) )%*4)
0040 AHI=.252( (3% (COS(BUSHI ) )#%2)=1.0) #%2
0041 BHI=3%( (SIN(BUSHI ) )#%2) *( (COS(BUSHI) ) #%2)
0042 CHI=.75%( (SIN(DUSHI) ) #£4)
0043 AANY=04.0%AQ
ocsa ABC1=(22.0%A0) +(24.0%8Q) +(6.0%CQ)
0045 ABC2=(10.C*AQ)+(12.04E0)+(30.C%CQ)
0046 COHH=2,6403%(1040%%1040)
0047 COHI=Ce1466%(10+0%%1040)
ocas DO CC7 J=1,.N :
0049 CORRQ(J) =CONSTE(1+0/T1(J))
0050 ANS(J)=(24.0%DP10(J)*CORRA(JI) I-AANY

0051 BNS(J)=(132.0%(DP10(J) **¥2.0)*CORRQ(J)I=(ABCL1*DP10(J})}



cos52
0053
0C354
C0S5S
Cos56
Gos7
couss
0059

0060
0061

co62
0C63
0064
0C65
066
0067

0068
0,069

oQ7¢

0071
oo72

NnNOoonon

a3 -

CNS(J)=(60+C*(DPL1O(J)%*3,.0)4#CORRA(JI)II=(ABC2#(DP10(JI)=%2,C))
OPARM(J)I=(-BNS(J)-(SART((BNS(JI)#%2)~a*xANS(JI*CNS(J) ) ) )I/(2%ANS(J))
DPARP(J)=(=BNS(J) +{SORT((BNS(J)*%x2)=a*ANS(J)I¥CNS(J))))I/(2%ANS(JI))
IF(DPARP(J)«GT.0)GO TO 88
RES1(J)=DPARM(J)
GO Ta 99

83 RESI1(J)I=0PARP(J)

99 CONTINUE

PROGRAM 118 -~ CALCULATION GF DD—-INTRA FROM DEUTERON DATA

CORHH(J)=(AHH/(6*DP10(J))I+(BHH/((S*OPI0(J)I+RES1(J) ) )I+(CHH/Z((2%DP
210(J))+4a*RES1(J)))
CORHI(J)=(AHI/(6%DP10(J)))I+(BHIZ((S*DP1G(J)I+RESLI(J))II+(CHIZ((2%DP
210(J))+4%RES1(J)))
TIHH(J)=COHH*CORHH(J)
TIHI(J)=COHI*CORHI(J)
TLINT(JI=TIHH(J)+TIHI(J)
007 CONTINUE
WRITE(64+999) . i
999 FORMAT(*="'s* 10920/0K* 15X *'T1",9X+'D PERP® 49Xs*'0 PARPYL+7Xe'CORHH' 49
2Xs"CORHI* 39X+ "1/T1IHH® ¢3Xe *1/T1H1'33X,*1/T1INTRA DD’ 46X+ *'CORRQ?)
DO 72 J=1_|N
WRITE(6+8B8)TEMP(J)eT1(J),0P10(J)¢RESI(J) s CORHHIJI) s CORHI(J) s TIHH(J
2 TIHI(J) « TIINT(J),,CORRQ(J)
883 FORMAT(® *¢2X:FS5c3s5XiFSe 218X E1064¢EX1E1Ceb3CXsEICe3+4X9E10+44+5X,
2F7 S 42X sF7e516XsFT7e5:7X9E1Ce4)
77 CONTINUE
END
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APPENDIX B

CALCULATION OF THE DISTANCE BETWEEN PROTON AND

IODINE NUCLEUS AND OF THE ANGLE BETWEEN

H-I VECTOR AND SYMMETRY AXIS

Consider the co-ordinate system XYZ with its origin
at O (center of mass) and a co-ordinate system X'vY'z' with
its origin O0' coinciding with a proton (Fig. B.1l) such
that the corresponding axes of the two systems are parallel.

By inspection of Fig. B.l it is seen that

X; = (l/2)rHH

<
il

r, +r, (B.1)

S
|

= (l/2)rII 5

Using the parameters in Table I and applying the cosine

law, it can be easily shown that

o 2 . 9ud - - A
Tun (2rpg. 2rHCcosLHCH) 1.785 A
(B.2)
- g 2 " . -4
ryp = (2ry, = 2ry.cosLICI) 387 K s
From Fig.- B.l it is also seen that
o
r, = rHCcos[(l/Z)ALHCH] = 0.631 A
: {B.3)
r, = rICcos[(l/Z)zLICI] = 1,144 A .

Substituting values from eq.(B.2) and (B.3) into eq.(B.1)
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I

Fig. B.l Diagram of CH,I, molecule used in calculation
of H-I distance and angle between H-I vector

and symmetry axis
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o
= 0.893 A

>
|

1.775 A (B.4)

]
Il

' o
Z., » 1,785 A ,

The distance Tur is given by the formula

rar = (D2 + (P2 + (2?]¥ = 2,671 8 . (8.5)

The angle BH is given by

X
" '

cosf, . = YI/rHI -l (B.6)

]

I
eq. (B.6) gives the following

Substituting Y. from eq.(B.4) and (rHI) from eq.(B.5) into

coseH = 00,6645

i

or Bur = 48.36° . (B.7)
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