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e . .NUCLEAR SPIN RELAXATTON IN GAS.MIXTURES .., ‘e .oieerevos
ABSTRACT

The spin—lattice relaxation time hes been
studied in normal H2 as a function of density and
temperature in the range 293°k - 700° K. The measure-
ments were made in the region where T, e f . The
H_ results have been interpreted using the Bloom-

: Oppenheim'theo;y in which the transitions between
different J stetes were taken "into account. The
analysis indicates that the resonant tran51t10ns
(1,3e93,1) and quasi- -resonant transitions (1,2433 0)

"and (1,4¢%3,2) contribute 31gn1f1cantly to the relax-
ation mechanism, The anisotropic intermolecular
potential between' the two H, molecules which depends
on the orientation of -both the:molecules'could‘be -
given by quadrupole-quadrupole interaction while the
part that depends on the orlentatlon of one of’ the:
molecules alone was found to be adequately represented
by a Lennard- Jones potent1a1

2 2
as a function of density and’ comp031t10n in the tem-

T, was- measured inH, - He and H, = CO2 mixtures

perature range. 293°K - 700°K. " The ana1y31s 1nd1cates
that the interaction potent1a1 for Hy - He could be

adequately descrlbed by a Lennard-Jones potentlal

while the domlnant 1nte}5et10n for H2 - CO2 could be

given by quadrupole-quadrupole interaction. There

were indications that the dependence of ﬂ/f in

2 He mixture on the percentage of He is non-
. o -
_«&oiéﬂ. ar. .gbove 150°K: However, this was not found to
‘be the case in H, - CO_ mixtures. o
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T, Qas also measured in CHa‘and CH4 - He mixturé':
as a function of density and composition in the same
temperature range. The data can,bé'fittedlby »
ﬂﬁv:ﬂ7:?wheie n takes the value of 1.5 for pure CH,
and 0.79 for CH, gas infinitely diluted in He. The

aﬁaIYSis based on the existing theory for polyétomic :

.gaseéishows that the intermolecular potential for

CH4 - CH, and CH4 - He could be described by medium
range potentials. The results indicate that the

dependence of‘an on the percentage of He 'is not

1inear below 400°K.
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ABSTRACT

The spin-lattice relaxation time has been studied in
normal H2 as a function of density and temperature in the
range 293OK - 7OOOK. The measurements were made in the region
where WT«iP, The H2 results have been interpreted using the
Bloom-Oppenheim theory in which the transitions between differ-

ent J states were taken into account. The analysis indicates

that the resonant transitions (1,3¢33,1) and quasi-resonant
transitions (1,2¢> 3,0) and (1,4 <= 3,2) contribute signifi-
cantly_to the relaxation mechanism. The anisotropic inter-
molecular potential between the two H2 molepules which depends
on the orientation of both the molecules could be given by
guadrupole-quadrupole interaction while the part that depends
on the orientation of one of the molecules alone was found to
be adequately represented by a Lennard-Jones potential,

Tr was measured in H2 - He and H2 - CO2 mixtures as . a
function of density and composition in the temperature range
293OK - 7OOOK. The analysis indicates that the interaction
potential for H2 - He could be adequately described by a
Lennard-Jones potential while the dominant interaction for
H2 - CO2 could be given by quadrupole-quadrupcle interaction.
There were indications that‘the dependenbe of'ﬁ/y in H2 - He
mixture on the percentage of He is non-linear above lSOOK.
However, this was not found to be the case in H2 - 002 mixtures.

T, was also measured in’'CH, and CH, - He mixture as a

function of density and compoSition in the same temperature

ii



range. The data can be fitted by ﬂ/? - AT where n takes
the value of 1.5 for pure CHM and 0.79 for CHM gas infinitely
diluted in He. The analysis based on the existing theory for
polyatomic gases shows that the intermolecular potential for
CHH = CHM and CHA - He could be descriped by medium range
potentials. The results indicate thatnthe dépendence of'ﬂ/ﬁ

on the percentage of He is not linear below 400K .
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CHAPTER I
INTRODUCTION

>

The techniques of nuclear magnetic resonance are widely
used to study the propertfes of matter in bulk samples. The rate
at which the spin system apprﬂaphes thermodynamic equailibrium
with its surroundings, which is characterised by the time con-
stant T; 1n the literature, can be measured experimentally and
can be interpreted in térms of intermolecular forces that cause
the spins to relax. The aim in this thesis 1is to extract quan-
titative information on‘the Intermolecular forces between differ-

ent molecules from the study of T| in gases.

The principles of magnetic resonance will be briefly dis-
cussed here and a more complete discussion can be found in the
literaﬁure l. The Zeeman eneféy of a nuclear spin with spin
angular momentum AI and é magnetic moment M. y £I when placed

in an external magnetic field Ho is given by

9 -
H:-pm.H (1.1.)
where HO is taken to be in the z-direction.
The energy levels of such a system are given by
Em = -y h H, Mg (1.2.)
where mp = L, T-l, - -1

If there are N spins weakly interacting with each other

and in thermal equilibrium with the "lattice" the fractional

populations of these energy levels are given by

B, s T
i g e orlkT (1.3.)

m:-I



whé}e T is the "lattice" tempprature. "Lattice" here
refers to the other degrees of freedgm:of the sample in which
the spins arelocated. The net magnetisation of the sample is
then given bf

M = NS
ms

- N Vz'f\ZI(I+|)/3,kT

P Y& m;

(1.%.)

where the high temperature approximation ‘Vizf<sl has

been made. Neglecting relaxation effects, the equation of motion
N
of the magnetisation M is given by
d ™
T
where H is the total magnetic field applied to the sample.

. YyMxH (1.5.)

Transforming equation (1.5.) to a reference frame rotating with

_ =
an angular velocity @, the equation of motion for M can be writ-

ten as
> -
M = W
- - A 4
If H=Hk , 2T 0 when Wo-vHEKk. @

ﬁ is fixed in.the rotating reference frame. In the laboratory
reference frame the magnetisation ﬁ'precesses about HO at a
frequency w=-v H,. The angular frequency vH, is called
"Larmor frequency'.

ThHe effect of an additional alternating field H (&) =
2H,Cos wt Dperpendicular to HO can be analysed by breaking the
alternatiné field into two rotating components of amplitude\HlJ
one rotating clockwise and the other anti-clockwise. Since one of

the two components rotates in the same sense as the precession of

the magneticnmméntaﬁi‘the other in the opposite direction, it ailbe



shown that the counter rotating component can be neglected at
résonance, Therefore, the total magnetic field can be written
to a good approximation as

= - : _
H = H, + H{¢ . y (1.7)

=

where alﬁ):FﬁLBCm>wé-+Jsu1w£]
If the x-axis of the rotating reference frame is chosen to be
along H,, then H, is fixed in this frame of reference and the

_9
equation of motion of M 1s given by

N _
oM . v3><DWt+Q)Z+ &?]
24 5> s Y (1.8)
s Y MX H

where [ ?(Ho’*@;)»* . (1.9)

and ¢ is a unit vector in the x-direction in the rotating
reference firame. From equation (1.9) it is obvious that M preces-
ses about +Q% with an angular velogity v H%ﬁ' Tha~effect of K,

on H,, is predominént when Wx-YH in which case the magnetic

momenztprecessesAabout H, with an angular velocity Y H,- This
phenomenon is called Nuclear Magnetic Resonance (N.M.R.). If H,
were appiied oniyjfpr a duration of time t, , then the moment
would precesé through an angle 6 given by

& =. YH, &, (1.10)

If t, and H,Were chosen such that ©6-:-x~ the pulse would
invert the magnetisation arid 1s referred to aq a ui8o° pulse'.
Similarly, if 6= 90° (90° pulse), the magnetisation would
rotate through 900 and 1t would precéss about HO in the x-y
plane after the pulse.

In practice the sample is placed in a coil which is pla-

ced perpendicular ‘to the magnetic-field Ho' An alternatingfild is



produced perpendicular to Ho by passing r.f. current through the
coil. The magnetisation precessing in the x%y;plane after the
application of a 90° pulse induces an e.m.f. in the coil which can
be detected and observed and this is normally referred to as the
free induction decay.

The preceding paragraphs indicate a method of preparing a
non-equilibrium sample. The approach to equilibrium of such a
system can be described by the phenomenological BIBché equationsz2
as given below
> -7 - - ->
gﬁ=vMXH-A_A}$i—M¥J+MO— k (1.11)

> ¥ > ' . .
where 1, j and k are unit vectors in the x, y and z direc-
tions, Ty and Top are”longitudinal and transverse relaxation times,
My is the equilibrium magnetisation in the static field Hy and H
is given by
> - - ~
H = Hgk + 2Hjcosot i where Hij<¢< Hg (1.12)

: with Hi=0 .
The solutions to the equation (1.11) can be written as._

My (t) = Mxy‘(O)'. [cos Wt o+ ¢]é—t/T2
My (t) = Myy(0) |sinot r et/ T2
My (t) = Mo + \;Mz (0) - Mo] e.1;/'_131

where Myy = [M§>+ My ] %

My, My and Mz can be monitored experimentally and hence
T1 and Tp can be obtained.

Siﬁce Ty is a meaéure of the rate at which the spin system
exchanges energy with the laftice, it is pdssible‘to reiate T1 to
the inecular properties of -the gas. The spins relax as a result
of fluctuations in the magnetic fields at the Sites of the nuclei.

In diatomic and polyatomic gases the contributions to these local



fields come from the inteiaction of the spin with.the rotational
angular momentum of the molecule and from.the dipole moments of the
other nuclei in thé same molecule. The fluctuations in these |
intramolecular interactions are produced by those collisions which
reorient the molecule. Thus the study of spin-lattice relaxation
can give informétion on the intermolecular intéractidns which’pro_
duce molecular reorientations.

The mechanism by which the sping relax was.fifst proposed
by Schwinger 3 and then exténdéﬁ by Needler and Opechowski‘4;and
Johnson and Waugh 5. They have obtalned expressions relating the
- spin lattice relaxation’ time to the correlation times of the intra-
molecular interactions.

Bloom and Oppenheim 6 have treated the dynamics of the sys-
tem with the "Constant Acceleration Approximation" (C.A.A.) and
obféined_expressiohs for the correlation timeg of the intramolecu-
lar interactions in terms[df the intermolecﬁlar Lnéeractiong;

They haQé also assumed that the transitions between different J
states age‘negligible compared with the transitions between differ-
ent My sta£es”of the same J-manifold. This theqry\WaS*used in
interpreting the data below room temperature in their subsequent
papers . S ;

Recently Blcom and Oppenheimghavefextended their theory to
include the transitions. between different J states which is more
suitable to interpret the results at higher temperatures. .This
theory has béen used in interpreting the»déta on Hy in this thesis
and- 1s presented in detail in Chapter III.

The apparatus . and experimental techniques that were used in

obtaining the data are presented‘in Chapter II. Chapter IV pre-



sents the results in Ho and Hp - He, Ho - COp mixtures and their

‘interpretation using the theory presen&ed.in Chapter III.

Chapter V contains the results and interpretation of CHy and

CHg - He mixtures. In Chapter VI the resulfs‘are;shmmarised and

some sugéestions are made for further work. The circuit diagrams

for various parts of the electronics are presented in Appendix A.



CHAPTER IT

APPARATUS.AND@EXPERIMENTAL TECHNIQUE

2. 1. Measurement of Spin-lattice Relaxation Time.

The measurement of the spin=lattice relaxation time Ty will
be described very briefly here since the technique is well estab-

lishedvénd is available in the literature. 1,10,11.

When a éample is placed in an external magnetic field-gg,
the nuclear moments will have a net magnetisation aligned with the
field under equilibrium conditions. In order to measure T1,. . thé"
N magnetisation of the spin System has to be disturbed fiom its
edUiiibrium position. From the discussion in Chaptér I it is
evident that the magnétisation can be rotated through any desired
angle & from its equilibrium position by the application of a z.f.
field Hl at the Lérmor frequency perpendicular to the static field "~
~Hg. The z.f. field must be sufficiently intense to rotate the
spin system through the desired angle in a time much shorter than
Tl or T2 so that the relaxation effepts_can be neglected during
this time. Referring to a coordinaf@ s§stém whose z-axis ig cho-
sen along-ﬁo, a 900 pulse rofates the magnetisation to the x-y
plane and when the pulse is removed the magnetisation precesses
about: Hy in the x-y plane, thus inducing an é,m.f. in the sample
'coil. Due to the'inhomqgéﬁéify-of the magnetic fiela, all the.
spihs do not precess with the same Larmor frequency. As a result
the spins dephase among themselves and the induced signal decays
in a timé\of:the‘orde:_of (vo )71, where AH is the measure of

'inhomogeneity of the field across the sample. If a 180° pulse is


http://must.be

8
applied to the system after a time T from the 90° pulse, the spins -
fall in phase again and the signal builds up to.iﬁs.ﬁéximum at a
time 2 T from the 900 pulse and decays again/for the same reasons.
This second signallis called "spin echo".

In the experiments to be described in this thesis-ﬁ was
inverted by a 1805 pulse and the reédﬁery of M, was monitored
from - My, to + My by a suﬁséqdent 900 - 180° pulse sequence. If
the time between 90° and the second 1800 pulses 1is kept constant
throughout the experiment, the magnitude of the echo is bropor-
tional_tobfﬁe value of M, preceding the 909 pulse.

'The measurements were mage with a 30 M¢ coherent pulsed
spectrometer using phase -Lgénéit;ve detection, The‘Bok-Gar
integrator 12 was used to improve the signal to noise, ratio. The
pulse sequence»Wa§'repéaieduéfter every time interval T 2 10T; so
that the spins relax in between the sequence. During a measurement
the time betweén the first 180° pulse and the 90° pulse was swept
very slowly to several times Tj keeping-the time between the 900
‘buiseiand the 180° pulse constant. The box-car was triggered by
the 900 pulse and the sampling gate was adjustedhto sample.the echo
formed by the 90° ‘and the.isecond 1800 pﬁlses. Iﬁefhagnitude of the
echo and_hence thé recovery of M%'was plottéafon a.Variah Chart
récorder. The time;t between Ehe first l800‘pulse.and the 900
éulse was measured with a Hewlett-Packard 524-C electronic counter
and the.iiméfWas-printed out automatically by a Hewlé%f-Packard
526-B digitai rgcorder. An.event marker dn thé;Varian chaif
recorder made‘atmark whenever the time was printed out By the
digital recorder and proper times to those marks weﬁgléséigned

later. M, was obtained by making t210T;. If A(t) is the height



of the signal at time t and A, at t=®, then it can be seen that
Alt) = a, (1 -e /T
The slope of the stEaight‘line log (A - A(&)). vs. t gives

o0

the value of Tj.

2. 2. N.M.R. Spectrometer,

2.2.1. General Remarks. ‘
- : . A L B »
The spectrometer, originally built by John. D), Noble, was
modified to detect weaka.M.R.-signals. ‘A coherent 30Mc trahshit-
ter was bullt to use phase sensitive detection and the timing
circuit was modified to make use of the box-car integrétorf” The

14

box-car integrator was constructed by WaglteriN. Hardy based on

the design of R.J. Blume 12

and a detailed analysis was reported
in his Ph.D. thesis. A block diagram of the spectrometer is given
in fig. (1)

‘,2;2;2. Timipng Circuit,

- The timing circuit consisted of a collection of Tektronix
wave-form and pulse generator units., A Tek. 162 wave-form genera-
tor was used in iecurrent mode to provide the first 180° pulse.
Th@hsawtooth from the.éameﬂgeﬁeratoi started running down at the
same time and was fed to a modified Tek. 163 pulse'generator whose
triggering level was set by the sawtooth of a modified "ultra-slow"
Tek 162 wave-form'generaidr. Thé‘pulse.fIOQ the modified Tek. 163
pulse generator was taken to a pulse sequencer-to produce two pul-
ses whoSeESeparation was'confroligd»bysthe'pulse Width.Qf the ihput
pulse. The first 180° pulse and tﬁe}sécpdd pulse‘fromlthe pulse
sequencer were;addedifbgethéi in a mixer'circuit. These pulses wem

taken to a 180° pulse-width generator whereas the first pulséxﬁiom
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the pulse sequenCer was taken to a 900 pulse-width generator.
These two pulse-width generators were identical and were designed

using phantaSﬁfdh circuits.®®

The pulse-widths_ could be varied
from a microsecénd to about 100 microseconds. The pulses were
vthen mixed and Wére used to gate the transmitter. The 900 pulse
from the pulse sequehcer was also used: to-trigger the Box-car.
2.2.3. Irzansmittex.

The transmitter was designed to make use of phase-sensitive
deteetionfeihbe it was known,iroﬁ.the'beginningxthat_the,signals
would be»smail{ The phaee4sensitiﬁe detection requires a coherent
pulse system and a. reference voltage at 30Mc. A transietorised'
crystal confrblléd“oecillator was built to supply the r.f. at 10Mc
and was shielded by a copper can. The output from thls ampllfler
was taken out- through\a shielded cable to provide the reference
valtage. The tn;ple? as well as the 30Mc amplifier were tran51s~
torised which mede“i%‘stsibiewto'build them ;gside the'eopperﬂceh.
: A transistorised pewer»supply,regulated by Zener diodes was also
built inside the’cah; Thus only one lead at 6.3V a.c. was taken
inside the can to. supply the . powerx transformer. This helped in
keeping the mﬁf leak to_a#mlnlmum when the r.f. gate was clmsed.

The r.fi'from the gate was taken to a conventional phase-

shifting circuit 15-

and. a tripler. The tripler was a push-pull
amplifier at 30Mc. The Qqﬁpet;from the tripier was taken to a
gated power amplifier stage.tuned to 30Mc. The power amplifier
produced reasonably rectangularjigf; pulses of l200vvolts peak to
peak. With this power output the pulse widths needed to produce

90° and 1800° pulses were about'é microseconds and 13 mic¢roseconds

respectimelyﬂ[;The output power from the transmitteriwas taken to
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the sample coil tuned to 30Mc through a smallloabacitor of about
3'pf,
2.2.4. Sample Coil

The sample coil was made of approximately twelve_turns of
22 S.W.Gl wire with a epeclng in between the turns equal to:the'
diameter of the wire and was about 14" long. Since the samble coil
was immersed in the¥sémole (fiq;“2).the{ehamel came off the wire and
lhtroduced 1mpur1ty in the sample when the temperature of the sampl
holder was raised above room temperature | This resulted 'in a very
sharp increase 'in Ty because$o£»the;golllsiohs of H, molecules
with héavier‘impurity molecules. Therefore, the insulation on the
wire was completely strlpped off and the wrre was thoroughly cleaned
' before use. Also. the coil was pre- heated to “the | ‘highest temperatur
along with the sample-holder‘and the gases were/pumped out. When'
these precautions were taken no traoe of impurity was noticed and
.:th'e:_f,r'esults were reproducible to withiﬂh 3%. A thin.w&lled glass
tube was fittedttlghtly inside the pressure vessel tolinsulate'the'
coil from the wall of ‘the vessel. In order to get an ideal 1800
pulse it is nebeSSary to have all the sample inside the coil. So
the coil waS'Wouhd to fit almost exactly inside the glass tube SO
that most of the sample-was inside the coil.

The r.f. lead was just the extension of one end of the coil
and was taken through a stainless steel tube to plug A in fig. 2
where it was seeled against pressure with teflon washers at zoom
temperature. The other end of the coil was fastened to the stain-
less steel plug by means of a screw. Glass was used for insulation
wherever it was necessary. The r,f..lead was connected to a tuning

capacitor through a 12 p.f. capacitor.
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2.2.5. Receiver.
The redéiﬁer was a L.E.L. amplifier model 1.F.21.B.S. This

is a wide band amplifier with a maximum gain of 100 db and a band
width of 2Mc. centered around 30Mc. A 1N295 diode detecﬁor was
supplied with this and was used in the measurements. Ordinary
diode de{ection is not linear over the entire region and the non-
linearity becomes very important while dealing with small signals.
Phase‘eohek%m&é detection was used which allowed operatibn in the
linear region of the diode. The 30Mc reference voltage was added to
the signal at a stage in the receiver where the stagger tuned trip--
let stages were coupled together. The diode detects the "sum" of

T the geference voltage and the signal. The signal was kept below

about 1/10 of the reference voltage to avoid distortion.

2.3. High-Pressure System.

The high-pressure apparatus used in the experiments is shown
in fig. 2. It consists of a thick walled Be-Cu vessel (0.D. 17/16"
and I.D. 3/8") and élstainless steel plug sealed in the vessel by
means of Brldg¢mann S arrangement of packing washers. 16’l7‘ The
central washer was annealed copper instead of lead. Copper, when
annealed, is quite soft and hence makes a good seal. Also, since
the thermal expansion @fhcopper is the same as that of Be-Cu, the
seal, when made at room temperature, maint;ins itself at higher
temperatures. The other two washers were made of Be-Cu instead of
Everdur=. The outside edge of the washer D] was tapered to the
inside to fit on to the taper of the stainless steel plug. This

provided more area of contact between the stainless steel plug and

the Be-Cu washer and hence the pressure was applied uniformly on
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the central washer when the stalnless steel plug was tlghtened to
make the seal._ | .

" The r. f.wieae was sealed against press&re at ‘Toom tempera-
ture in plug A wlfh teflon washers and then brought 1nto the high™
pressure reglon through a 4" stainless steel tube. The stainless
steel tube was,pressure sealed inside the plug using the same
technique as that of standard high pressure equipmeht.end was
quite satisfactory ﬁhroqghout?the temperature range.

The sehemafic of high pressﬁre system is given in fig. 3.

ALl the high pressure connectors were purchased from Autoclave |

15

Eng; Inc. and were designed to withstand pressures up te 30,000 p.s-i.

P.5 I.

2.4, Heater.

The heater was wound on the high-pressure vessel using a
thin mica sheet to insulate it from the vessel. To aveid multi-
layer windihg, a commercial 600 watts spiral element was used
ihsteed of a straight nichreme wire. It was wound nQn-iﬁductively
with a spacing in between the'windings.approXimately equal to the
diameter of the elemEntI'"A liquid porcelein called "Saureisén"

was used to keep the windingsﬂin rlace.
| The high-pressure'veSSel along with the heater was kept
inside a Qacuum jacket to keep the radiatioh'end conrection current
losses to a minimum. The leads from the heater were taken outside
the vacuum jacket through'Kovar;seals. The heater current was
reghlated by a variac. About 150 watts of power was supplied to
maintain the sample holder at 750° K.

The temperature was measured with a chromel-allumel thermo-
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couple. Thé "Hot-Junction! of the thermo-couple was placed in
the hole provided fqr it in the vessel. The leads were taken
outside the vacuum jacket through Kovar seals. The thermal
E.M.F. waqfﬁeasured‘with a “Hohey-ﬁéll” potenfiometer using a
null detector. No special effort was made to control the temp-
erature automatically because orce' the current was adjusted the
temperature was steady to within a degree after reaching the
eguilibrium. Whenever the temperaturg was changed at least 8
or 10 hours_waé allowed before .taking the measurements to make
sure that the sample was at equilibrium with the vessel. The

- T
temperature measurements were accurate to within - 0.5%.

2.5. Mixing of Gases: Determination of Concentration.

The gaées that were used in the experiments were of
research grade and were obtained from M?theson Compény. The
mixture of two gases waé prepared in a third cylinder by let—
ting in one component at lower bresspre first and then thé
other component. Thé total pressure wag noted before and after
the introduction..of the second compopenﬁ. Knowing the partial
pressures of the individual comb&hents and the temperature, the
density of each4component gas 1in ideal apagat units can be
l8"and hence the composi-

Hne
tion of the mixture can be determined.h Ideal Amagat is the
- 1

found frohm the equation of state data

number density of the gas at N.T.P.

The 6glculated value of the coneentration can be veri-
. o !
fied experiméntally by comparing the height of the echo of the
mixture with that of pure gas containing Protons under indenti-

. cal conditions. 1In the case of hydrogen and its mixtures the

v
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height of the echo has to be corrected for the effects of Tpo and

diffusion.
The height of the echo A(27), where T is the time
between 90° and 180° pulses, is given by
A(2T)= Alo) exp [-27/T, —k(ztf] (2.5.1.)
where k = 1 v6&”D
12

T, < £ D= !/p
and P is the density of gas in amagat units, where an "amagat"
is 7. 269 x :/olq'fz m%ew(w:/:fd"rﬁ
Neglecting the diffusion effects
A&?):A@muw(-ZZ/g) (2.5.2.)

If the number of spins per molecule is denoted by ng,

then
| YR L(z+)
A (0) o M(0) wheve M(Oy:ﬁnryj kT (2.5.3.)
or A®)YzCP where C is a constant (2.5.4%.)

Equation (2.5.2.) becomes

A(2T)= C P exp (- 2,?:/1—2) (2.5.5.)
Since in the high density region 77/P = 73/f

Cp = Al27) €xp (22)7) (2.5.6.)

Therefore G:f)rnixture gives the fractional composition of the
~(CP)y,
T JHy

In the case of CHQ ahd its mixtures the correction is

mixture.

very small since Tl is much longer than 27, which is approxi-
mately a milli-second in all the measurements.
Fof an ideal gas the density in amagats of the mixture

at-any intermediate pressure P is given by
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P = 3;; P (in atmospheres) (2.5.7.)

Thel002 - Ho mixture pfesents a different problem. The
dependence of (CJf %ﬁﬁ%&ﬁ%”ion total pressure is linear at
high temperatures, but not at room temperature and this effect
is more promiheh; at higher concentrations of C02. This is due
to the fact that room temperature is not high enough to describe
the equation of state of CO2'byiq%eal gas law. From the egqua-
tion of state data for COp it can be seen that the density has
increased from 9.5 to 47.5 amagats when the pressurénhas in-
creased from 10 atmospheres to 40 atmospheres at room tempera—
ture i.e. the density -at 40 atmospheres is about 25% higher
than what the ideal gasfiaw preaicts. Similar study at L4OOCK
shows that the density at 40 atmospheres is about 6% higher

than the density obtained by ideal gas law and at higher

temperatures the ideal gas equation is found~;o be a good
approximation to within,z%. As a result of tﬁ;s, comparison of
signal strengths at room temperature .does not give the frac—
tional composition of the mixture nor- could 1t be determined by
noting tke pressures béfore and after the introduction of the
second component when ﬁhe pressures involved are high gi,e4
> 10 atm.). Heénce a different procedure was adopted to déter—
mine the fractional composition as well as the density at any
other préssurg Pﬁ which is described below.

Let the pressure of COp introduced into the cylinder be
Py and let'Hglbe added>to this to bring the total pressure to
P. The gases were left together for about 24 hours to mix

"'ib'y-‘ R RICEN Yo N 4? STAD oM,

" B
v
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The signal strength was calibrated in units of protoh'
density by noting the signal strengths at various pressures
for Hy. The sample holder was evacuated and the mixture was
let into the sample holder at pressure P. Keeping the gain of
the speatrometer the same, the signal strength of the mixture
was noted at pressufe P as well as at several other pressures
betweén O and P. The strength of the signal at pressure P
gives the density of hydrogen in amag%th. The density of CO2
was obtained from the equation of stafé'data for CO2 knowing
Pl and temperature. If.PCO2 is the density of CO2 and.PH2
is the density of HQ’EOL/(QO:'PHD gives the fractional compo-
sition of the mixture. The density of the mixture at any inter-
mediate pressure Pf was ohtéined from thé signal strength S/.
of the mixture at pressure Pn. S[ was converted to the density
of Hy, fﬁ;, and since the ratio 'ﬁbz/ﬁﬁ. is a constant K,

_ﬁoiz Kiﬁt . The density of the mixture at pressure P[ was

obtai;ed as (c@o;'ﬁ;)'

Fig. 4 shows the density of the mixture as a function of
composition at different pressures. At higher concentrations
of 002 the density is proportional to the percentage of 002 but

at lower concentrations it is non-linear. The values extra-

polated to 100% CO2 are in agreement with the Valueé obtained
from the equation of state datse for 002 within experimental
errors.

The density of the mixture WaSLBbtained expefimentally
as é function of pressure at other témperatures of interest
also. At 3SOOK it was found that the density obtained fromvthe

ideal gas'equatidn differs from the experimental value by 5%
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at about 60 atmospheres and was less than that at lower tempera-
tures.

The signal strength veérsus pressure is shown in fig. 5
for 55% CO2 and 79.4% CO2 at.room temperature, whereas fig. 6
shows the similar plot at 400%K for 55% C02, 459 H, mixture.
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CHAPTER III

THEORY

3.1. HYDROGEN
The internal degrees of freedom of a diatomic molecule

such as H2 are:

1. Electronic:(orbital and spin)

2 Vibrational

3. Rotational states of the nuclei
L Nuclear spin states.

first excited state of the
Since The vibrational energy of the molecule is of the

order of 6000°K and since€

electronic 7 éiVib’ the degrees of

freedom corresponding to the electronic and vibrational states

of the molecule can be considered to be frozen even up to
1000°K. As a result the H2 molecule can be considered as a

rigid rotator with an extra degree of freedom corresponding to
the spin state of the molecule. Hence the state of a hydrogen
molecule can be deécfibed by the roﬁational guantum numbers

Jy my and the proton~spin quantum numbers I, mo .

Since the protons are fermions, the total wave-function
of H2 must be antisymmétrical in the two atoms with respect to
»permutation of the two protons. The vibrational and electronic
parts of the wave-function are symmetrical in the ground state
which is the only stqté that 1s occupied. The rotational
wavejfunction is symmetrical for even J and antisymmetrical for

odd J. The spin wave-function is symmetric for I=1 and anti-

symmetric for I=0. In order to have the total wave-function to



be antisymmetric I=0 should be associated with even J and I=1
should be associated with odd J. These two modifications are
called para- and ortho- hydrogen respectively.

For H2 at thermal equilibrium the distribution of the
molecules among the J states 1s given by Boltzmann's distri-
bution function

P < 9, exp(-Es/kT) (3.1.1.)
where PJ is the ffaétion of the total number of molecules that
are in J state, %f is the degeneracy of the state and T is the

temperature of the system

%EL(ZI+W(ZI+O N @3+0 o For J even i.e. I=0
= 3(27+1) For J odd i.e. I=1
and £ - ?_(ZZEQ = 7 (7e0)k 64 (3.1.2.)
where
IO = Moment of Inertia of the molecule
k = Boltzﬁann's Constant
O: = 85.3% for H,

The equilibrium ratio of ortho- to para- hydrogen is
£,307) exp (-7 0 )7)

-3 -
Sever (2, T+1) €_x/b( T(7+1)6g /7->
At high temperatures where &« T, 2 — 3, and at low

n o= (3.1.3.)

temperatures as T->0,2>0. At room temperature, since T is
well above f% the ratio is close to 3. As the temperature is
lowered the above equation predicts that all the molecules will
be converted to para- hydrogen. Since the ﬁransition from
ortho- to para- involves changing total spin angular momentum

in the molecule, the transition probability is very small and

26
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the equilibrium with respect to ortho-para ratio‘cannot be
achieved in a short time. Therefore, H2 must be treated as a
mixture of two séparate gases. Para- H2 with I=0 gives no
N.M.R. signal whereas ortho- hydrogen behaveg like a I=1 system.
N molecules of H2 at.room temperature give a signal proportional
to 3/4% NI(I+l) = 3/2 N.

The fractional distribution of the molecules among
different J staﬁes is given in Table 1 for (i) 100% ortho-

hydrogen and (ii) 100% para- hydrogen.



TEMP

100% ortho- H

-100% para- H

Fractional population of the rotational states for H2.

2 0

cor O

IN K52 I=3 J=5 I=7 T =0 J=o2 T=1 J=6
77.5 1.0 0.993 0.007
100.0 0.9995 0.0005 0.971 0.029
200.0 1 0.965 0.035 0.72 0.28 _
300.0 0.879 0.119 0.002 0.517 -0.468 - 0.015
400.0 0.778 0.214 0.008 0.397 0.562 0.05
500.0 0.688 0.290 0.022 . . 0.322 0.580 0.096 0.003
- 600.0 0.613 0.343 0.04%2  " 0.001 0.271 0.578 0.142 0.009
700}6 0.550 0.379 0.067 J.00k% 0.234 0.56k4 0.18Y4 0.018

p- Bmexp [IGMEsyT ] . (2341) exp [- I(32)85:3/7]
Jil 3(27¢1) exp[-T(7+1)85-3/1] szen (27+0) exp [- 7(7+1)85-3/7 ]

Table I.

8¢
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3.2. Theory of Relaxation in H2

The hamiltonian of the spin rotational and dipolar

interaction of the Hgfmolecule can be written as

- ) '/2, PR
ki BB LS, () v LS,
==t Tz (3.2.1.)

where Lhn and Lan are random functions of the lattice operators

and Slm and S2m‘are the operators acting on the nuclear spin

variables.
Lm :IE—J; Sm :IE Iz
Lot I Spe Lz
'/Z 2 (3.2-2.)
Lo= Y, S (%) [3IZ—I(I+I>] |
Lasi= Yar Spry = LIy + Izl
Laraz=Vaty Sirz= Is

In a gas.whéhe\there are frequent collisions, the

rotational angu%w$ momentum vector ? undergoes changes due to
the anisotropigrintermolecular_forces acting on the molecule
during the collision. This causes. the magnetic fields_ap~thé
sites of the nuclei to fluctuate thereby producing nuclear
spin transitions whiqh{pfing the spin system to equilibrium.
Thus the molecular coiiisions establiéh equilibrium amoﬁg the
J levels very rapidl§ whereas the nuclear spins are reiaxed

slowly through a weak coupling to J as shown in fig. 7.

L  STRONG MOLECULAR |k NUCLEAR 7

NLATTICE" l S| ZEEMAN - BGuPIRG ZBEMAN
COUPLING |ENERGY ENERGY - |
o A

FIG. 7. Nature of Coupling between Nuclear Spins and the

"lattice".



- The "Lattice'" here refefs to all degrees of freedom
that are available to a molecule except the one corresponding
to the nuclear spins. It re%ains at constant temperature T
even after exchanging energy with the nuclear spin system .
because of 1ts large thermal capacity. |

From the general theory of relaxation 1t can be shown

that (Abragaml)

.2
%:Z;’_’ T, (00) + /—‘Z_’f v”H"lJ:(zﬂ)'ij'Zl CARN NS wz)}
' (3.2.3.)
where
H/ = 27 gauss 1s the spin rotational ooupling constant
- 34 gauss is the dipolar coupling constant.
I = 4 1in the case of hydrogen
- . lm“‘bf) J € Cwy sz(é)d(_ ‘ (3.2.4%.)
where

. N — | |
G (4) = & LLzm(o)ﬁem(é) s L)L, (O |REERD

The bar represents the ensemble average. In Schwinger's

mogel 3 all the molecules were assumed to be in the lowest

,rotatlonal state (J= l) and the molecule was allowed to make
trins1tlons between the three my s states It was further
assume? in his model that all the correlatlon functlons decay

with the same time constant

_¢
L@ () = Lol o e /T . (3.2.6.)

Needler and Opechowski 4 (1961) suggested that more

acowrate express1on for correlatlon function would be '

¢ -4
Lem(O)Llngé) z LQ()L (o) etmwj e /7. (3.2.7.)

30



31
Johnson and Waugh 5 (1962) pointed out that if the fre-
Wy

quency of effective collisions i1s much larger than and if

only J=1 state is populated, then GQ (&) can be characterised

by two correlation times only, one for L, (m = -1, O, +1) and
the other for L, (m = 2, %1,0).
The expression for 1 can theh be written as
ol Tl T
7 2
L= 2yuisrep—ti 4 6 Sur ) —
I !-;—(wz-w:.)lz]“ &) (21-13(25-%3) '+(Ur“wy)2;
‘ -
' ¢ (3.2.8.)
b - s |
+if we- W) T
providing that all the molecules are in their lowest rotational
(3:1) .

state, ThlS assumption starts to break down seriously at room
temperatﬁre where the population of J=3 state is about 12%.
Bloom (private communication) has proposed to evaluate the
correlation functions taking into account the transitions
between different J states which will’be described in detail in

the following sections.

3.2.1. Correlation Functions of Intra-molecular Interactions.

From equations (3.2.3 ), (3.2.%.) and (3.2.5.) and the

discussion that followed, i% 1s clear that the correlatlon

functions GQ(ED have to be evaluated in order to obtain an
explicit expre551on for Tl In thé following discussion the

9

treatment of Bloom and Oppenhelm\ is followed closely. The
operator LlO has non-zero matrix elements only for the case
J=J,, where J, and J aré the initial and final‘rotatiOnal
states of the molecule, wnereas the operatof'L2O has non-zero

matrix elements for the cases J=J, and J=Joi2. Thp latter
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oscillates for free molecule at an angular frequency

@ET+2:-E \)/& Wthh is always greater than lOlu sec™ ! for

ortho- Hz. Needler and Opechowskl 4 have shown that the con-
tribution from the non-diagonal terms is negligible compared
with the contribution f}bm thé diagonal terms as long as the

13 -1

collision frequencies are smaller than 10 sec ~. As the

collision frequency in Hé gas does not exceed lOl2 se’c_l even
at several hundred atmospheres at room temperature,the matrix
elements between different J states can be,neglected.

Therefore, the important non-zero matrix elements of LZo are

given by '

LTM[ Lyl Ty = [ 4 (T) C(IZJM") (3.2.9.)
where C(J,1,J,M,0) is a Clebsch-Gordon coefficient as defined
by Rose 19
and

5= 27 (7+1) (3.2.10.)
s T J+f)

f (}): =2 __i____

2 47 (27-1)(27+3) - (3.2.11)

The correlation function of LZJ%) may be written as

(é) 2 ,M<J’M )Lto’-TMo>Z W (7 M; 6/jm,o)<jM’L£o’jM>

(3.2.12)

=2 P [ (J)]C(jl Mo)éW(IMé/Jo,M‘,)

%Mo

«| 4, (7>] C TL7;m0) (3.2.13)

“where W(J,M,t/JO,MO,o) is the probability that the molecule

is in the rotational state J,M at time t given thét it is in
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the state JO,MO at t=0, and
exp [~ €7/ k)
) L (zz)exp[- &5 /4]
,

is the probability that a molecule i1s in the state «

-1l _p

JoMo Z‘IO-H Ta

energy EJo for a system at temp&rature T. W(J,M, t/J Mo,o)

satisfies the master equation

(TMtJ’M o) ZA(J'MTM)N(TM €/5m,, ) (3.2.15)

where A(J M, 3’ ,M ) is the transition probability per unit time

for the transition JVM'—a IM

/ 7
For J=J", M=M

A(T'M:."J"M_') -7 2 7 J’M.I'M-) S A(TM TM)
T M g MM
Defining the tensor pelarisation of order 1 in the state

(3.2.16)

J_for molecules initially in.thebstate JOJMO as

4 .
= 2.1
My ) = 2 CTL3,1,0) W (Tmt J7m,,0) | (3.2.17)
and using equation (3.2.15), it may be seen that the following

differential equation is satisfied

¢ )z mo 5_(, TL7,M0) A (TM, 7
J’J'ISO> J—ZMH(J—M /TM ) ¢ M> (3.2.18)

Weak Collision Approximation.

It is assumed that the ani§otropic intermolecular inter-
actions are "weak" so that first order perturbation theory may
be used to calculate the transition probability‘A(JM,JﬁL;).

If each term in the anisotropic interaction hamiltonian can be
expressed as a product of a "lattice" operator and a rotational

operator yA(Q), where ngis a spherical harmonic of order A\
M M
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the matrix element between states T M ond 7' 13 given by

/.y (T (2X+1 /2 ! ’ ' - ‘
<J’M}>’AM!TM>:<5M [ 4;')(223 ,))J C(r'az,mp)C(7 27;00) (3.2.}9)

Since the transition probability is proportional to the
square of the matrix element between the initial and final
states, ﬁhe contrlbutlon of thls term to the transition pro-
bability is |

AL (TM, 7MY 2 Q@:)[C(r ATiml M- M)] (3.2.50)
QQ chontalns all the information about the anisotropic
intermolecular interactions and will be evaluated later.

Using equation (3.2.20) and equations (6.23a) and
(6.23b) of Rose, it can be shown that

ZC(:YZJ' M) A, (TM, ym)— C(ru Mo)B“(TT) © (3)2.21)

wkene

Bex(f"? ) . ZJ'-H Q (’J’ T)él) [(23’-#0(23-'-0] N(j’jjj )\£> (3.2.22)

]
673’ %7/ 274 , Q)\(j 7 >
where kN&TJU‘AE) is a Racah coefficient.

‘U51ng equations (3.2.18), (3.2.21) and (3.2.22), it can

betéhown that the tensor polarisation satisfies the following

equation.e ‘ : o

3 £) = / ‘ ‘

mm;M,, ) % Bz(f'J ) my’ny (3.2.23)
where E&(IJ()= %%,E%A(IJJ). C(3.2.24%)

From equation (3.2.17) the initial conditions are

obtained as

e .
mjf,,h'i(oo) = C(ae T?'» MOO) &77° ' (3.2.25)
and the solutions to the equation (3.2.23) are given by
¢ -/\2 s
: 7n7 (é) ;i T, ™M, “ (3.2.26)

The number o?,tgrms in the sum is equal to the number of
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equations (3.2.15) used in solving equation (3.2%?3) which is
the same as the number of rotational states that are signifi-

canfly populated. From the initial conditions it follows that
Ld |

i £ :
- .47, . M,.0 ‘
. L C (747, . M,0) (3.2.27)

£
where ij are independent of time.
The correlation function (on(é) defined by equation
(3.2.13) can now be written using equations (3.2.17), (3.2.26)

and (3.2.27) as below.

Geo®) = 2 L4 %] 2 Pl (rammaze T2l o™
% ° (3.2.28)
. |
since b %’ [C(T £, M °>] 2[+/ (3.2.29)
.and,: :Eamo - if;;/ ﬁ% (3.2.30)
equation (3.2.28) can be wfittéh as
| tx A, £
Gy (6)' 37 (>2C e (3.2.31)
where
[+(T) [7(; (7)] /{_ (3.2.32)

It may be noted that the correlation function can always
be written as a sum of exponential functions of time in the
weak collision approximaﬁion. The Fourier transform of the

correlation function is given by

m_.wé
sy [ e, 4t

£
»
| C, A
= L s P {G MY 3.8 ,
(ZZ-H jo jo ¢ >§ /\z&,( + QL (3'2\r33)

since it follows from egquation (3.2.7) that
Tom( @) = Tpy (W= mey) (3.2.34)
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the expression for 1 can be written as, using equation (3.2.3)
VQ_H/Z : T]_ (e
== 5 s B fm)s CoN iy
7 37, d A2 T
Ay T /\
s /ZKYH Z 2 P, ‘f'(%)f__z_i___’ii. (3.2.35)
AW + e

From the above expression, 1t may be seen that
L
L.z R (),
where (I/U) 1s the relaxatlon rate for an ensemble of molecu-

les which are all initially in the state JO.

3.3. Application of.the Theory to some Special Cases:

3.3.1. Infreguent Transitions;between States of Different J.

When the transitions between different J states occur
much less frequently than the trahsitions between diffefent M
states within a J manifold, it can be shown from equations
(372.20), (3.2.22) and (3.2.24) that
By(37') = B,(77)8,, | (3.3.1.)
and the indekx o\ can be replaced by Iy
From equatiéns (3.2.23), (3.2.26), (3.2.27) and (3.3.1.), it

may be shown that

[ +(r,,3] 2 [ (Iﬂ 8 - (3.3.2.)
and /\23.0 = - Bz(J;"To> (3.3.3.)
Therefore
- %’ P /\ejo
Jéo (w) = 22‘*/23:0 T -f;(a’o\) /\l , (JOL (3.3.4.)
£7, '
2 7%
- &£ _ Zz
T 20+ Topfo 7‘2(°> g_ T2 (3.3.5.)
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I
where _ - _ BZCJ;,J;)
(A
2
At low temperatures in H,, P =% and aqﬁation
. : 2° JO Io' Lo

(3.3.5.) 1is the same result as originally derived by Schwinger.
Equation (3.3.5.) was also derived by Bloom and Oppenheim 7

as 4 generalisation of Schwinger's result for the case in
which transitions between different rotational states are

negligible.

3.3.2. Two-level Systemn.

In this case it will be assumed that only two of the
rotationalvstates are appreciably populated so that only two
of the equations (3.2.23) need to be considered td evaluate Tl
with reasonable accuracy. For H2 this situation can be
achieved below HSOOK since at this temperature the population
of J=5 state is only about 1.38%.

The equations to be solved for the two-level system are

4 4 4 :
m = B,(7.7)m + B, (7,7, m

1,% ™, 2 (7.7) 5,7, M, e (7 %) 7,7 M, (3.3.64)
m = B,(7 +

'TZJE)MD Z(Z)J—')mz‘roMo : B[ (jé)jz'>m\72"\j;Mo

2
Solving these two equations the rate constants A

where J  can take the values of J; and J,.

£
2
and the coefficients ij_ can be obtained where L = 1,2 and

Jd_ =4d

o) 1 J

. Crl 2
= - 4 |Be5.7)+ 8,7 ) 46D %\__Bz('jw"f)'@(’v”zﬂ |

N b (3.3.7.)
e (D) ]

2



CY AwtBe(3a) [ £, (377 Be (3,%)

A N2 = N £ (7 Nop= Ay, (3.3.8.0
- ]
Cjz= _NetBe (@A) _ [ 4, 1% 8, (%,7)
! /\22‘- /\Ll fe(];) /\K.Z—/\e‘
P2 2 2 : ¢z
and C and C:I are obtained from (: and C

7 A 7, | 7

respectively, by permuting 1 and 2.
By substituting equations (3.3.7.) and (3.3.8.) into
equation (3.2.33), ‘);Jio) can be expressed -in terms of
\/> :
In the short correlation time limit i.e. '/\Ezi‘o for

a two-level system

bx 21 ez
2 &Z_\_f.e& = Cjo + CJ}, (3 3.9 )
2 2 Y e e s
L Ngd® Ne, Ne,

BUsing equation (3.3.8.) the above expre551on can be written as

¢ 22 _ '
C ., Sl Be (%, 3)+ [}lw,)] Bz(z, 7,) (3.3.10)
/\2/ . /\27_ /\,g, /\ZZ
and by symmetry }(&) s
e ' - )
Cl{ Cé; .o (7,7) + [ 5(%3] 52,7 (3.3.11)
2 + —_— _— DeD e
/\2/ /\27_ /\21 /\12_

Substituting into-equafion (3.2.33;), ;EO@ can be

expressed as

T, ()= =

221“/ /\el Aez / ‘ '
{} @) § (f,_)} {%82(7‘.;,37)1 ':}181(3;,7,_)}] (3.3.12) .

In the limit of no changes in J

[P 5,(7)(-8 (3.3_»2)>+P (31)(5( 3_/>)'

By(Jy,7p) = Bgldp,dy) = O

Therefore

38
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!
/\21'32(2«.?,)= —
| (
2
— i
Npp = -8, %) = 75,
£

-~

and equation (3.3.12) reduces to
T,
2 . 37, 2
LAOEE MR CRARNEACA "] (3.3.13)
Equation (3.3.13) was first derived by Johnson and

Waugh 5 for the special case desqribed above.

rd
© 3L, Evaluation of Bp(J,J ) in terms of Intermolecular
Anisotropic Interactions.

The anisotfopic intermolecular potential between two
molecules, labelled 1 and 2 respectively, is assumed to con-

sist of two terms

5, - (3.%.1.)
where " u) /
j_i& = & (n) P, (Cos 9,) (3.%.2.)
and '
2y o, RN
‘J4R = A ﬂ@gyijfé% ’) 4$012> (3.%.3.)

(1) (
4- () ana ,&2)(1) are functions of thé separation

of the centres of mass of 1 and 2, Fi&gﬁei) is the Legendre
polynomial of order 2 of the angle Qz which the molecular axis
of molecule 1 makes with:g, )37@Qa)and }&7(51;) are seqond
orderﬂspheficél harmonics and <Y, and .fL;. are the orientations
of theISymmetry axes of molecules 1 and 2, respectiveiy, with
respect to7?. The QV are constants.

jH:) is the most general potential if molecule 1 is an

ortho- H, molecule restricted to J=1 state and molecule 2 has

no rotational degrees of freedom such as He or para- H2 res-
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tricted to its ground state (J=0). :H:Jdepénds on the orienta-
tions of both:the molecules and is . the most genefal form if

both 1 and 2,moiecules are ortho- H2 in the ground rotational
state (i.e. J=1) and:if there are no transitions between differ-
ent rotational states. These conditions are realised at-
sufficiently low Eemﬁeratures for H2 when- the populatioh of

J=3 state is negligible. The number of terms that are required
to specify the most general form of }% at higher temperatures
depends on the state of largest J which contributes appreciably
to the relaxation rate. However, as theladditional termé will
only increase the number of parameters and complicate the
analysis too much to obtain any information on the intermolecu-
lar potentials, it will be assumed that }&)and 34%)are given by
the equations :(3.4.2.) and (3.4.3.) respectively. It will fur-
ther be assumed that there is no interference between the con-
tr:'t{ibutions from f}‘l:)and }/l:)to QL(J',JJ) and hence QZ(ZJ") may be
written as '(” / (2)
Q,(5,7)=89,F7)+Q,(37) (...
In order to obtain the QEC%TD it is necessary to

/
evaluate the transition probability per unit time A (g™, T M')

of molecule 1. /&(5vnvﬁwv is obtained after averaging over the
equilibrium ensemble of molecﬁle 2, the avefages being taken
over all position, momentum aﬁd angular momentum states of
molecule 2.

The transition probability per unit time of a molecule

| /s
between the states J,M and J ,M 1is given by 1



L+1

fea

-l

o ¢
A )= ga | e T EMIT Oy om 3y o) Iy e (3e5)

providing that the anisotropic interaction between the molecu-
les is quite small so that perturbation theory can be used; and
that the energy difference bétween the initial and final rota-
tional states {&%v,is much smaller than kT. The bar repre-
sents an ensemble average, the average‘beihg taken over all the
relative positions and momenta of molecules 1 and 2.

{
Transforming 34: to laboratory reference frame
P (Cos ') - ‘f“-gz. Y (< y*(m_) (3.4.6.)
2. /= _5_-’/“:_2 oM 1) 2/‘4 . +.0.

where 2, and 2 are the orientations of molecule 1 and vector
7{ respectively, in the space fixed coordinate system in
which the z-axis is along-ﬁom.

Substituting equation (3.4.6.) into (3.4.5.) and using
(3.2.20)

m -, Ln /270 2.0 '
Q,(27) = T (32 |C(T2a,00)) § (0,20 (3.%.7.)

where

) ” —l:"\) /t { .
J 0, = i—,,_j e T ey ae (3.4.8.)

ands

() T

(1) (/)* *
kiey= & (nce)), (aw) &y, (o) ),

' (1)
is the correlation function of ya CQ>>3_Lf1) which is inde-

()
pendent of g4 for a gas. The correlation time k (%) decays

in a time of the order of average time of a single collision



?:a% between a pair of molecules in a dilute gas.

- A

——

’Z”c,,ee—x (MT/M v C (3.%.10)

where @& 1s the approx1mate range of the 1ntermolecular inter-
actions, M 1s the reduced mass of molecules 1 and 2 and V  1is
the r.m.s. value of their relative velocity.

Since
{1 . ) R
) ?wfj,) ~ d”(b) Lf wTj’?;l
(}'m w. ) <« {0 i WL | (3.4.11)

it can be concluded that very little energy is eXxchanged

between rotational and translatibnal.degrees of freedom if

00 g <)
The only non-zero terms for Q% CUO correspond to J =J

7
and J =J*2. For H2 molecule

(n :
Q,(5712) « Q,(7.7) (3.4.12)
since, at 700°K Oy, Cppp =~ 8
The correlation functlons given by equatlon (2.%4.9.)

~were calculated by Bloom and Oppenheim © using the "constant

(P. 866) J,@) can be written as

i) = po Yaread 1702 (3.%.13)

where f is the number density of molecules of type 2 and

” 7 » Ya 3o (9) : 2
TP =f¢(y[of (] 2776 (a0 T, Ty dx | (3.4.1%)

where @& 1s the characteristic length for the spherically

symmetfic intermolecular potential between molecules 1 and 2,

)

L=fa | 7 (x) is the radial distribution function for

L2

ﬁgfacceleration approximation" Using the results of their theory6



the pailr of molecules under consideration, j—pﬁuL is the

Bessel function of 'F*”é_ and 4 1is the reduced mass.

Substituting (3.%.13) in (3.4%.7.), QQ“)(TJ? can be

wriltten as

Q (_TJ’) (‘/’W) fa (27”7’/"‘) I (7-> (2.3‘—)\(27+3>-] (3.%.15)

Evaluating the Racah coefficients in equation (3.2.22)

l ,
BZI) (J')J'> is obtained as
()

B, (:ZI)_-_ Qy_ > (3.4.16)

3(97‘-;—43‘-7) C(3.%.17)
(27-1)(274+3)

7{I+4)
B, (77)= B, (7

for A= 2
' (2) '
The contyibution of H, to the E%(UZO will now be

evaluated. It is assumed that the dominant interaction is the

guadrupole-quadrupole interactiornn for which the values of cxy

in equation (3;H.3.) are

QA,= G, Q.,':Q/_f -4, a,= CL_Q_-_-./ and.

Yy < (28 [ 8 (3.4.18)

Making the transformation to the laboratory reference

frame
f2)

(Séw /2 A (/7_)}2_ (—I)MC (Z_JZ,L,,MM’//A>

(QW Ly, ()

} 34R_ produces transitions of molecule 1 from the state

(3.%.19)

7 7 _
J M to the state J,M while molecule 2 undergoes a simultaneous
transition from the state 3% ,M™ " to state 37 ,M”". Denoting

‘the transition probability for this process by

43
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A((m,sMYy (7 M 7" "’) AlTm, 7'M)is obtained as

(Z) ’ wol
TM,T M £z Lz A((7m,3M) (3", 77m
( M, ) RS, Y7 ( )) (3.%.20)
where
. B Sén
A[(:’m J”M')(J'//M/'J'U/MH/)]: 2 ( > c} (L‘)TJ' 5 ”’)[.C(ZU”MW)]
I/I " i (3 )+ 21)
<TM | @)l rv{>v |<Iu]y, (Qz),TM'>'
and
*‘Q)J'J'TT =(E- 7>+(E ”-E/// (3.4.22)
Jm» is the Fourier transform of k (Z) which is given by
( .
k7¢)=(N-)) & (n(os)x,_/ﬁﬂ o 4 (/zm) &_M(—Q(é)) (3.%.23)
Using equation (3.2.19) to obtain the matrix elements
in equation (3.4.21) and summlng over m, n7 w1 and "

(&
and defining Q (J’a') by equation (3.2.20), Q (J’J)

is obtained as

C 00 Z T [C(T 27, 00) ax
Q (JJ) [(317 )] W ] J(Jy 3.2.24)

kt@) also decays in a time of the order of

Coll
Therefore,
() o '
} oy s J (o) 4w Z’q{ffl -
(Pae 0w TS
It 7 7/ y

QL)[J’J) is non-zero for J =J énd J=J t2and T = 7T
and j‘ -j +2. Up to the order of SOO K only J=1 and 3 states
for orthb H2 and J=0, 2 and 4 states for para- H, need to be
considered, The following transitions (J;T 4—9 q,j") give

iappreciéble cohtribution to gi;%’zyj>, For ortho-ortho

'
i

collisions &) =0 for (1,3 &> 3,1) transitions and

77 J—’///

fOf all other transitions &%73-7JQb@ //Z at room temperature.

i
1
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For ortho-para collisions ‘\)J-I/J//T,,, =0 only for (J’/J//e—>3‘,7”>‘
For the transitions (1,2 «>3,0) and (1,4 <> 3,2) “%yb%égwfz97
at room temperature. According to Van Kranendonk's 20 calcula-
tion of 5&@ versus W for a quadrﬁpole—quadrupole interactiog
J(to) is lérge for W ,<$ 5 and rapidly decreases for

higher values of & . Theféfore, the above;mentioned transi—-
tions have to be taken into account forvdrﬁho-para interactions.

Using equations (3.4.20) and (3.4.21) the ratio of the

transition. rates (34_>j> and /Gr-a JJ) for molecule 1 is

obtained as - P& Wegt écv (JJ”Q) 77”)
A(rm,s'my _ €
: B , W y
A (T/MI) TM) e (B'K wJ_//J_/// ﬁov T,J HTT’) (3.4.26)

Since thé Boltzmann factor is lost in the latter case,
”Oppenheim suggested a prescription to treat these collisions
which was discussedAin more detail in a separate paper by
Bloom and Oppenheim 9. The prescription is to multiply the
upward transitions and downward transitions of molecﬁle 1 by'

6’ and 62‘ respectively where

€= L1+ ¢ PR sz ' (3.%.27)
| A :
and
EZ - —2'_ (' 1- €+ P'K (4)7-7/7-//7///> . (3.)‘{'.28)

The transitions (1,3 ¢=3,1) and (57"¢> 777) will be

referred to as resonant transitions caused by resonant colli-

sions while the transitions of the type (1,2 ¢&>3,0) and

(lﬂ#éré 3,2) will be called as quasi-rescnant traﬁsitions

caused by quasi-resonant collisions in the rest of ttis thesis.




A1l the other trarsitions for which & W

termed as non-resonant transitions.

"
W
T/

# 0

are
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CHAPTER IV
EXPERIMENTAL RESULTS AND DISCUSSION

. . v
4.1.” GENERAL REMARKS

The spin-lattice relaxation time T1 was measured in normal
H2 and i1ts mixtures with He and CO2 as a function of density and
temperature from 293°k up to 7060K. The densities used were
sufficiently high to be away from T1 minimum and yet low enough
for the three body collisions to be negligible. Under these
conditions the theory predicts that T1 is proportional to the
density. The highest pressures used in the experiments were of

the order of 2000 p.s.i. The experiment at any temperature was

started with the highest pressure available and T1 was measured
at different pressures reducing the pressure in convenient steps.
The lowest pressure reached at any temperature was determined by
signal to noise considerations. At room teﬁperature this was

about 100 p.s.i. (~7 amagats) whereas at 738°K it was about 600

p.s.i. (»15 amagats).

4.2. HYDROGEN

4.2.1. Results.

Typical plots.df T1 versus density are shown in figures
8a and 8b for normal H, at room temperature.and at 7389k
respectively. The most probable value of T1 at any pressure and
‘temperature was obtained by fitting the straight line through
the data 1og[A@”) - A(tﬂ versus t by eye and the error on this

value was obtained by drawing the straight line through the
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extreme points. However, a least squares fit was carried out in
a few selected cases on an I.B.M. 7040 computer and the slope
thus obtained agreed withxéhat of the best fit by eye within 5%.
The solid line in figures 8a and 8b represents the least squares
fit and the errors represented as +% correspond to the condition
that there is a 5% probability that the correct experimental
values be outside the limits given by the error +¢g.

Knowing the temperature and pressure, the number density
of the gas was obtained from the tables given by Wooley et al.1L+
As these tables were given only up to 6OOOK, Wooley has suggested
(private communication) that the estimate of density at higher
temperatﬁres as a functioﬁ of pressure can be obtained to a good
approximation from the following equation

| PV/rT = exp [BP + Cf"_]

where
' B :00055478T:%-ao36887:yﬁCLZZOOyTTqQ
and C = 0.004788 2 604053 T_Z

The computations were carried out on an I.B.M. 7040

computer and the density was obtained as a function of pressure
in the temperature range 500°K - 1200°K.

In figure 9 T1(p is plotted as function of temperature
from 293°K up to 738°K along with the data available below room
temperature from previous work,

The data at room temperature from the present work may be
compared with the previous work of WilliamszT(1962), Johnson
and Waugh 5 (1962), Lipsicas 22 (1962), Armstrong 23 (1966)
and Riehl 2k (1966). Lipsicas obtained the walue of T1/P

as 0.125 m.sec/Amagat which is 25% higher than the value



T1{p in m.sec/Amagat

.16

R

12

.10

.08

.06

. Ok

D—

Temperature in °g
FIG. 9. T1(p as a function of temperature in normal H2.

‘M . Riehl
% A Lipsicas
\
\ x Williams
\
% o Johnson and Waugh
\ o Present Work
A A A
A\ A
o%‘( A
“px .
X\.\.*X.-———.—s\i
X X 9x
| | | | 1 | | |
100 . 200 300 00 500 600 700 800

0$



51
obtained in the present work. The value obtained in the pre-
sent work is 0.100 m.sec/Amagat and agrees, within experimental
errors, with that of Williams (0.100 m,sec/Amagat), Johnson
and Waugh (0.105 m.;eC}Amagat), Armstrong (0.106 m.sec/Amagat)'
and Riehl (0.105 m.sec/Amagat). Lipsicas' data differs signi-
ficantly from Williams' and Riehl's between 120°K and 293°K
also, though it agrees very well with thelr data below 100°K.
On examination of Lipsicas' data as presented in his thesis it
appears that the discrepancy is due to the high densities that
wére used in his measurements. Presumably,the effect of
three body collisions increased the appareht value of T,‘? .

In fact, Armstféng analyséd the dependence of Tl on f for high
densities assuﬁing that Ti is given by
T= AP +BP-
and his work indicates that the contribution from therm to Tl
is about 10% if ¢ is of the order of 100 amagats.
Though the absoluté values differ, the general trend of

the curve is the same in all the cases. 77/9 decreases very

sharply with increase of temperature from low temperatures yp

to lSOOK'and remains conéﬁant between lSOOK and 293OK. As the
temperature .is increased above room temperature‘ﬂ/f decreases

graduglly to a vaiue of 0.602 m.sec/Amagat at 738OK.

4L.2.2. Interpretation.

In this section, ‘the theory discussed in the previous
chapter will be used to extract information on the inter-
molecular anisotropic interactions from the experimental data

of temperature dependence of Tl(Pin.Hz, assuming that the



isotropic part of the intermolecular potential is given by a
Lennard-Jones potential. The discussion will be confined to a
two level system even though the fractional population of the
J=5 state is 0.03 at 500°K and 0.07 at 700°K and this assump-
tion is not strictly valid at these temperatures.

In order to interpret the results it is necessary to
write down the expression for % explicitly. From‘equations

(3.2.22), (3:3.12) and (3.2.3.)lit may be seen that 1 is
T1

52

essentially a function of QQA(JJf) and the Racah coefficients.

)
Using the equations (3.4%.15) and (3.4.24) GQZﬁTI> and
AT
QZ(J;.T) can be written as follows:

Q(;_)(.T.T) = 4n E__(_?_L"_Q_ ( )H;_"Hz

5(274%&?@ (%.2.1.)
(2) T (7+1) Hy=Hy '
7,7
R, (77) = z5r N ) (4.2.2.)
where \ ()
(-y)) i ())_ Sy, o (wa—M)z I (2)
% K+ (4.2.3.)
@ ly (2.)
( Hote o) | Pooatlampmy s I (4
nl) T T e (+.2.%.)

and

5 J(T+I
<(za’-;)(21+3}> | (4.2.5.)

where-<' > represents the ensemble average.

(2) /.
While evaluating the QQZKTI) it is assumed that only

those collisions in which total rotational angular momentum is

conserved are important. As the molecule 2 could either be an
(2)

ortho- or para- H2 molecule, GQZ(Z]9 is a function of the

rotational angular momentum quantum numbers of both ortho- and

para- H2. The treatment of these two types of collisions was



given in Section 3.4%. of Chapter III. Treating the resonant
and quasi-resonant collisions as described in the previous
chapter and assuming that non-resonant collisions do not con-
{2) () (2)
. . . . !
tribute significantly to Q (77" , A, (7+2,7) omd QL(‘T—Z,J)

are given by

St BT e
R ('-F3€ (7;' i H"S (4.2.6.)

(7_27>_ 63 ( 2_)5 (_2_>P_2F()7) H}.g (Y4 )
ﬂ . A 7. . 2.7,
S .T/!_ZA (7—2)-0—‘_ >EZ( ;')2 |

where A (,T) T‘H) (77"2) _
CZJHJ)(EJ+§> (k.2.8.)
F= E- =075 for normal H2 (4+.2.9.)
Py

and EI and 62 are given by equations (3.4%.27) and (3.4%.28).
Substituting equations (4+.2.1.), (%+.2.2.), (4.2.6.) and

(4.2.7.) into equation (3.2.22), using the relation given by

equation (3.4.4%.) amd evaluating the Racah coefficients,

[3 CTJ ) are obtained as follows:
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B,(") =‘(7‘*5')f(’7,) o B, (:9:(3)3 ) f()w L, (%.2.10) |
(3'3)—-()(/9-'-5)‘?()7,, H2_H2- )' 5‘(31'): (_3_> 56&P (,'71) & -
B (:):)_-<3 ) P () >z - B35 1/13?‘( ')Hfﬂl (4.2.11)
thezr(:J3> ‘(&_ X+57:)?< ) s H; ' B(S ) ( 207, )Z b
/27r N, ot 21C
= ( 7,) + 7?§7r> (4.2.12)

71 n/ where j7 is the density in ideal amagats and

S = 271 FP+ [2/5 ,
I 285p 7 ) 250 2 zse?-P‘r]
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5, = [FP+(!- F)(? P + 9062_}1)]

4 250 n

Substituting equatlons (4.2.10) and (4.2.11) in the
equatlon (3.3.12) to obtain J() and J,(0) and using equation
(3.2.3.) f/T is obtained as .

5>/T, R Bl | R Y L 228(52+254)+4@(35,+53)§]
? 77 L5 X sts)x+ (355 835, 2w
pe VT [ S5 (W Reser)x+5% P(Sz*ése)ﬁ gstt S)}/

]
" [LX+(35*&—5>X+(5/ 2= 55 9)]
It may be noted from the above expression that ~f/'ﬂ

is a function of (')(',/ )2 ”z(n)H’grafd F.

In view of the general theory now available it was felt
necessary to reinterpret the data avéilable’below room tempera-
ture from other work. These data had been 1nterpreted pre-
viously neglecting the tran51tlons between states of different
J, a restriction which has been removed by the new theory. The
data of’D/P 'obtained by Lipsicas end Hartland 25 as a function
of ortho- H, and Riehl's 2 and Williams' 2% data of T/f in
normal H2 will be used to obtain (‘né)HiﬁJ'and (V;)HZ‘HL below room

temperature.

The value of'ﬁ/f due to ortho-para collisions alone
corresponds to the condition that F=0 and that due to ortho-

ortho collisions alone is obtained by equating F to 1. From
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equation (4.2.14%) it can be seen that ’/ELP/F%)OO depends
! H-H T, /(T .
only on (720/;,"> THy ( I/;J)op/( I/f)OD was ‘¢alculated for
different values of OQ/Vﬂ) on an I.B.M. 7040 computer and fig.
10. shows the theoretical plots of‘(ﬁﬁﬂoplfn/f>oo as a function
of ('7;/ y:)HiHZ at temperatures 77.8°K, 100°K, 200°K and
’ @] . . v { N Hin_
300"K. Using these theoretical curves, the value of (ﬂolq,>
. . -r
corresponding to the experimental value of (Iﬂﬁofﬂﬁ@zowas ob-
tained at different temperatures. Substituting these values
: HyHa :
of (ﬁé/v:)z into equation (L. 2 14) and using the experimental

values of W/f for normal'H (:) was obtained at different

temperatures.
Hy-H
Defining(k)2 =
Hy- H,__ 3 o,
(k)™= 225 I14) (4.2.15)

IMﬂQZ . .
OL) can be expressed, using the equation (4.2.%) as

H,-H
! Yo (k)= ' (4.2.16)
= a 2w
(y)'> f C 0 134
where j% = 2.69 X lolgcm._3, an "Ideal Amagat".

' ' HyH: .

Fig. 11 Shows(koz 2as a function of temperature when
the quasi-resonant collisions are included and alsoc when they
are not included. It can be seen from the figure ard the

following discussion that the quasi-resonant terms probably
B |

-3

contribute significantly even at 200°K though the populatlon
of J=3 state is only 3% at this temperature.

If the isotropic part of the intermolecular potential
is assumed ﬁo be given by a Lennard-Jones potential for reasons
discussed by Blbom, Oppenheim et al in their paper8, the temp-
erature dependepce of kl is determined by the radial dependence

of the anisotropic part of the intermolecular potential.
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Assuming that the anisotropic potential is given by a simple

power law( ) " u;y) _
q/
& (a0 = 1,,“ (4.2.17)
HzHL

(k) can be expressed as

e /- .2,
(kJ = 0-134 (G):J)Z_Z (4,7) (+.2.18)

Using the values of the integrals I(}n) given by Bloom,
Oppenheim et ai 8, the theoretical values of( ) can be com-
puted at different temperatures by normalising the theoretical
value to the experlmental Value at 200° K, to obtain 03()
Fig. 12 shows [k ¢a k(umﬂ as a function of temperature along
with the theoretical plots for different values of n. Fi%. 12
also shows the experimental values of [ ﬁﬁ/k.@odﬂ when the
guasi-resonant terms are not included. It can be seen from
the figure that n=5 gives a reasonable fit in the high tempera-
tuge region which is consistent with quadrupole-quadrupole
interaction. The disagreement in the lcw temperature region
is believed to be. due to the fact that the guantum effects
are not taken into account adequately in the theory.

The quadrupole moment of the Hz‘molecule can be obtained
by comparing the experimental value at éoooK with the theoreti-
cal value. The value obtained in the present work is &>57toogx

10"26 e.s.u. as compared to the theoretical value of 0.65 X!

10_26 e.s.u.

Having established that n; is given by quadrupole=

quadrupole interaction, ;the values of 7/ at different tempera-

tures were obtained from the following equation
uNe HyH, (2_00 )/2 I(#5),
T

A 4.2.1
o, (200 TGP0k o219
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The contribution from quadrupole-quadrupole interaction
aloné to'ﬁ/P is obtained from equation (4.2.14) by putting
7;:0 which is shown in fig. 13 along with the experimental
‘values of T, /p+ It can be seen from the figure that the con-
tribution from quadrupole-quadrupole interaction is quite sig-

nificant throughout the température range.

Evaluation of(nt)

Equation (4.2.14) can be written as a polynomial of

HyH,

“ order 4 in X where X is defined by equation (4.2.12) and the
solg@ions of this polynomial are found by Bairstowe's method.
on an I.B.M. 7040 computer at the University of British
Columbia computation centre. All the four roots were real and
only one of them was positive; Choosing the positive root,

(‘7};)”2'”2 can be evaluated knowing (nllj”f“zand C.

Defining
Hy H 0
(k<™ - %P—I (2) (4.2.20)
(n:.Z& can be expressed as
Ho-H .
()" gt ampy” 2 (k)™ (4.2.21

Fig. 14 shows ko as a function of temperature. The

error bars represent T 54 error on the value of TVP. AT 107
) Hy Ha.
error on the value ofﬁL) introduced the same error in the
HZ—/tZ et .

value of ﬂ%) as shown by the error bars Th the figure.

If a simple power law 1s assumed to describe the aniso-

_ Hy-H

tropic potential,(k)2 %is given by

Ha- H2_ 6’K (1) '

(4.) (o Y T (2,0 (k.2.22)
Using the numerlcal values of the 1ntegrals Ii(i,n) ww

can be obtained by equating the experimental value of ko to

60
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the theoretical value at 200°K for any n. Thus [k”m/ko(ZaoJ can

be obtained as a function of'temperaﬁure for different values

of n. Fig. 15 ‘e}:howe. the experimenta{{l values of [__k,, (T)/k, (,_ooﬂ,#iﬁl
along with the theoretical plots for different Velues of n.

When a simple power law 1s assumed to express 5fy?@13 the
’experimental values are best fitted for n=15. However, the
theoretical studies 8 of the form of the intermolecular potential
between H2 molecules which depends on the orientation of one of
the molecules alone indicate that the simple form can better be
represented in terms of an attractive part proportional to

~’/Q§ egﬁuaurepulsive part proportional to '/aﬁn In this case

Q)
4—@&) is given: by "

) #w ,
6_ (CLI)‘ ‘Kw + __66 ()-4-.2.23)
.I X '

. The value of aﬁ? was computed theoretically 8 and 1is
L ty. 12 - , e
given tb be (‘06 = -/.85x%x Jo tec . X, is then given by:2u

T
' B t !

Hy-H 2z " 2 D ,
(ko) * *= %—1‘{(&?":)I(zm')+(w2’)3:(z,é)+zw;f WS, T (2,6 )} (4.2.24)

a%. is evaluated by equatiné this expression to the experi-
mental value of 1Q at EOOOK and using the tables III and IV
given by Bloom, Oppenheiﬁ et al 8 to::evaluate I(ijnv‘(k;ﬁzﬁh—
at any other temperature is obtained-from equation (4.2.24)
using the values of (z n, ﬁ) correspdndiﬁé to that particular
temperature. [ak (T)/k (200)] 2. Ha as a function of temperature
is shown in fig. 15 for different values of n”, It can be
seen from the figure that the agreement between the experimental
and theoretical values is best for nl=l3. As the values of the

integrals for I(2,12) and I(2,6,12) are not provided in the
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~tables, the theoretical curve for n‘tlZ was obtained using
the-interpolated values of I(2,12) and I(216512) and the plot
thus obtained was found to be almost identicél with that of
nL=l3. The departure of the experimental values from the
theoretical Values above SOOOK is probably due to the fact‘

that the analysis was carried out on the assumption that J=5
state can be negléqyed. At 500°K the population of J=5 state is
about 2% and at 7OOOK it is about 6.7% and the effect of J=5
state has to be taken into acéount. Based on the analysis of

two-level system 34? for H2 can be represented by

() . -15 /2 6 '

] =195 , (2% 2% 4.2.2
He =195 % 10 C'L?{IG'(/;) - _/_L) }Pz_(oﬁe'> ( 9)

and the intermolecular potential Vﬁ)can be written for an

ortho-para pair ‘as

V(@:z,ue[(%)'f(%)éjw.%x /o""f,.m (%)™ (%ﬁ P ek 8’) (4.2.26)
en?s
where equations.(4{2.23) and (3.4.2.) were used and the isotro-
pic part of the intermolecular potential was given by Lennard-
Jones potential. If it is assumed that the anisotropic part is
also’ given: by: Lennard-Jones potential, the theoretical Valﬁes
agree very well with the experimental values ﬁp to 500°K and
(1)

] -1
the value obtained for G)g) is Q)e =-3.3x1/0 Z/Scr_ . The

intermolecular potential can be written for this case as
a~NZrané )
V'(fL):LtGL(TJ '(723__”_’* 0-173 P, (¢ 6 )] (4.2.27)

The values of the integrals I(gn) and I(p y;,y)') were
given only up toP6:= 0.09 in the tables referred to in the pre-

ceding paragraphs which corresfonds to approximately 400°K for
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H However, it was fouﬁdfthat log If(}3n) vs. log ( PE€)

5
as well as logiI{knp¥) Vs log(PE> are linéa? and the values
of the integrals at higher temperg@ures were obtained from the
extrapolated values of these plofé. The actual computation

of these integrals was carried out by Lipsipas (grivgte commu.-
nication) extending the range of BE down to O.qiu ‘These

values agree with the ext%aﬁolated values. The aéfual values

are presented in Table II for 0.03 ¢ Pé < 0.09.



n D | f36f
% 0.03' 0.0k 0.05 0.06 0.08 0.09
|
: 2 | 0.139% 0.1276 0.1190 0.1123 0.1027 0.0991
L 2 0.091% 0.0836 0.0799 0.0753 0,0672 0.0648
| 0.1646 0.1424% 0.1267: 0.1149 0.0986 0.0926
7 } .
L . 0.1125 0.0972 0.0863 0.0783 0.0671 0.063
| 0.2516 0.2067 0.1762 0.1541 0.1244+ 0.1139 |
9 1 |
L i 0.1763 0.1446 0.1231 0.1076 0.0867 0.0793
5 1.8029 1.3151 1.0131 0.8116 0.5626 0.4813
1 j
L ©1,3098 0.9534% 0.7332 0.5867 0.4061 0.3473
2 13,957  2,8028 2.105% 1.6489 1.096% 0.920
17 |
4 | 2.896 2.0455 1.5336 1.1996 0.7965 0.668
| 9.0533 6.2486 L4.5916 3.5246 2.2569 1.8586
19 |
| L | 6.6630 L4.5851 3.3617 2.5773 1.6477 1.3565
| 21.4131 14.448 10.415 7.8542 L4.859  3.9322
o1 |
4 15.833 10.65 7.6580 5.7678 3.5622 2.881kh

Table %I.

é

Values of I(p,n) for dilute H, gas including the
first quantum correction for a Lennard-Jones
lsotropic potential.
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4.3.  H, and He Mixture.

4.3.1. Results. ‘

The proton spin‘relaxation time was measured in H2 and
He mixtures as a function of density and composition from room
temperature up to 7OOOK. The data were taken at room tempera-
ture for five conc?ntrations of the mixture but the.temperature
dependence was studied for only two mixtures, one with 32.2% He
and the othef with 77.0% He. Typical plots of Tl vsnf are
shown in fig. 1l6a for 32.2% He and 77.0% He mixtures at room
temperature whereas fig. 16b shows the plot for 77.0% He
mixture at 7OOOK, which represents the worst signal to noise
conditions. The solid line in both cases represents the least
square fit for the data;

Fig. 17 shows T”?‘ as a function of percentage of He
present in the mixture at different temperatures. TWithin
experimental errors aﬁd judging from the data available,'the
dependence of'ﬂ/P on the concentration of He was found to be
ligear at higher temperatures but all the data at room
temperatufe cannot be fitted by a straight line. However,
when a straight line 1s drawn through the data as shown in
fig. 17, it is difficult td say whether the deviation of the

data from the linear fit is significant or not. If it is sig-

nificant the extrapolaﬁion of ﬂ]? to 100% He is perhaps not

justified. The theoretical investigation gave more insight to

this probleh-which will be discussed in the following section.
Assuming that the éxtrapolation is valid, the values of

T}[P for 100% He are given in Table III for different temp-
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ergtures.

TEMP.

293°k
400°K .
500°K
600°K
700°K

750°K

Table III. (UbﬁHzﬁk

(7 /P>H2-H£ e [pmagol )

0.0645
0.0635
.0.0615
0.06

0.059

0.058

dﬁtained from extrapolating the experi-
mental data to 100% He.

1
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4.3.2., Interpretation.

If 6% and~&e_represent the number of H2 and He molecules
L L
per unit volume respectively, thenthe density of the combined
system is given by
£ o= fll-r Pre (4+.3.1.)
and if _P and p are the densities of ortho- and para- H2 res-
2]
pectively, then
Pulz P+ g, (%+.3.2.)
The fractional densities for the mixture can be defined

as

P fe P 5 R
O g f, - - (4.3.3.)

and for normal H, ( /4)9

‘ For this mixture there are three types of interactions

that have to be considered: (i) the interaction between ortho-

ortho molecules, (ii) the interaction between ortho-para

molecules, (iii) the interaction between ortho- He atoms.

The first two types of interactions were discussed in the pre-
oW ‘

vious section ard the interaction between ortho- H2 and He

molecules will be discussed below.

H2 - He Interaetion:—

This interaction depends on the orientation of molecule
1 alone and hence can be represented by the hamiltonian 34:)
As dlscussed in the previous chapter, because of the large
energy difference between rotational states, the transitions
produced by this interaction are those with no chaﬂge in the
rotational angular momentum of the molecule, i.e. AJ =0

Thus this contrlbutes only to Qg Cff) Using equation

EVRER DR PR S B
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(3.4.19) this can be written as

Qzﬁﬂ&mf(s j!iﬂl..fgm&))

(27-1)(27+3) (4.3.%.)
where ) ﬁz " |
N ’“”(‘gm’ L& (%.3.5.)
'/ H - He
= 9 o' (27 M) L(k,,) - (4+.3.6.)

o, M and I(é)are evaluated using approprlate parameters
for the H, - He 1nteract10ns 26 “and ('n ) is defined as

( ) ()HHe/

where j> is the density 1n ideal amagats.
Using equatlons (3:%.15), (3.4.16) and (3.%.17), the con-
tribution to B -(J,J) and B?_ (7) due to H, - He interactions

can be wrltten as
r

" H; He |
&B (0] (7N (27+3) (4.3.7.)
Hy- He

, ~ Hehe 3 (47%47-7)
[Bz(”)] .- 5 ﬁ,(’%) P G- T(ares)”  (+.3.8.)

-~ H ~-He
127 2
ST ()T e

Evaluating equations (4.3.7.) and (4.3.8.) for J=1 and
J=3 and adding to the contributions from H, - HQ interactions,
Bl(l,l), Bl(3,3), B2(l,l) and B2(3,3) for the mixture can still

be.given by equations (4.2.10) and (4.2.11) if X is defined as

. W e
H.” i by
27 g N2 200 3 iz (M )
s L H (Z)%) + TSC':W PHZ] 25 PH\: ( ) ’ (%.3.9.)
p3 "]l fy)
Therefore ﬂh; for any concentration of He is given by equation
(4.2.14) where X is defined by equation (4.3.9.).

Equation (4.2.14%) was solved for X as described in the
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previous section using the experimental value of vyT/P for the
mixture at any composition. Havihg obtained X, (7 )”2He can
be ohtalned from equation (4 3.9.) where (ﬁ " ana (n ) W are
obtained from the analysis of - H2 resultsf

It_may be noted here that when the extrapolated value of -
| 77/f for lOQ%JHe.is used the hyd?ogen parameters need not be
used and therefOre the error due to the uncertainties in
hydfogen parameters can be eliminated. The value of (ﬁ;)
was obtained ffom the experimental values of ',ﬂ/f for 32.2% He
77.0% He and 106% He from room ﬁ;mpefature up to 7OOOK, while the
values below room temperaturegwere obtained from Riehl's data 2
for 60% and 100% He-.(Kj%wis obtained from equation (4.3.6.)
and is showﬁ in fig. 18 'as a function of temperature. The
theoretical_plets of.'ﬁﬁ> as a function of pefcentage of He
were obtained for these three slightly different values of CWD%HC
both at room temperature end at 7OOOK Fig. 19 shows these
plots along with the experlmental data. As can be seen from
the figure the theoretlcal plot in whmﬂlfq) gbtalned from
77.0% He mixture was used'gives best fit to the experimental
results. Also the theoretical plots indicate that the depend-
ence ofxﬂlf on the concentration of He 1s not linear. The
value of Tilp for 100% He predicted by the theory is about 15%
smaller:than'the extragﬁ}ated value at room temperature and at
700%K the value is only about 3% or 4% smaller. At sufficiently
lew temperatufes when all the molecules are in their lowest
rotational state one would not expect this non—linear depend-

ence of ﬂ[? on the percentage of He as this is a manifestation

of transitions between different J states. From the above con-
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. 77
siderations it can be said that the dependence of 77[9 on |

the coneemtration of He iefnot linear above 1500K and the

extent of non-iinearity is smaller at higher temperatures. At
lower concentrations of He, H2 - H2 collisions play an important
role in relaxation mechanism and hence the value af(h;j&g%tained
from 32.2% He mixture includes the errors of H2 parameters.

Under these clrcumstances the value of(ﬂ) ,’as obtained from
77.0% He mixture is perhaps a good compromise as is also indi-
cated by fig. 19.

. Fig. 20 shows the computed values of T/p for 100% He
using equatibns’(4.3.9.) end (4.2.14%) when normalised at 32.2%
He and 77.0% He from room:temperature up to 7OOOK, along with
the experimental vaiues aé-obtained from extrapolating the data
to 100% He. Below room temperature eguatlon (4.2.14%) was nor-
malised with Rlehl's data for 60% He to compute the value of

7‘f for 100% He.

Fig. 21 shows Lk (T) / K, (293)] as a function of

temperature along with the various theoretical plots. The
theoretical plots were obtained as described in the case of H,
.assuming that [ﬁkuQ is given by

L Caxy = A “’a)/x" | (%.3.10)

and also b ,
i Y i Koo kel
Plaxy= 220+ T2 (4.3.11)

x x

where We = — W, .
"

The plots were shown for the case n=19 when [ () is
‘ (
given by equation (4.3.10) and for n’=l3 and 15 when bp(hx>

is given by equation (4.3.11). It was seen in the case of H,
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that the theoretical curve obtéined for the case n{:l2 1s almost
identical with n(:l3. It can pg%seen from the figure that the

experimental data are adequately fepresented when

0 (o) = *“*)7’: - *‘—"3{—2’) (%.3.12)
and_the 1ntefmoiecular potent?él for H2 - He pair can be written
as ., . :

vo(n)zqeL(“-ﬁ)-(%) ]['*0-18#’1(Cas 6’)] (4+.3.13)

Riehl has also'obtained an expression for the intermoleéu;
lar potential between H2 and He molecules using scattering
thedry to evaluate the collision cross-sections. He assumed
that the 1sotrop1c and anisotropic parts of the intermolecular
potentials have the same dependence on A and that this depend-
ence is giver} by [A ez;:(-klh.)_B/{_‘é_-]‘ where A, k and B are con-
stants. He élso computed the values of T}/P . using the Bloom-

6 3748

Oppenhelm theory as well as scattering theory, asSuming

that the anlsotroplc part is given by

15 J4
V()= e (%) - (&) ] (328
and the isotfopiq part is given by Lennard-Jones potential.
For the best'fitlof his data below room temperature, he
obtained § = 0.28 from scattering theory and & = 0.1% from

Bloom-Oppenheim.theory when the theoretical value was noﬁﬁ&liéed

to the experimental value at 100°K. This is perhaps due to the
fact that the Blobm—Oppenheim theory does not take into account
the quahtum effécts. It was found tke t when the theoretical

value using theiBloom—Oppenheim theory was normalised to the

- experimental value at 3OOOK or apove, using the 77.0% He sample, .



81
the value of § obtained was 0.173 instead of 0.1k.
If Riehl's theory was fitted to the same data at 3OOOK,
it appears ﬁhat the value of § so obtailned would be less than
0.28 by at least 10%. This may'indicate that the quantum
effects neglected in the Bloom-Oppenheim theory may not be as

important above room temperature as at lower temperatures.

H.H.? H2 - CO2 Mixture.

4.%.1. Results.

T,Was measured 1in H2 - 002 mixture for three concentra-
tions of CO2‘at room temperature as a function of density.
The temperafure dependenqe of 7%>was studied for two o these
mixtures where the total number density of the gas was determined
as described in Chapter II.

Fig. 22 shows the dependence of T, on fat room temperaf
ture fér 16.4% CO,, 55.0% CO, and 77.5% CO,. It can be seen

from the figure that T, -Hoes not depend linearly on density

for higher concentrations of 002. W/P vs. £ at room tempera-

ture is showngga fig. 23 and the extrapolated value of 77[9

to'f$ 0 givés Eéin diluﬁe gas. The same procedure was used to
oﬁtgin the valug of EAD ih‘diiute gas at higher temperatures;
Fig. 24 shows ﬂ/f as a function of bercentage of CO2nfrom-room
temperature up to SOOOK. Within experimental errors TVP was
found to depend linearly on the concentration of COZ‘

Above SSQOK, the recovery of magnetisation was found to

be a sum of two exponentials and the ratio of the time con-
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étants was approximately 2.5 at 600°K. The reason for this was
;uspected to be H, and CO, reacting chemically to g%veﬂrise to
- CO and H,0 and the two time constants could be due to the rela-
Xatlon of protons in H2 and H2O. This reaction was studied by
Graven and Long 27 from 800°C up to 1100°C in quartz vessels.
Accordlng to theﬁr‘results the extent of reaction varied from
0.5% to 2.0%, depending on the reactant concentration, at 900°C
and 0.53 second reaction‘time. The total pressure used'by them
was an atmosphere or less. In the present case the effect was
noticeable for 55.O%ICO2 mixture even at 600°K. The pressures
used were from 15 to 65 atmospheres. The mitérial of the sample
holder, Be-Cu, could be acting_as a catalyst to‘the reaction
and the high pressures involved'could be the reason for the
reaction to takevplace at much lower temperatures than antici-

pated. It may be noted that the effect could not be observed
if the measurement was made within the first hour after the

gas being introduced into the preheated sample holder and the
effect‘was almost complgte after 8 of 10 hours. Because of
this complication the temperature dependence for H2 - CO2
mixtures was studied only up to SOOo

The extrapolated Value for 100% 002 gives the contribu-

tion due to H, .- co collidions alone and log(Tﬁa vs. log T K

2 oo} ¢
. DD OL
is shown in fig. 25. The deviation from linear dependence of

log(37) vs. log T at HSOQK'and SOOOK is probably due to the

loo/ €Oy 2
effect of chemical reactlon dlscussed above.

H.ﬁ.2.'lnterbretation.

The interaction_between ortho- H, an.d-'CO2 molecules can
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be a&éQuately described by quadrupole-quadrupole interaction
sincétﬁpe}molecules do not have a permanent dipole moment.

The hamilfonian for this interaction is given by

D)

He = He + J—l (k.k.1.)

and ' (;zy(rﬂ : L T e, Qcoz / S
where Qois the quadrupole moment of ortho- H2 molecule
and 6%%_15 the quadrupole moment of CO2 molecule., It 1is assumed
that this interaction cannpt produce transitions between
different J states of the ortho- molecule. ©Since the 002 mole~
cule has a high moment of inertia compared with H2, many of 1ts
rotational states are populated. Collisions with H2 molecules
will produce transitions between different J states for 002

molecule. When these transitions are allowed the value of C

for CO2 becomes 5/2. The contributions to B, (J;J) and B2(JJJ)
due to H2 - CO2 interactions can be written as
Hy ¢
_ l2,7r o ( ' 21 CCOzPCo $ (37' )'2 %
BI(J‘IJ‘>H2.C01 P ’)7 ) (2_ 25x &J‘ [)(2_7./.3)
7"7(271‘3) (4.4%.2.)
T T =
B, )Hz-c.‘o,_ ' (27-0)° (zr+3) (4.%.3.)
and X for H2 - 002 mixture can be defined as
127 (7 o 2/c 127 g2 Co
x= (2 (O)PHZ+/25;)HL)*SZOZH ("Z ) |
(%, Y% y-co (4.4 %)
2 Ceo, ()"
where 2 2 12gn
H,-Co, (4.4.5.)

(".) Pa(zwpu) (k)



h

H-Co. y / Hy Co | A
(71))" F fa b (077 (o

where &, U are evaluated for H2 - 002 interactions.
Evaluating equations (4.4.2.) and (4.4%.3.) for J=1 and
J=3 and adding to the contributions fron’r‘--H2 - H2 interactions
BI(ZJ) and l3z(xy“) for H, - CO, mixture are given by
equations (4.2.10) and (4.2.11) where X is defined by equation
(H.H.H.)._P/n for any -composition of the mixture is given by
equation (4.2.14) which can be solved for X on the computer
as described in the previous sections.
From the value of X thus obtained chz can be obtalned
from equation (M.4.k4.) knbwing X, + Using equations (4.4.5.)
. » Ay COp 3 - .
and (&.4.6.), (’ko+»c4”) can be written as

Hyh

Xeo 1) /ot 50l 5

- COZ

1)

C&fckjh

(+.%.7.)
| where -ﬂ - ﬁ_/P : Cm; 5/2

Hp=COp
Fig. 26 represents (k°+<:k:) as a function of temp-

erature. The theonetical plots of W[P'vso percentage of 002
are shown in fig. 27 for different values of XCOL'as obtained

from the analysis of the data in different mixtures at room
temperature and at 5OOOK. The experimental data fité best the

plots in which X,/ 6btained from higher concentrations CO,

2.
were used. In this the theoretical plots also confirm the

experimental observation that ﬁ/? is proportional to the

concentration of CO20


http://h-.h-.3-
http://h-.h-.h-
http://h-.h-.5-

10.0. |

[0y x 1027 sec21H27005
O
0O

O 1 ’ | S| | | |

200 . 2300 .0 koo 500
“~Temperature in °K

1)H2@CO

FIG. 26. Temperature dépendénce of (kO+Ck 2 as obtained from

Egs.(%.2.14%) and (4.4.7) using the experimental values of T1(?.

68



in m.sec/Amagat

Ty/p

1.8

"0 Experimental Points

—~——— Theoretical Curve

O | | | I ] | }
0 25 ’ 50 75 100
Percentage of CO2

FIG. 27. Theoretical plots of T,/p vs. %002 in'Hg—CO2mixture when Eq.(4.2.14%) was

normalised with the experimental values at different concentrations of CO2.

06



o1

The fact that (kg-ckjﬁcgdoes not vary very‘much with
temperature indicates that the pontributions from short range
ihtéréctions to 4k, «v k, are véry small. Since the informa-
tidn 1s available only on (kp+c4{) and not on 4, and K,
(separately, it 1s assumed that C_k};kb as a first approxima-
tion. The theoreticai value of 4ﬂ is obtained from equation
(4.2.18) with n=5 and aﬁq is obtained by normalising the theor-
etical and experimental values at 293OK. Fig. 28 shows the
theoretical plots of [_k(*>/k,@w3%)]w6%as a function of

temperature along with the experimental values. The agreement

between the theoretical and experimental plots indicate that

the dominént contribution to the anisotropic interactions

between H2 and CO2 molecules 1is gquadrupole-quadrupole interac-
tion. The quadrupole moment was obtained by normalising the
theoretical and experimental values at 293OK and the value
obtained is (4.83 £ 0.3) X 1072% ¢.s.u. This value is compar-

able to the values obtained from other experiments.
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CHAPTER V

EXPERIMENTAL RESULTS AND DISCUSSION (cont'd)

5.1. METHANE

5.1.1. Results

The proton spin-lattice relaxation time Tl was measured
in methane as a function of &ensity from room temperature up to
7OOOK. KﬂoWing the pressure, the dénsity at any temperature waS>f
obtained from the compressibility tables given by "American

Petroleum Inétitute"?8 Fig. 29a shows Tl as a function of den-

sity up to 160 amagats at room temperature. It can be seen
from the graph tﬁé% the dependence of Tl on density is linear
in‘%he low density region whe%éas it 1s non-linear at higher
densities due to the effect of three body collisions. The
value of'ﬂ/P in the dilute gas is obtained by plotting’ﬂ/p as
a function of density'andfextrapoiatihg it to zero density.
Fig. 29b shbﬁs'ﬂ/fvﬁf'at'room temperature. ' Figs. 30a and

30b show similar plots for CHH at 720QK and the same procedu;e

is adopted at all other temperatures. The value of 7]/?
obtained. at room temperature (20.2 m.sec/Amagat) is in agree-

ment with the values obtained by Bridges 27 (21.0 ¥ 5% m.sec/
Amagat)j Lipsicas, Bloom and Muller -0 (20.0 m.sec/Amagat)
and Johnson and Waugh 31 (23.0 m.sec/Amagat). Fig. 31 shows
77/P as a function of temperatﬁre_along with the low tempera-
ture data availgble from other work whereas log (ﬂ[ﬁ) as a

function of log T °k is shown in fig. 32." The data can be
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fitted by a straight line with a slope equal to - 1.5 indicat-
ing thatfﬁ%f is roughly proportional to 715 This {s in
agreement with the slopes obtained by Bridges 29 ( 1.45 T 5%)
Johnson and Waugh 31 (-1.%2) and Trappenlers et él 32

( 1.55 = O. 03)

5.1.2. Interbretation.

Due to the high’Mément of Inertia, the rotational states @
of the CHM molecule are élos@}y spaced and hence quite a large
number of‘rotatioﬁél Sté@eslare apprecilably populated even at
low temperatures. As a 3ésult, the theory developédvin @hépter

III cannot be directly applied to this system becdnse of the

large number of equationé of (3.2.23) that have t8 be retained
to give'a correct representation‘of Tl' Therefofe, further
approximations will be made to the general results obtained in
Chapter III in order to get some infofmation about anisotropic
intermolecular interactions. Assuming that the intramolecu%ar
'interactioné that are responsible for the relaxation mechahism
are glven by spln—rotatlonal interactions alone, the relaxation
rate can be written in the short correlation tlme llmlt using

equatlon (3. 2 35), as

o2 YR 2 (%) £ C/‘\fo | (5.1.1.)
= A ~
Assumlng that /\ is a slowly varying function of «

Oy

1
7

it cédn be replaced by 1ts average value, '< \,;> and can be
taken outside the summation. Since 2{C equation (5.1.1.)

can be written as

: 2
-_/’7: %VLH’ jo(jo-rl) </\ > - (5.1.2.)

where the bar represents the ensemble average.
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Using the high temperature result
T(T+7) o= T - (5.1.3.)

the relaxation rate can be written as

-
— = — Uk
T Ay oot
If the transitions between different J states are in-
frequent compared with the transitions among different my levels
of the same J-manifold, !/{A) can be identified with the corre-

lation time T of the Spin-rotational interactién. Under such

conditions
1 \ |
T < T T_ ! : (5.1.5.)
Since experimental results indicate that
1 s .1.6.
7 < T (5 )
it c¢an be concluded that
T, < 1797 | (5.1.7.)
6,7

Bloom and Oppenheim"_ have eVafuated. 2; for the case

of diatomic molecules in terms of intermolecular anisotropic

interactions using the "constant acceleration approximation" and
they obtain for the case where no rotational transitions take -

place, a result of the form

(/ _ >/2A(J‘) I(V)(p) (5.1.8.)

( jf.Z%L
where A(J) is a function of the rotational state J, j;v)(P>
is defined‘by equation (3.4.14) and M 1s the reduced mass.
The assumptlon that(/ ) does not strongly depend on J is valid
only if A(J) doés not strongly depend on J. Thé 1ﬁtegrals
:ZZQQ are evaluated by Bloon, Oppeﬁheim et al 8 for the
cases where the isotropic intermolecular potential is given by

hard sphere potential and Lennard-Jones potential. For the
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hard sphere model the integrals are independent of temperature
and hence 7 « Toi- Further this model predicts that

T)po T for all system$ like CH, - X. In fact, the
'Tl'g behaviour is not observed for the case when X is He as
can be seen from the following section. Therefore, the temper-
ature dependence of T:!P will be considered taking a more
realistic form of the isotropic part of the intermolecular
potentials namely the Lennard-Jones potential, and assuming

that the anisotropic part is giveh-by a simple power law

w )
(e = hw) /2" (5.1.9.)
Then 5/ |
2
e T /I(P,n) (5.1.10)
where 7 (o) 2

)
R
I(p))4> =, I(pn)

(From the experimental values of ﬂ/P at different temp-
. CHCH
eratures the temperature dependence of | I o

P P L (P)V')T/I(F.H?zes"k]

is obtained from equation (5.1.]10) and is shown in fig. 33

along with the theoretical plots-of [?(R”%—/I(ﬁn k

293°k ]
vs. temperature as obtained from the tables given by Blodm,
Oppenheim et al 8 for n=3, 5 and 7. It may be worth mention-
ing here that the ratio of the integrals at different tempera-
. tures 1s independent of the parameter p. If the octopole-
octopole interaction is assumed to be the dominant interaction
between the two methane molecules, then n should take the
value of 7. But as it can be seen from the fig. 33, the plot
with n=3 fits best with the experimental results. However,

this cannot be taken too seriously as the equation (5.1.8.) is

obtained assuming'that perturbation theory can be used to
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§y3£92331the transition probabilities between the rotational
stateé of the molecule which 1s not true for this case.
A&ditional temperature dependence could also be coming from

A(J). Hence a more rigorous theory is nécessary to understand

these results.

5.2. CHA - He Mixture.

5.2.1. Results.

Tl was measured in CHM -~ He mixture as a function of
density for five different compositicns of the mixture at room
temperature and the tempgrature dependence of mixtures with

30.0% He, 76.0% He and 88.2% He was studied from room tempera-

ture up to 7OOOK. Typical plots of Tl Vs j’and7%yvsj>are shown in

figs. 34a and 34b respectively for the mixtures with 88.2% He

at room temperaturé whereas fig. 35a and fig. 35b show similar

plots for the same mixtu?e at 730°K. The dependence of T}/ﬁ‘

on f was linear within e?perimental errors and the value

extrapolated to infinite'dilufion givgs the value of 'ﬁf? for

dilute gas which will be\referred to as T, [9 in the following.
Log (ﬁﬁ% vs. log T9K was found to be a straight line for

all the mixturgs and the slopé of the strajght line decreased

with the increase of the He c@ncentratidn in the mixture and

the values are given below:

30.0% He - 1.28 T 5q
76.0% He - 1.08 T 59
88.2% He - 0.82 t 59
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- The dependencevof‘ﬁ/f on the percentage of He at differ-~
ent temperatures is shown in fig. 36. At room temperature the
dependence odey on the percentage of He shows slight non-
lineerity for smaller percentages of He. 1In other words
‘when the data of the mixtures is fitted by a straight line
and extrapolated to 100% CH,, the value obtained is about 15%
smaller than the actual measured value. There are not enough
data for low concentretiohs of He in the present work to estab-
lish this effect definitely. The effeet.disappeared with |
increase of temperature and is totally absent above 400K .
Therefore, it i1s perhaps necessary to do an experiment at
around 200°K measuring ﬂ[? in several mixtures with He concen-
trations between O and 25%. This is only a matter of curiosity
and does not affect%the purpose of the experiment since the
values of interest are those extrapolated to,iOO% He. The{
value of7'k> extrapolated to 100% He glv%s the contribution
due to CHM - He collisions alone. Log( IF)CH;He vs log T 1is

a straight line with a slope ~ <08 and is shown in fig. 37.

5.2.2. Interpretation.

In the absence of a detailed molecular theory for the
polyatomic gases the analysis of these results will be carried

out on similar lines to that presented iy Section (5.1.2.)
Using the result given by equation (5.1.3;) and remembering
that it is derived for the case of dietoﬂic molecules and for

the case of no transitions among dlffﬂrent J states, ,/9 can

be wrltten as

Tlp «< 7 I(tn) (5.2.1.)
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Using the experimental result
Tlp < 177°F (5.2.2.)
the temperature dependence of I(ﬁn) is obtained as
1(pn) <« T ° (5.2.3.)
Using equation (5.2.1.) and experimental value of
(ﬁ/ﬁ%Hqu the value of I(pn) is obtained at different temperatures
‘and [z(pn),/ I(ﬁn)z?ﬂc”"—HEiS shown in fig. 38 as a function of
temperature. The theoretical plots of the ratio as a function
of temperature are obtained from the tables 8 using
E£H¢He: que#@ - for th? cases n=7 and 9. n:? givgslbetter
agreement with the exper?mental'results suggesting that the
anisotropic intermoleculér potential varies asg '}nP' However,
this result should be considered as a qua}itative indication

that the interaptidn is a medium range in%eraction.
!
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CHAPTER VI

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

The principal interest in the work presented in the pre-
ceding chapters is to obtain quantitative information on the
anisotropic intermolecular potentials from measurements of the
nuclear spin-lattice relaxation time. The results at tempera-
tures below room temperature were interpreted by Bloom,
Oppenheim et al 8 using é theory which assumed that the transi-:
tions between different i states are much less frequent than
the transitions among mJ;levels of the same J-manifold.

Since then the theory has been generalised by Bloom and Oppen-

heim (to be published) to include the transitions between J

states and is_presented in Chapter III of this thesis. It was

assumed in the analysis of the data thét

(i) only two of thg rotational states are signific§ntly
prulated. This assumption is valid.in the case of H2
for temperatufes below 500°K.

(ii) the total rotational angllar momentum is conserv§d.

For H |

only thg;brtho— H, molecules contribute to the N.M.R.

2 2
signal. When‘the;dbiliding molecule is also an ortho- H, the
collisions in which éngular momentum 1is conserved arevresqpant
and when it is é para- H, the collisions are ﬁquaSi_resQnanF“.
The evaluation pf'the contribution to (Qzﬁvv from these tw@

types of collis§ons was discussed in Chapter IV. The analys%s
of the data at-éOoOK”indicateswthatwthev"quasifresonant” |

collisionswcoﬁtiibute gbout 30% to the effect of guadrupole-

quadrupole inte}action even though the population of J=3 state



T

is only about 3% at this temperature. It is also seen that the
contribution éf quadrupole—quadrdbole interaction to“@@ is

about 50% at 700°K and greater than that below 700°K. As this
analysis gives a réasonably good value for the quadrupole

moment of ﬁﬂe.Hé molecule it can be tentativeiy concluded that
the quaéi—resonant tefms can pe taken into account in the simple.
mannef‘és described in this thesis and the other non-resonant

,'[ . /2 -
terms are insignificant. If QQ =-185=x 0 rec . the

J
~analysis indicates that ng) can be adéquately described by
an attractive part proportional to ![,® and a repulsive part pro-
portional to '/;%. However, it was found that the data can also
be fitted by a Lennard-Jones potential in which case the value

L 0 12 -1 |
obtained for €, is - 3.3 X 10 sec.

Since Lipsicas' results in normal H2 are about 25% higher

than the values obtained by other investigators‘it is possible

that jis vdlues of (ﬂ/?)ao and 67/9) are also higher in the

0.P
témperature region 150°K - 300°K. As this information is of
funéamental interest it would be worthwhile repeating these
Peaqurements and extending the temperature range. Such a study
%ould be able to establish conclusively whether or not the in-
feraction befweén two H2 molecules which depends on the orien-
tatipn of both the molecules is adequately represented by
‘%uadrupole gquadrupole 1nteraction

For the H, - He mlxture the theory predicts that the

2
erePdence of'ﬂ/f on ﬂe is non-linear. Though the data at

ﬁoom:temperature indicated this non-linearity, it is not

enough:to establish this effect definitely. AS this effect is



a manifestation of the transitions of the H2 molecule between
different J states, one could not expect this effect to be pre-
sent below 100°K where all the ortho- molecules are essentially
in J=1 state. Th% theoretical plots indicate that the deviation
from linearity becomes smaller at higher temperatures. Therefore
room temperaturgdis perhaps the most suiltable temperature to look
for this effect.. The analysis of the data indicates that the
intermolecular anisotropic interaction between H2 - He molecules
can be adequately represepted by LennarﬁmJones potential.

For the Hy - CO2 mixtures the experiments were carried
out only up to SOOOK becanse chemical reaction : between the two
gases prevented going to higher temperatures. The number den-
sity of the mixture was determined experimentally as-.described
in Chapter II. The analysis of the results indicate that the
dominant interaction betwéén H2 and CO2 molecules can be repre-
sentgd by quadrupole-quadrupole interaction. In view of the
" chemical reaction H2 - N2§mixture»would be a better system in
which to study the quadrupole~quadrupole ipteraction between
unlike mole¢ules at high ﬁemperatures. |

- For CHM quite a la{ge number of rotétional states are
populated even near room temperature and hence the theory for
two-level system could noﬁ be uéed. In the absence of a
rigorous theory for polyapomic gases, the résult obtained for
diatomic moiecules with the assumptionfof no transitions between
J states were used to obtéin some information about the intef~
molecular potentials. 'ﬂ/y was found to be proportional to
715 for CH, which would be the case if the contributions

(y) _ '
from I (p) to Tfp is temperature independent. If the isotropic
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part of the intermolecular potential is assumed to be given by

hard sphere potential then the integralsiﬁwkf) are independent of
temperature. This model predicts that W[{e{+5for other systems
like CH) .- X as well. For the case when X is He 1t was found
that W[Px T-o‘8 Therefore, -a more realistic poteritial was
assumed for the isotropic part of the intermolecular potential,
namely the Lennard-Jones potential. The analysis of the tempera-
ture dependence of Tﬂp suggests that the anisotropic inter-
molecular potential 1s proportional to 'bﬁ and %ﬂ for CHH - CH,
pair and CHM - He pair respectively. However, these results
shoﬂld be considered moreé as qualitative than as quantitative
and the anisotropic intérbblecular interaction can be described
as a medium range interéc&ion.

As'ﬁ[g Vs _ﬁm in CHH - He mixtures appears to be non-
linear for smaller concentrations of He at room temperature,
it may be interesting to investigﬁte this effect. Since this
non-linearity seems to increasé with decrease of temperature it
may be easier tb study this at around 200°K. However to under-
stand any of‘the results in polyatomic gases the molecular

theory has to be improved.
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