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Abstract

The hydrogen-argon system is the preeminent prototype system for the study of
atom-diatom interaction potential energy surfaces. The temperature dependence
of the NMR spin-lattice relaxation time in the gas phase provides one of the most
sensitive tests to the anisotropic part of these potential energy surfaces.

The present work consists of a combined experimental and theoretical study
of the NMR spin-lattice relaxation times in HD-Ar and D,-Ar mixtures. A gas-
handling system and a sample cell have been designed and successfully employed
in the experimental part of this study. The spin-lattice relaxation times for the
proton and deuteron of HD in HD~Ar mixtures, and for the deuteron of D, in
D2-Ar mixtures have been measured over a wide range of temperatures at several
mole fractions and densities. The quality of the results is tested by the analysis of
the one-dimensional spectra. The values of the nuclear Overhauser effect (NOE)
enhancements for the proton and deuteron of HD in HD-Ar mixtures have been
measured; these NOE measurements represent the first such experiments for the
gas phase.

Theoretical values of the spin-lattice relaxation tiniss and the NOE enhance-
ments have been calculated for the same mixtures using the XC(fit) potential energy
surface derived by Bissonnette et al. [ J. Chem. Phys. 105, 2639-2653, (1996)] for
hydrogen-argon systems. A complete analysis of the temperature, field and density
dependences of the relaxation times has been carried out for both systems. Two
reliable methods have been proposed to compare the theoretical and experimental
NMR spin-lattice relaxation times obtained for high temperature equilibrium mix-

tures of the two parity isomers of the D;—Ar system under the conditions in which

iv



separate measurement of their deuteron relaxation times is not possible.

The experimental and theoretical results for the HD-Ar system show excellent
agreement, but the agreement for the D,—Ar system is relatively good omly for
higher temperatures. It has been argued that the major source of the difference
between the level of agreement for the two systems is due to uncertainties in the
anisotropic part of the homonuclear potential energy surface. The accuracy of the
anisotropy for the heteronuclear potential energy surface is determined, through
transformation, by the accuracy of the isotropic part of the homonuclear potential,
which is usually higher than that of the anisotropic parts. The effects of orbiting
resonances and the sensitivity of the NMR cross sections to subtle changes in the
potential have been studied. Effects of the non-rigidity of the diatom on the cou-
pling constants, and hence on the NMR relaxation times, have also been studied.

Finally, some suggestions for further studies of hydrogen-argon systems have

been proposed.
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Chapter 1

Introduction

1.1 General Introduction

Nuclear Magnetic resonance spectroscopy has proven to be one of the most powerful
spectroscopic techniques for the detailed study of molecules in all phases of matter.
The information obtained from NMR spectra and relaxation time measurements
forms a complete data set from which the energetic and dynamical properties of
systems can be deduced. NMR chemical shift measurements, which probe only
the time-independent interactions between the nuclear spin and its surroundings,
can be used for structure and chemical bond characterizations, while NMR relax-
ation time and lineshape measurements, which probe the time-dependent part of
the interactions, can provide information about almost all physical and chemical
properties of both the molecule and its surroundings, including dynamical behavior
and intermolecular interactions.!

In the gas phase, NMR relaxation is due ultimately to collisional reorientation
of the molecular rotational angular momentum, which is weakly coupled to the spin

system via intramolecular interactions. NMR relaxation time measurements in the



gas phase can thus provide a great deal of useful information about intermolec-
ular interactions governing the collisional reorientation of the rotational angular
momentum. NMR relaxation times and the anisotropic part of the intermolecular
potential energy surface (PES) for an atom-diatom gas phase system are linked
through (collision) cross sections by kinetic theory.>® The kinetic theory approach
has been successful in describing NMR relaxation phenomena and predicting relax-
ation times which are in good agreement with available experimental data.

Previous studies on gas phase systems*® have shown that NMR relaxation times
are perhaps the bulk physical properties most sensitive to the anisotropic part of
PES’s. Thus, gas phase NMR relaxation time measurements can be used to evaluate
the anisotropic part of the PES recommended for a given system. This has been a
particular goal of molecular and chemical physicists investigating the fundamental
nature of interactions in matter. Since the NMR T; data are not used in the
derivation or improvement of the PES, a comparison between experimental and
theoretical NMR T data can therefore be regarded as providing an independent
quality test for any proposed PES for a given atom-diatom system.

In a series of studies that has been carried out on hydrogen-helium systems*®
it has been found that the best available PES” resulted in relaxation times for the
homonuclear systems H;-He and D,-He in good agreement with the experimental
data, while the same potential for the heteronuclear HD-He system, transformed
to allow displacement of the center-of-mass of the HD molecule from its center-of-
force, resulted in good agreement for the proton relaxation time but poor agreement
for the deuteron relaxation time of HD. In order to throw additional light on the
source of this exceptional discrepancy in the level of agreement between theory and
experiment for the proton and the deuteron relaxation times, a similar study has

been undertaken on isotopic hydrogen-argon systems. As Hp—Ar data were already



available, it was decided to study first the HD—-Ar system and then to extend the
study to include the D;—Ar system. In the theoretical part of this study the PES
derived by Bissonnette et al® for the hydrogen-argon system will be employed.
The results of such a study will thus be used, in the first place, to evaluate the
anisotropy of this PES.

1.2 Nuclear spin relaxation

Nuclear magnetic resonance (NMR) deals with the interactions between nuclear
magnetic moments and internal and external magnetic fields. A nucleus possessing
(nuclear) spin I hasa magnetic moment ji = gypnt, in which gy is the nuclear
g-factor and uy is the nuclear magneton. If this nucleus is placed in a static homo-
geneous magnetic field B, whose direction is commonly used to define the z-axis,
the interaction between the magnetic moment and the field creates a splitting in
the (otherwise degenerate) 2/ + 1 nuclear spin levels, with a spacing AE = |hwy|,
where wy= —giun Bo/h=—v1 By is the nuclear precession frequency of i about By,
also known as the Larmor frequency.® The interaction between a magnetic moment
and a magnetic field is called the Zeeman interaction. At equilibrium, the nuclei
are distributed among the available energy levels according to the Boltzmann dis-
tribution. Following any process that disturbs the equilibrium distribution, such
as a small time-dependent field B, (t) applied in a direction perpendicular to By,
thereby causing a non-equilibriurn macroscopic magnetization, the nuclear spin sys-
tem will return to its equilibrium state by exchanging energy with its surroundings,
historically called the lattice, via a first-order relaxation process called spin-lattice
relaxation, characterized by a time constant T, known as the spin-lattice, or lon-

gitudinal, relaxation time. For a static homogeneous magnetic field By applied



along the z-axis, relaxation of the total magnetization M, defined as the ensemble
average of the nuclear magnetic moments (i.e., M= <p>) and known as the Curie
magnetization, is expressed in terms of set of equations,

dM,
d¢

1
= “ﬁ'(Mz - Mcq)v (1-1)

for the longitudinal (i.e., parallel to the direction of the static field) component and

dM, 1
_"dt = "“’[My - T,;Mza (1‘2)
M, 1

it = +w;M, -_— i‘;Mw . (13)

for the corresponding transverse (i.e., perpendicular to the direction of the static
magnetic field) components. These equations are known as the Bloch equations.!?
The decay constant T, used in Eqs. (1.2) and (1.3) is called the spin-spin, or trans-
verse, relaxation time. For a given nucleus, the relaxation times 7} and T are
characteristics of the physicochemical properties of the surroundings, such as size
and electric charge distribution in the molecule, magnetic properties of neighboring

nuclei, intermolecular interactions, temperature and density.

Determination of T} and T,

The best method for determination of the spin-lattice relaxation time T) is the
inversion-recovery method.*!! In this method an rf pulse sequence consisting of a
pair of 7 and  pulses is used to probe the evolution of the z-component of the total
magnetization with time. Application of the first pulse, or preparation pulse, inverts
the direction of magnetization (t.e., rotates the magnetization by 180°). After a

time T a second pulse, the observation pulse, rotates the recovered magnetization at



this time into the zy-plane so that it can be observed. The measured magnetization
at time 7, M., is related to 7 by

M, T
E =]1-2exp (—-T—l-), (1.4)

in which M =M., is the equilibrium magnetization. This equation is the integral
form of Eq. (1.1). The relaxation time T} is obtained from a plot of In (ﬁﬂﬂ;)
versus 7, which has a slope of T}~t. The accuracy of T; measurement depends
upon the number of 7 values used in the experiment; the larger the number of
values the smaller the standard deviation of the measured value of 77. Other im-
portant experimental conditions determining the final accuracy of 7 measurement
are discussed in Chs. 3 and 5.

The method of determination of the transverse relaxation time T5 is known
as the CPMG method. The pulse sequence used in this method consists of a
preparation 3-pulse, which puts the magnetization in the zy-plane, followed by a
series of n (7, —n) pairs of observation pulses, which are phase-shifted by 90° with
respect to the preparation 7-pulse. The spacing between the two pulses of each pair,
and the spacing between the pairs are the same, and is 275. The magnetization is
observed a time 7o after either the v or the —x pulses. The relaxation time T is
obtained from the slope T3 of a plot of In (“—J”;) versus =217 with :=1,2,... n.
This relationship can be derived by adding, and then integrating Eq. (1.2) and (1.3)
in the frame rotating at the frequency of wr. The role of each © or —x pulse is to
refocus the dephased M., magnetization due to processes such as chemical shifts
and heteronuclear J-coupling, in order to cancel their contributions to the decay of
the M., magnetization. Alternation of the direction of the 7 pulses takes care of
the effects of possible inaccuracies in the pulse-length calibrations.
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The spin-spin relaxation time 77 can also be determined from linewidth measure-
ment on simple one-dimensional spectra. Since interfering processes such as those
mentioned above are unavoidable, the measured relaxation time in this method is
not the actual spin-spin relaxation time. The relaxation time measured from the
linewidth is thus an effective transverse relaxation time. This effective transverse
relaxation time is denoted by 73, and is related to the linewidth Ar,;; via Fourier

transformation as
T-: = (WAV]J:)—I- (1.5)

Under all conditions, T, is shorter than T, because all interfering processes and
experimental problems result in a faster decay of the nuclear magnetization. Short
acquisition times and inaccuracies in pulse-length calibrations are examples of ex-
perimental problems contributing to the T; values. Other experimental problems
such as poor shimming, i.e., magnetic field inhomogeneity, temperature gradients
and diffusion of molecules into and out of the effective volume of the rf coil, also
contribute to the measured values of all relaxation times. In the absence of diffu-
sion into and out of the effective volume of the rf coil, the effects of magnetic field
inhomogeneities on the measured T) appears only as an increase in the standard

deviation when the signal is weak.!l:!2

Mechanisms of NMR spin-lattice relaxation

Relaxation of the nuclear magnetization towards the equilibrium state is induced
by oscillating (i.e., time-dependent) local magnetic fields. In the solid phase, the
thermal vibration of the crystalline lattice, paramagnetic centers or impurities and

conduction electrons (in semiconductors and metals) are possible sources of an



oscillating local magnetic field inducing NMR relaxation.!3-14

In the liquid phase the time-dependent local magnetic field observed at the
site of a nucleus is produced by modulation of various interactions by random
tumbling and translational motions of the molecules.!® These interactions include:
the dipole-dipole interaction with another nuclear moment (D) or with unpaired
electrons (UE), the interaction with the shielding anisotropy (SA), the J-coupling
(J) to another spin, which may arise in two different ways, one from the time-
dependent coupling constant (e.g., in exchange systems), and the other from the
very short relaxation time of the coupled nucleus, and the direct interaction with
the rotational angular momentum of the molecule, which is called the spin-rotation
(SR) interaction. For quadrupolar nuclei with spin />, the interaction with the
projection of the electric field gradient along the direction of the magnetic field at
the site of a nucleus, which is called the quadrupolar interaction (Q), should be
added to the above list.

For monatomic gases, relaxation of the nuclear magnetization is induced directly
by collisions. This is because all mechanisms through which the spin system may
be coupled to the lattice (:.e., its surroundings) directly involve the intermolecular
interactions. Since such interactions are naturally weak, such as the nuclear spin-
spin interaction between two atoms, or operational only during the very short life-

time of the collision complex, relaxation times for monatomic gases are normally

very long.}51°

In polyatomic gases NMR relaxation proceeds, not only via such very weak
intermolecular processes, but also via collisional modulation of the intramolecular
interactions between the nuclear spin system and the rotational angular momentum
of the molecule.®?° It will be shown later in this chapter that such a modulation can

only occur if the intermolecular PES of the system has anisotropic components (i.e.,



it is angle-dependent), which is the case for almost all systems with at least one
polyatomic component. The anisotropy of the intermolecular PES determines the
effectiveness of the inelastic collisions in reorienting and/or changing the magnitude
of the rotational angular momentum; this in turn determines the NMR relaxation
times. An isotropic PES leads to purely elastic collisions, and consequently does
not contribute to NMR relaxation through the intramolecular mechanisms. Since
the collision frequency in the gas phase depends on the number density and tem-
perature,?! it can thus be expected that the NMR relaxation times should depend
upon these two variables. These dependences are discussed in detail in Chs. 4 and
5.

Basically, there are two approaches to link the relaxation of the macroscopic
magnetization to microscopic properties of atoms and molecules; these are the
correlation function?? and kinetic theory®® approaches. In the correlation function
approach the fluctuation of the local magnetic field is described by a correlation
function G(7). The Fourier transform of this correlation function in the frequency
domain, J(w;), is called the spectral density, and is used to derive equations for
the relaxation times. The spectral density is a measure of the strength of the

interaction, and is given by

21';

T+aicd’ (1)

J(ws) =
in which the time constant 7;, called the correlation time, is related to the collisional
reorientation of the rotational angular momentum of the diatomic molecule. For
a given molecule, the correlation time 7; is a function of the interaction z and the
physical properties of the phase, and is determined either from NMR. relaxation

time data, or from other techniques.!® The contribution of various interactions



to the total relaxation time of a nucleus can then be expressed in terms of the
corresponding correlation times. Before giving the expressions for the relaxation
times from the correlation function approach, it is useful to review briefly the
interactions between the spin system and the rotational motion of the molecules.
For the X nucleus of a diatomic molecule XY the part of the spin Hamiltonian
describing the time-dependent interactions between the nuclear spin system and
the rotational angular momentum of the molecule, which is of interest in this thesis

can be written as
H. = Hsr + Hp + Hq, (1.7)

with Hsgr, Hp and ’le representing the contributions of the spin-rotation, dipolar
and quadrupolar interactions, respectively. The explicit forms for these intramolec-

ular interactions are!®

Hsr = FyxBa(j - Ix), (1.8)
Ao = (PP By by = 3(Fx-w)(l )] (19
. (€*9Qx/H)

T 22T —1)(2j — 1)(2] + 3) [3(3 I+ '3'(3 In) -5 j;]’ (1.10)
in which [; is the nuclear spin quantum number of nucleus ¢, By is the magnitude
of the local magaetic field created by the rotational angular momentum j of the
molecule with rotational quantum number j, rxy is the internuclear distance, u is
a unit vector along the bond axis of the molecule, Qx is the quadrupolar moment
of the nucleus X (for Ix > %), and q is the electric field gradient at the site of
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nucleus X. It is obvious that the eigenvalues of these Hamiltonians depend upon
the rotational quantum number j. The time-dependences of these Hamiltonians
arise from the collisional changes in both the orientation and the magnitude of the
rotational angular momentum of the molecule. These changes can be ascribed to
redistributions of the total angular momentum and the total energy between dif-
ferent degrees of freedom of the collision complex, including the rotational motions
of the diatomic molecule and the collision complex.

In the correlation function formalism, the contributions of the SR, D and Q
interactions, described respectively in Eqgs. (1.8), (1.9) and (1.10), to the total
relaxation time for nucleus X of the diatomic molecule XY in rotational level 7, are
given by?*

1 o 2 2r:0s 1(7)
Th) = 2B G0+ 0] | o e (L)

TRU) = ZeEV A+ [

—_n0) 4n(j)

a1 iG+1)
TQl) = @) {6(21‘ -1)(25 + 3)]

_n(7) 4my(5)
* [1 T - FVRG) | T+ A - wgt)zrg(j)] » (1:13)

in which wf;, «¥Y¥ and ng are spin-rotation dipolar and quadrupolar coupling
constants, respectively, and w{ and wXY are, respectively, the Larmor frequencies
associated with the nuclear spin X and the rotational angular momentum of the

diatomic molecule XY. The correlation times r; and T, are characteristic time con-
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stants of the interactions involving, respectively, first and second rank irreducible
tensors in J.
When more than one independent mechanism is involved in the relaxation pro-

cess, the overall relaxation time is given by"

1 1

= = 1.14
Tlt Tl.i ( )

in which # is a label designating an individual mechanism involved in the relaxation
process (e.g.,t = SR, D, Q ).

The kinetic theory approach to the relaxation of the macroscopic nuclear mag-
netization is based on the Waldmann-Snider (WS) equation?? for the time evolution
of the perturbation of the single-particle distribution function ®(%,3, I) applied to
a system initially at equilibrium. In the presence of an external magnetic field,
the internal Hamiltonian for a diatomic molecule is made up of three parts: that
governing the rotational motion, Hyor = k?j?/2I, with I the moment of inertia of
the diatom, the Zeeman interaction, Hz =hwr b -I+hwp b -7 with b the unit vector
along the direction of the static magnetic field, and the intramolecular interactions,

Hintra, given by Eq. (1.7). The return of the perturbed system to its equilibrium

state is described via the linearized WS equation,

&+ 7 [0, 8]_+ 3 [, 8] +RE=0, (L.15)

in which the square brackets denote the commutators, and R is the linearized
collision operator.? The equation of motion for the nonequilibrium macroscopic

nuclear magnetization is obtained from Eq. (1.15). The results of the kinetic theory

* Assuming that there is no interrelation between different interactions.?5-26
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approach for the relaxation of the nuclear magnetization can be summarized as?

TSY = bb: fo“drx(f).exp(mb-e), (1.16)
T = %(J—bb): [ rK(r) -exp(arb-e) , (1.17)
b = 3(b-€): [ drK(r) - exp(errb-e) (118)

in which § and € are second rank unit tensor and third rank unit antisymmetric
tensor, respectively, and the kernel K(7) is defined by

K(r) = —r= < Ruwal|exp (~7R){Ricwal >, (119)
with Rinrs the commutator (super) operator derived from Hinera- These equations
lead to a set of expressions for the components of the total relaxation time for
the nucleus X of the diatom XY diluted in a monatomic gas, which are similar to
those obtained from the correlation function approach, given in Egs. (1.11)-(1.13),
with the exception that the correlation times 7, and 7, are given, respectively, in
terms of the state-to-state effective collision cross sections by 11 = [ray(j,j )&
and 1, = [ror(j,5')&] ! with n the number density of the gas mixture, and & the
relative velocity of the colliding atom-diatom pair.

The effective cross sections ov(j,j’) and o1(J, j') appearing in the relaxation
time expressions derived from the kinetic theory approach are well-defined quanti-
ties, related to the probabilities of transition between a given pair of states of the
collision complex involving first and second rank irreducible tensors, respectively.

These cross sections are determined by the anisotropic part of the intermolecular



13

PES via scattering theory. A brief review of the atom-diatom scattering theory from
which the expressions for the NMR cross sections may be obtained, is presented in
the next section. The final expressions for the components of the relaxation times
for the nuclei of a diatomic molecule diluted in a monatomic gas, will be deferred
until Ch. 4, where the temperature, density and field effects on the relaxation times
are discussed. A detailed derivation of the explicit expressions for the relaxation

times can be found elsewhere.?3

1.3 Atom-diatom scattering and NMR
relaxation cross sections

The time-independent Schrodinger equation which describes the internal motion of
the collision complex formed between a 'S atom Z and a '¥ diatomic rigid-rotor

XY has the form

[- A (a—zR) + e + 7 +V(R,r,0)~E|¥E_ (R,wp,w,)=0. (1.20)
2uR \ OR? 2uR?  2u'r? T 3m;

The quantities appearing in this equation are: the eigenvalue E of the total Hamil-
tonian, the reduced masses of the collision complex and diatom g and u' given,
respectively, by p = (mxy + mz')~! and p’' = (mx' + my')~?, with m; being the
atomic (or molecular) mass of species %, the fixed diatom bond-length r, the dis-
tance R between centers of mass of the colliding particles, the orientation angle
6 between r and R (see Fig 4.1), and finally the spherical polar coordinate sets
wpr = (6Rr,¥r) and w, = (b, d;) which define the orientations of the vectors R
and r, respectively, in a spaced-fixed frame. The first term in Eq. (1.20) represents
the radial part of the kinetic energy operator for the relative motion of the atom-
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diatom pair, while the second term represents its angular part. The second term
can also be considered to represent the centrifugal potential associated with the
orbital angular momentum of the collision complex. The third term can either be
considered to represent the internal (rotational) energy of the diatomic component,
or as a centrifugal potential associated with the rotational angular momentum of
the diatom. Finally, the interaction between the colliding pair is governed by the
PES V(R,r,0). The coordinates of the interaction PES (i.e., r, R and 0) form a
complete coordinate set in the body-fixed frame. Note that the orientation angle
6 is determined by the coordinate sets wg and w,, and thus is not an independent
variable of the Schrodinger equation.

For an isolated non-reactive collision complex, the total angular momentum is
conserved during the course of collision. This means that in addition to the total
energy E, the eigenvalues J(J+1)k? and m sF of the operators .72 and J, associated
with the total angular momentum J and its projection onto the z-axis J;, defined

respectively by

-

T=j3+1¢, J. =i+, (1.21)

are constants of the motion. The good quantum numbers of the collision complex
are now J and m;. These conserved quantum numbers are given in terms of
the quantum numbers j, {, m; and m,, associated with non-conservative angular

momenta  and £ and their z-axis projections, j. and Z;, respectively, via
7=l <£J<j+l and my=mj+my. (1.22)

The conservation of the total angular momentum implies also that the operators

T and J, should commute with the total Hamiltonian. This commutation simpli-
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fies the solution of the Schrodinger equation considerably. Arthurs and Dalgarno®®
have shown that in this total-J representation it is convenient to factorize the total
wavefunction \I'f,,‘,. (R,wg,w,) into the products of radial and angular wavefunc-

tions as

W5, (Rwpw) =5 ¥ T OIS G RV (wrw),  (123)

Jmy 1
where the Cf,::‘{ are constants to be determined from orthonormality and bound-
ary conditions, and ¥7Z(j'l', jl|R) and Y;7’ (wr,w,) are (pure) radial and angu-
lar parts of the total wavefunction, respectively. The angular part of the total
wavefunction can be written as a linear combination of two sets of spherical har-
monics, one describing the orbital angular momentum of the collision complex,

Yirm, (wr), and the other describing the rotational angular momentum of the di-

atom, Yy, (w,), given by

Vipd (wrwe) = 3 (-1)YTIVRT+1

m,-r,m,r

ioor g
X },j'm’-; (wr)n’m" (wR), (124)
—my

my mp
in which the coefficient (---) is a Wigner 3-j symbol.?® These functions form a
complete orthonormal set, and are simultaneously eigenfunctions of the operators
P, €, J* and J, with eigenvalues j/(j' + 1)A%, I'(I' + 1)R?, J(J + 1)A* and m.sh,
respectively. This choice for the angular part of the wavefunction in the space-
fixed frame leads to a differential equation for the radial part of the wavefunction
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$78(3'T, 1| R), namely®®

B[ d2 I(l+1 o R e
ﬂ i~ (Rz ) +k,?' ‘¢!JB(J'I’,J[[R) =J_;l”VJ(J"I',J 1 [R)'[)JE(J v, i"I|R),(1.25)

in which the unprimed and primed variables denote the pre- and post-collisional

quantities, and kj, the so-called channel wavenumber, is defined as
ky = [ £(E - Ep)l}, (1-26)

with Ej the rotational energy of the diatom (in level j*). Each pair (j,!) is called
a channel. The number of possible channels (:.e., the number of combinations of
the possible pre-collisional values of j and [) that a pair of colliding particles can
access depends upon the total energy of the system, and the highest rotational
level of the diatom at or below that specific energy. A (j,!) combination with an
energetically accessible diatom rotational level j is called an open channel, while a
(7,1) combination for which the rotational state j is not accessible is called a closed
channel. For an open channel £ > E;, so that the channel wavenumber is real,
while for a closed channel E < Ej, so that the channel wavenumber is imaginary.
Equation (1.25) shows that the radial wavefunction of a collision complex may
have contributions from closed channels, in spite of the fact that they are not
energetically accessible. The superscript J in Eq. (1.25) specifies the quantum
number of the conserved total angular momentum. Equation (1.25) represents a set
of ordinary differential equations in R which are coupled by the coupling coefficients
VI(j"l", j'U|R). These coupling coeflicients are related to the interaction PES via

VI U R)S 1.0 ,,.,,,,,_//y{:;:f'(wn, WV (r,RO)Vir! (wr, w)dwrdw,. (1.27)
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If the interaction potential can be expanded in terms of Legendre polynomials as
V(r,R,0) = ¥, Va(r, R) Px(cos 8), the above equation can be simplified to

VI, jTIR) = 3 A", jTYA(r, R), (1.28)
A

in which the fJ(j"1", j'l') are Percival-Seaton coefficients, given explicitly by3°

V)

G, = (D25 + 1)(25" + )" + 1)(2F +1)]

I ~f A l” l' A ll l” A
o . (1.29)
o ooj/\ooo)|s 5 J

with {- -~} a Wigner 6-j symbol. Using Eq. (1.28) in Eq. (1.25) yields

R? [ a2 I(i+1)

ﬂ 15 —_ 7 + sz] ¢JE(j'l',jl|R) = Z: f:\f(jlllll’ jlll)

J‘IIIHA

xVa(r, R’ (5, 5"I"| R). (1.30)

Equation (1.30) shows that the interaction PES couples (mixes) all radial wavefunc-
tions (states) of the collision complex. The extent of this coupling is determined by
the magnitudes of the coeficients V) (7, R) of the Legendre expansion with A # 0,
i.e., the anisotropy, of the PES. The properties of the Percival-Seaton coefficients
dictate a certain pattern for the coupling between different states, based upon the

specifications of the PES. This pattern can be summarized as:

a) The even-) terms of the interaction PES couple only those states in which both
the rotational states of the diatom and the rotational states of the collision

complex have the same parities, that is, the quantum numbers j” and j’ are
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either both even or both odd (the same condition applies to the quantum
numbers !” and I'). The terms with A odd couple any two states of opposite
parity with, of course, the same J. One immediate outcome of this coupling
pattern is that for a homonuclear diatom with D symmetry, for which the
Legendre expansion of the PES has only terms with A even, an atom-diatom
collision does not couple the rotational states with j even to those with j
odd. This means that the two parity isomers of a homonuclear diatom do not

undergo parity changes in a collision.

b) For an atom-diatom collision complex with an isotropic (i.e., angle-independent)
PES so that all of the terms, apart from V;, of its Legendre expansion vanish,
the collision does not introduce any coupling between states, and the qnantum
numbers [ and j are both conserved. Thus, collisions under an isotropic
PES are elastic. In other words, inelastic collisions are induced only by the

anisotropic part of the interaction PES.

A detailed solution of the Schrodinger equation for an atom-diatom collision,
first presented by Arthurs and Dalgarno,?® is not intended here. However, for the
purposes of this thesis the final results of their solution will be discussed.

In the space-fixed frame, which has been used throughout this section! a rea-
sonable choice for the boundary conditions applied on the radial wavefunction of

the collision complex is given as®?

JEf 1yt -
¢' (.7 [ 1JllR) R_—)O') Oa (131)

VB, JUR) > — [Bipwe™ SR _SL (T, jl)e R~/ (132)
2

! For the treatment of the atom-diatom collision in other frames see Refs. 31,32.
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in which channel wavenumbers k; and kj; are given by Eq. (1.26). The first con-
dition, given by Eq. (1.31), is based on the fact that the atom and diatom cannot
physically coexist at the same point in space. The second condition specifies the
asymptotic functional form of the wavefunction. The first term in Eq. (1.32) repre-
sents an incoming spherical wave from the entrance channel (j,1), which accounts
for the initial approach of the colliding particles. The Kronecker deltas ensure that
the pre-collisional radial wavefunctions (or the entrance channels) are not coupled.
The second term in Eq. (1.32) represents an outgoing spherical wave from the exit
channel (5, I') weighted by a factor SZz(j'l', jl), an element of the scattering, or S-
matrix. The S-matrix elements are of central importance in scattering calculations.
As can be seen from Eq. (1.32), the S{g(5'I", jI) element of the S-matrix determines
the contribution of the exit channel (j',') in the post-collisional asymptotic wave-
function. It can thus be concluded that the probability of the (inelastic) transition
from the (7, ) state (the entrance channel) to the (3', ') state (the exit channel) is
determined by the S-matrix element SZz(j'F", j1), which couples the two states.??
Using Eq. (1.23) and the boundary conditions for the radial wavefunctions, given
in Egs. (1.31) and (1.32), the boundary conditions for the total wavefunction can

be derived as3?

¥E(R, wg,w,) - 0 (1.33)

VEZ(R,wg,w,) 0 e"‘"‘R‘Y,-m,.(w,)+
B, ea'ki:R
Y fE('my & jmjlwr)—p—Yim, (we), (134)
Fma

3

in which R, is the projection of R onto the z-axis of the SF frame, and the factor
fE(j'mjs « jmj|wgr), called the scattering amplitude, is related to the S-matrix
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element S7g(5'', jl) via

fEi'my « jmjlwg) = 3o 3 0, /i%(zJ +IVAF1
el 1

Jm g Ui'my,
it J v J
X
m; 0 —my mj mp —my
x [8550w — Sip(j'l’,ﬂ)] Yim, (wr). (1.35)

The two terms of the asymptotic total wavefunction have the same meaning as
those of the radial wavefunctions discussed previously. The boundary conditions,
given in Egs. (1.33) and (1.34), and the orthonormality of the total wavefunction
can be used to calculate the coefficients appearing in the expansion of the total
wavefunction, Eq. (1.23), as

Cimy = [(2J +1)(2l+1)1fr(_1)u-z+m,-)iu+n( i bJ ) (1.36)

k; m; 0 —my

The remaining step towards a complete solution of the Schrodinger equation for the
collision complex is to solve the inhomogeneous differential equation for the radial
wavefunction, given in Eq. (1.30). As mentioned earlier, the detailed procedure of
such a solution can be found elsewhere,3*3 and is not relevant to this introduction.
Once the radial wavefunctions have been found, Eq. (1.23) can be used to obtain
the total wavefunction.

Mathematically, the sums appearing in the calculation of the total wavefunction,
Eq. (1.23), are unlimited. The existence of such unlimited sums does not allow a
complete derivation of the total wavefunction, and hence limits the physical appli-
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cation of the quantum mechanical method presented in this section. Inspection of
the asymptotic behavior of the total wavefunction, given in Eq. (1.34), shows that
the contribution of the closed channels (i.e., the energetically unaccessible levels) to
the wavefunction are exponentially decreasing functions of R; the farther the closed
channel is above the total energy, the faster is the rate of decrease.® This means
that as R increases, i.e., as the colliding particles recede from one another and
from the collision center, the already insignificant contributions of the upper closed
channels to the wavefunction decrease much faster than do those of the lower closed
channel. This suggests that the sum over j’, the rotational quantum number of the
exit channel (j/,0'), can be truncated at j' values very close to the highest open
channel, i.e., the highest energetically accessible rotational level of the diatom. It
can be shown, similarly, that the other sums over J, [ and I’ in the equation for the
total wavefunction can also be truncated at finite values determined by the total
energy and total angular momentum of the collision complex.

The role of the factor fZ(j'm; < jm;j|wgr) in the total wavefunction is similar
to that of the S-matrix elements in the radial wavefunctions. In addition to the
information contained in the S-matrix elements, the scattering amplitudes contain
angular information about the scattered (outgoing) particles. This could also be
seen from the arguments chosen to identify the two quantities. Thus, it should be
possible to calculate the transition probabilities between a given pair of rotational
states of the diatomic molecule scattering at a given solid angle wp if the scattering

amplitude can be calculated. Equation (1.35) shows that the calculation of the

!For a closed channel (j’,1’), the channel wavenumber k;- is imaginary, and can be written as
kj: = ia;j: where aj is a real number given by a;: = [3#(E; — E)]}. Substituting kjsia;s in the
exponential factor in the second term of the Eq. (1.34) results in the exponential factor %' R
which is a rapidly decreasing function of R. This factor is an oscillatory function of R for open
channels.
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scattering amplitudes is possible if the S-matrix elements are known.

Once the probabilities of the collisional transitions between different states are
known, all physical properties of the system, whether of the collision complex or of
the colliding particles infinitely after the collision, can be calculated using standard
quantum and statistical methods. The transition probabilities can be expressed in
terms of transition cross sections through the definition of the collision operator.?
The translation of the probabilities to cross sections has been necessary in order
to facilitate the analogy with classical collision theory.3* It can be shown that the
differential cross section describing the transition from the initial state (7, m;) to
the final state (j',m;) observed at the scattering solid angle wp is related to the

scattering amplitude via%?

do(j’,mj + j, m:[“’R)
dwp

=% | E(i'm; « jm; ]wR)| (1.37)

In the present study it is not possible to obtain any information about individual
collisions, as the NMR relaxation times are macroscopic properties of the bulk
system. Proper quantum and statistical methods are thus required to link the
properties of the bulk system to individual collisions. Fitz et al.3® have shown that
the generalized (transition) cross section for atom-diatom (rigid-rotor) scattering,

which describes the collisional properties of the bulk system is given by

KK KiK; KK KK
T jejr JJ|E‘ ,(K) k’ Z J:JJIEl (Jr, K), (1.38)

in which E is the total energy of the system, k; is the channel wavenumber given

by Eq. (1.26), and Piﬁ,}:‘x" (J, K), is a generalized opacity of rank K for a colli-

sion complex with total angular momentum quaatum number J;. The generalized
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opacities are given in terms of binary products of S-matrix elements by

.pff,'xj-:xtxi

3'i"33\B

(e, K) = (2h+1)3 303 ()il + 1) (20 +1)

*ri ‘i "( l{ :’;

x[(2h + 1) (26 + 1) (2 + )28 + 1)]% ( E K ;: )

ik 3 b 4

(kmzi
X
K: K K || K; Ki K

o J g lg Jt
0 0 0)

X [5:"551;1:51;& — S50l 1)) S3 (5L, ﬂa)‘] , (1.39)

in which, as earlier, unprimed and primed quantities represent the corresponding
pre- and post-collisional values, respectively. When spectroscopic line-shifting or
line-broadening cross sections are involved, the subscripts “i” (for initial) and “f”
(for final) represent, respectively, the corresponding pre- and post-transition values
in the spectroscopic transition. For other types of cross sections, such as those
being considered in this thesis, they are simply convenient labels to distinguish
between two values of the tensor ranks of the same type of angular momentum
tensors coupled to give a total rank K. The equalities 5; = jr = 7, ji = 45 = 7',
li =l =1land [ = lf = apply for the specific cross sections relevant to the NMR.
relaxation processes. In the absence of spectroscopic transitions the subscripts
“i” and “” on the total angular momentum quantum number J also lose their
physical identification and become a set of convenient labels used to distinguish
the corresponding values appearing in the terms of the two independent J-sums.
In Eq. (1.39), the coefficients {---} are Wigner 9-j symbols?® and the values of
of the K indices are defined according to the coupling scheme given by the vector
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equations K; = 4— &4, K; = 3—3, K| =4~§, K; = 3;—jand K = K+ K; =
K;+ K;= K'. A derivation of this generalized cross section and a more detailed
definition of the quantities upon which it depends can be found in Refs. 32 and
35-37.

As pointed out previously, and can be seen from Eq. (1.39), the calculation
of the S-matrix elements is the heart of the quantum mechanical study of the
atom-diatom collision. Efficient quantum numerical methods, such as the Close-
Coupled (CC), centrifugal sudden (CS) and infinite-order sudden (I0S) methods,
are available for the calculation of the S-matrix elements. The latter two methods
apply best to higher energy collisions of heavier atoms and molecules. The IOS
method, especially should not be applied for the calculation of S-matrix elements
when hydrogenic molecules are involved.?® Among these methods the CC method
is the only one which is essentially exact. The quantum mechanical method briefly
described in this section for the study of atom-diatom collisions, forms the basis for
the CC calculation of S-matrix elements.

The cross section matrices involved in the interactions between the nuclear
spin and rotational angular momenta containing first rank tensors (as in the spin-
rotation interaction) and second rank tensors (as in the dipolar and quadrupolar
interactions), which determine tﬂe gas phase NMR relaxation processes, are denoted
by oZ, with elements [ag(j’ , j)], and oZ, with elements [mf (7', j)], respectively.
As earlier, E denotes the total energy of the colliding pair. For the ot cross section
matrix K; = K] = 0, K; = K] = 2, and thus K = K’ = 2. Substitution of these
values into the formula for the generalized opacity, Eq. (1.39), and use of Eq. (1.38)
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for the o£(5',7) = 50’2?,5?;5| 5(2) yields the expression®®

R0 = gL PRI = T LG~ @L + 1)@k +1)

3 Jy Je.Ji LI ng
A .

X T b~ S, SHGT] (140)
Je ' 2 )| 7 2

for the 0% cross section matrix elements. In this expression Pg (Jg; j*, j) is a short-
hand version of 'Pg‘;;,?;ﬂs(Jf, 2). For the oy cross section matrix K; = K| = 0,
K; =K} =1, and K = K’ = 1. Thus, the formula for the a§(j',j) = 30?,11.‘,0,;’13(1)
cross section is similar to that for the ot cross section with the exception that the
values “2” in the 6-j symbols are replaced by “1”, while the corresponding opacity
for the oy cross section is denoted by PE(Jg; 5/, 7)-

The NMR cross section, given in Eq. (1.40), or generally, the generalized cross
section, given in Eq. (1.38), describes the relevant collisional transitions for a col-
lision complex with a fixed value of the total energy E. Since in a macroscopic
sample the total energy of a collision complex can have virtually all values from
zero to infinity, it is not possible experimentally to isolate or to probe those col-
lision complexes that have the same total energy. In a typical measurement on a
macroscopic system, such as a NMR relaxation time measurement on a gas sam-
ple, what is measured is the ensemble average of the observable. This means that
in order to calculate a macroscopic property which arises from collisional transi-
tions, an ensemble average of the cross sections over all values of the total energy

should be used. This ensemble average relates the microscopic cross sections to

their macroscopic equivalents via the Boltzmann distribution function as

KKK K ® K!IKLKK; —
aj’;";;j ' ’(K) =-/; 0'5,;;:;:'!3‘ "(K)f(z, 2')28 dz (1.41)
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in which z is the reduced kinetic energy of the collision complex in the entrance
channel, given by z = Ex/kT = E— E;/kT with k being the Boltzmann’s constant,
and f(z,z’') is a function of z and z’. For both NMR cross sections f(z,z') = 1.

1.4 A brief outline of this thesis

A review of the aspects of the experimental setup for gas phase NMR experiments
is presented in Ch. 2, where the design and the specifications of the gas handling
system and sample cell used in the experiments on the HD-Ar and D,—Ar mixtures
are detailed. In the beginning of Ch. 3 an overview of the experimental considera-
tions related to the physical properties of the systems under study is presented. The
presentation and a brief analysis of the experimental spin-lattice relaxation times
measured for HD-Ar and D,—Ar mixtures follows a careful study of their respective
one-dimensional spectra, in Secs. 3.2 and 3.3, respectively. The detailed equations
for the spin-lattice relaxation times are first introduced in Ch. 4, and the role of
the physical parameters in determining the values of the relaxation times are dis-
cussed briefly. Results and details of the theoretical calculations of the relaxation
times for the HD—Ar and D,-Ar systems are discussed separately in Secs. 4.4 and
4.5, respectively. The theoretical and experimental results obtained in Ch. 3 and
4 are then compared in Ch. 5. Evaluation of the XC(fit) potential based on these
comparisons is given in Sec. 5.4. Discussions on the experiments and calculations
can be found in Secs. 5.6 and 5.5, respectively. Chapter 5 concludes with a few
general remarks and a summary of the results obtained in the present study. Some
plans for future studies in a direction similar to that of the current research are
presented in Ch. 6. More detailed summaries of the contents of individual chapters
are given at beginning of each chapter.



Chapter 2

Design of a Gas-Handling System
for Gas Phase NMR Experiments

This chapter is concerned with the design of a gas-handling system (GHS). In
section 2.1 the difficulties with existing methods for carrying out gas phase NMR
experiments are reviewed, and it is concluded that new designs for the sample cell
and the GHS are needed for this work. Detailed descriptions of the GHS and the
sample cell are presented in sections 2.2 and 2.3, respectively. Section 2.4 discusses

some experiments carried out to test the GHS and the sample cell.

2.1 Introduction

In gas phase NMR it is not possible to acquire a strong signal from a dilute or low
pressure sample in a short period of time. This is due to the small number of nuclei
in the effective volume of the transmitter-receiver coil. Obviously, the situation is
even worse for insensitive nuclei. A trivial solution to this problem would be to

increase the size of the sample. However, NMR differs from some other spectro-
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scopic techniques in that the sample size and shape are extremely limited, and are
strongly restricted by the designs of the magnet and the probe. These limitations
arise from the small volume over which the required high homogeneity of the static
and rf magnetic fields can be attained. Such a high degree of homogeneity (~1 part
in 10®) is crucial for the accuracy of all energetic, dynamic and relaxation studies.
Therefore, the size and shape of the sample cannot be expanded arbitrarily in order
to increase the number of nuclei in the effective volume of the transmitter-receiver
coil so that a stronger NMR signal can be obtained. Thus, it is not possible simply
to use a larger sample with commercial NMR instruments.

In most gas phase experiments®®*? a flame-sealed glass tube, as shown in
Fig. 2.1-(a), is used as the sample cell. In this method, a jointed glass tube con-
nected to a gas-handling setup is first evacuated, and is then placed in a cryogenic
liquid, commonly liquid nitrogen. When the sample is introduced into the glass
tube via the gas-handling setup the cryogenic liquid causes the sample, which is
not necessarily a gas at room temperature, to condense at the bottom of the glass
tube. Next, a flame is used to seal off the tube at the point below the joint to
the gas-handling setup. After this, the glass tube is removed from the cryogenic
liquid, and is placed in the standard solution probe, and the sample is studied. The
glass tube necessarily has the same outer dimensions as a standard NMR tube. It
has, however, a totally different inner size and shape. To minimize diffusion of the
sample in and out of the effective volume of the coil, the glass tube is constricted
by a piece of capillary beyond the effective length of the coil. In other cases,*34¢
the length of the glass tube is set to be not more than the effective length of the
coil, and hence no capillary is used. The pressure of the sample is set by choosing
the initial amount of the sample and the internal dimensions of the tube. When it

is not possible to fix the amount at the time of sample preparation, a differential



29

weighing method is used to measure the amount of the sample.*® Usually a thick-
walled tube is used to carry out the experiment with the highest degree of safety;
the higher the pressure, the thicker the glass wall should be.

In addition to the dangers inherent to the sample preparation step, this method
has many disadvantages, a few of which deserve mention here. The cryogenic iquid
should have a much lower boiling point than the sample itself. This means that
samples containing helium cannot be prepared in this way, since there is no liquid
with a lower boiling point than helium. Further, for hydrogen the only choice for
the cryogenic liquid is helium. Although some other cooling techniques can be used
to condense these samples in the NMR tube, they are expensive and demanding.
Yet another disadvantage of this method is that for each total density of the gas
mixture, a new sample should be prepared. This means that the experimentalist
should prepare as many samples as the number of densities s/he wishes to study.
This increases the risks associated with the sample preparation step. Another
disadvantage of this method is that the response of the flame-sealed glass to heating
and cooling procedures, i.e., thermal expansion and contraction, is unpredictable.
This problem, which is caused mostly by the way in which the tube is sealed off by a
flame, can be removed, although not perfectly, by the use of isotropic zone melting
methods.*” Such methods are, however, difficult to carry out and are expensive.
These heating and cooling procedures are needed in the study of the temperature
dependence of the NMR characteristics of the sample.

A modified version of the commercial valved NMR tube,*3:4? as shown in Fig. 2.1-
(b), is another option for gas phase experiments. But this option also has many
disadvantages. The temperature and pressure ranges over which this tube can be
used are extremely narrow. For example, the higher limit of the pressure range

doesn’t exceed 1atm at room temperature. This limit becomes significantly lower
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Figure 2.1: (a) A flame-sealed glass tube used as a gas phase NMR sample cell. (b)
A commercial valved NMR. tube modified for gas phase studies.
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if high-temperature experiments are necessary. Also, its design precludes any great
variation in temperature due to different thermal expansions or contractions of the
materials and the concomitant risk of leakage or breakage. This valved tube was
originally designed for experiments on degassed solution samples for which relax-
ation time or chemical shift measurements cannot be carried out in the presence
of a dissolved gas, usually oxygen. Another disadvantage of this tube is that no
constriction is designed to prevent the diffusion of the sample to and from the ef-
fective volume of the coil. Moreover, leaking of small molecules and atoms of the
gaseous samples through the seals and into the Teflon stem of the valve of the tube,
even at room temperature, is another real concern. As in the previous method, the
experimentalist should prepare as many samples as the number of densities s/he
wishes to study. The sample preparation step in this method is exactly the same
as that of the previously-described method, except that the tube is disconnected
easily by closing its valve and removing the double joint connecting the tube to the
gas-handling setup. For this procedure, the risks in the sample preparation step
are much lower than those of the previous.method. Such a reduced risk is a great
advantage.

The other advantage of this tube over the thick-walled tube mentioned above is
in its maximal concentricity or isotropy. This causes a small increase in the signal by
increasing the value of T; and hence the sensitivity. This feature also improves the
precision of the chemical shift measurement. Unfortunately, these advantages are
not sufficient enough to overcome several disadvantages of this method. In brief, the
commercial valved NMR tubes are not useful for gas phase experiments, especially
at high pressures and temperatures, and for samples involving small molecules.

One systematic solution to the problems of gas phase experiments in NMR is

4,6,

the use of specialized gas phase probes.* %352 Using special gas phase probes to
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study gaseous samples has been the best and most reliable method so far. How-
ever, there are also some difficulties with this approach. The major difficulty is
that a home-built probe can rarely provide a homogeneous field over the required
volume of the sample. This is due mostly to the perturbation of the magnetic field
caused by the shielding effects of the probe components. It should be mentioned
here that this problem exists for commercial probes too. However, these probes
provide a uniform susceptibility so that shimming, i.e., adjusting the homogeneity,
of the magnetic field is very easy. By contrast, the non-uniform susceptibility of
home-built probes and variations in the susceptibility induced by the introduction
of the sample make shimming of the magnetic field very difficult, or even impos-
sible. Design of a home-built probe with uniform susceptibility, although feasible,
is extremely time-consuming and laborious, and is beyond the scope of the present
study. Inhomogeneity of the field reduces sensitivity and resolution of the spectrum
dramatically, and requires a larger number of scans in order to obtain acceptable
resolution and accuracy.

Another difficulty that arises for strong fields, such as that employed in these
studies, is the sensitivity of the LC circuit of the probe to small changes in the
input power and temperature.” An accurate and proper selection of the materials
and electronic components of this circuit is needed in order to have stable pulses
of minimum duration. This is more crucial when two or more nuclei with a large
difference in their magnetogyric ratios are to be studied.

The direct metal-glass joints that are used in such probes are reported to limit
the temperature range over which the experiment can be done free of problems.**

To decrease the risk of explosion of the sample cell in high pressure experiments,

*The part of the electronics of the probe that produces radio-frequency fields, consisting of an
inductor (L) and a capacitor (C), is called an LC circuit.53-5¢



33

the pressure of the probe is kept close to the pressure in the sample cell. This
precaution needs a special sealing setup for the entire probe.

It should be noted here that the conduction of experiments with an instrument
which is not dedicated to gas phase studies, but is shared with other research
groups, requires a fast and convenient setup, as well as a safe method of switching
between gas phase and other standard experiments. This means that a home-built
gas phase probe that needs several preparation and checkup steps in its setup is
not suitable.

In spite of numerous advantages, the use of a superconducting magnet in an
NMR instrument introduces some extra limitations for gas phase experiments. The
most important limitation is that no substance with magnetic impurities can be
used in the components of the GHS or in its fittings to the sample cell. Although
magnetic substances may affect the fields of permanent and electromagnets, they
do not harm the magnet itself. But, bringing or moving a magnetic object in the
vicinity of a superconducting magnet may result in a quenching of the magnet.
To avoid such a costly incident one should be extremely careful in selecting the
materials and in the design of the GHS. Another limitation that is introduced by
using a superconducting magnet is that no electrical vacuum pump can be used
within a specified distance from the magnet. An electric pump is much more
detrimental to the magnet than a magnetic substance, due to vibrations produced
by its operation. It can easily cause quenching of the magnet if it is not properly
handled and situated in the NMR room.

In the experimental part of the current work, NMR spin-lattice relaxation times
of the nuclei in different mixtures of argon with hydrogen isotopomers are to be
studied over a wide range of temperatures and pressures in an NMR instrument

with an 11.75 Tesla superconducting magnet. From what has been discussed in this
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section, it can be concluded that none of the existing methods for dealing with gas
phase experiments in NMR is suitable for these studies. Therefore, it was necessary
to design and build a new GHS and sample cell. The rest of this chapter is devoted
to the details of the design of a GHS and its compatible sample cell.

2.2 Design of a gas-handling system (GHS)

The first step towards any gas phase experiment is to prepare the gas mixture at
the desired pressures from its pure components, usually stored in cylinders at high
pressures. There have been great advances in pressure measurement methods in
the past few decades. However, there have not been any important changes in
methods for mixing two non-reactive gases, such as those studied in this work.
Two containers with known volumes are filled with pure gases at predetermined
pressures. The mixture is prepared simply by connecting the two containers to
one another. Mole fractions of components of the mixture are calculated from the
measured pressures and volumes of the GHS components. At this stage the mixture
is ready to be sampled and studied.

There are two ways of introducing the sample into the NMR probe, namely on-
line and off-line sampling. Flame-sealed glass and commercial valved tube methods
are categorized as off-line sampling, whereas a gas phase probe is considered an
on-line sampling technique. Advantages and disadvantages of these methods have
been discussed in detail in the previous section. The GHS designed for this work
is shown schematically in Fig. 2.2. In the design of this GHS, described below,
the advantages of an on-line sampling method were deemed most desirable. In this
design, difficulties with the gas phase probe discussed in Sec. 2.1 are also avoided.

The GHS shown in Fig. 2.2 consists of two containers with approximately a
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1:10 volume ratio. After the mixture has been prepared at the desired pressure
and mole fraction, these containers are isolated from the rest of the GHS, and are
used as storage tanks to store the prepared mixture for the next set of experiments.
These containers and all other components of the GHS a.re made of copper, brass
or non-magnetic $S316 type stainless steel. This is a necessary precaution when
working near superconducting magnets. The connecting copper tubes of the GHS
are all thick-walled with a volume of 0.185 cm® per inch (3.05 mm inner-diameter).
This type of tube was chosen because of its minimal volume per unit length and
maximal pressure and diffesion resistance. Volumes of different components of
the GHS are calculated using their nominal sizes. These calculated volumes are
verified by expansion experiments on pure argon and the use of the virial equation
of state.?'*¢ Except for the pressure gauge and sample cell, brass nuts are used
in all fittings for better sealing. All valves of the GHS are of a sealed type. This
type of valve has the most reliable sealing feature. Essentially perfect sealing is
required when the gas mixture contains components with small molecules, such as
hydrogen gas. The o-rings used in this GHS are Viton (different fluorocarbons) with
a durameter (hardness) of 75, see Ref.57, provided by Apple Rubber Products.
The sample is introduced into the probe via a thick-walled copper tube. This
copper tube is long enough to place the whole GHS well beyond the 5 Gauss line!,
see Fig. 2.2. A Cajon VCO fitting is used to connect this copper tube to the o-
ring joint of the sample cell. A description of the sample cell is given in the next
section. After connection to the sample cell by proper fittings, the copper tube is
placed in the probe, and then is connected to one of the ports of the GHS that
is controlled by a valve. The GHS, the tube and the sample cell are evacuated

'The line beyond which the stray field of the superconducting magnet is effectively decreased,
and its effects on magnetic material can be safely neglected, is known as 5 Gauss line (1 Gauss =
1 x 10~* Tesla). :
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Figure 2.2: (a) Schematic diagram of the gas-handling system used in the study
of NMR spin-lattice relaxation times in HD-Ar and D,-Ar mixtures, and (b) its
location in the NMR room. The DCCYV tube is a miniature gas-handling system
and will be described in Ch. 6.
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after being purged with nitrogen for an hour and then with pure argon for several
minutes before sample preparation. The mixture is first prepared at the highest
pressure of interest. To carry out experiments at lower pressures, the pressure is
dropped in several steps by evacuation of a fraction of the mixture that is trapped
in the tubes between the valves of the GHS. This volume is filled with the mixture
and is isolated from the rest of the GHS before evacuation.

A type 122B Baratron capacitive absolute pressure transducer, made by MKS
Instruments, is used as pressure gauge. This gauge is able to measure pressures up
to 35atm with an accuracy of 0.5%. The temperature coefficient of the gauge is
0.04% of the reading pressure per centigrade degree. The gauge is connected to the
GHS by a Cajon VCO fitting through a half-inch stainless steel tube. The total
volume of the gauge, including its tube, is 8.50 cm3. The gauge has excellent stabil-
ity and is operated by a 15V DC power supply at 35 mA. Pressure measurements
of both components before preparation of the mixture is performed by this single
gauge, which is also used to monitor the pressure of the mixture during the exper-
iment. A zero adjustment is done before ‘each set of experiments. A stable zero
pressure could be achieved within 2-3 minutes of evacuation. Because of changes in
room temperature, a small change in zero pressure is observed from one experiment
to another. This change was in agreement with the stated temperature coefficient.

The whole GHS, including HD and D, cylinders, is mounted on an aluminum
board box with 50 x 50 x 20 cm dimensions. This box can be carried easily by
hand. However, a cart is used for safer displacement. The argon cylinder and the
vacuum pump are also mounted on this cart. This setup makes it a totally portable
and attractive GHS. Problems with this GHS will be discussed in Sec. 5.6.

A novel miniature GHS which is designed, built, and tested for gas phase NMR
experiments, will be introduced in Ch. 6.
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2.3 Gas phase sample cell

The sample cell is the most important part of the gas phase experimental setup. The
sample cell used in these studies is shown in Fig. 2.3. This cell consists of three parts.
The top part of the cell is an o-ring joint through which the cell is connected to the
GHS tube by a brass fitting. The outer-diameter of the joint at its top is 18 mm.
Maximum outer-diameter of the fitting is 24 mm. All these sizes are designed based
on the diameter of the upper magnet bore, which is approximately 26 mm in this
case. The glass joint sits on a Teflon band inside the fitting. This Teflon band
allows a stronger tightening of the fitting without breaking the glass joint. A #110
Viton o-ring is used to seal the junction between the glass joint of the cell and
the metal joint of the tubing of the GHS. Proper selection of size and material of
the o-ring and accurate design and precise machining of its groove®” are critical
parameters in the performance of this type of seal. In all experiments, spanning
temperatures between 180 and 420K, no leaks were observed. For two reasons
this type of glass-metal connection is superior to the direct joint used in previous
studies.* %5558 Pirstly, the rigid connection is replaced by a flexible junction, thus
allowing larger temperature variations. Secondly, the solution to the problem of
incidental breaking of the seal, already largely removed because of the flexibility of
the connection, is reduced to simple replacement of either the o-ring or the glass
cell. These replacements are much easier and cheaper than is the replacement of
the direct glass-metal joint. In order to avoid possible contamination, no lubricant
is used to preserve the flexibility and sealing properties of the o-ring. Because
thermal expansion and contraction affects the elastic properties of the o-ring, as a

precaution the o-ring is replaced after each set of experiments on a given mixture.

The second and middle part of the sample cell is a 160 mm long capillary with
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Sec. 2.2 in the study of HD-Ar and D;—~Ar mixtures.
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maximum inner-diameter of 0.5 mm. The role of this capillary is to confine the gas
mixture in the effective volume of the transmitter-receiver coil as much as possible.

The third and bottom part of the cell is a bulb with the same outer-diameter as
that of the capillary. The thickness of the bulb wall depends on the outer-diameter
and the maximum pressure at which experiments are to be carried out. Under
conditions of these studies, :.e., a 5 mm outer-diameter cell and pressures less than
35atm, a 1mm thick wall meets all safety precautions. To have a more symmetric
bulb, the thickness of the bottom of the bulb is designed to be approximately
3mm. The bulb length is approximately 20 mm, and is slightly shorter than the
effective length of the rf coil. Although the short length of the bulb reduces the
available volume of the cell, it improves the homogeneity of the magnetic field over
the sample.

The only possible choices for the material making up the cell are glass and
quartz. Due to its crystalline structure, quartz has much higher pressure stability
than does glass. The thermal stability of quartz is less than that of glass for the
same reason. However, preparation of the entire cell from quartz requires higher
temperatures and more precise instruments than are commonly available in glass-
blowing shops. Glass blowing of the cell can be done either by human or by machine.
The human-made cells usually are non-symmetric and often contain air bubbles
saturated with water vapor. If the bulb wall contains such bubbles, it will cause

problems in proton experiments, especially for dilute samples.
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2.4 Test of the gas-handling system and
the sample cell

To test the seals of the GHS and sample cell, they are connected to one another
and filled with helium gas at 70 atm. This pressure is twice that of the GHS spec-
ifications, and approximately five times the highest pressure used in these studies.
Non-reactive helium gas has the smallest molecules, and hence provides a perfect
test gas for checking seals and diffusion through the materials. After 24 hours,
no drop in pressure was observed in this test. All components of the GHS were
included in the test.

The sample cell is cleaned with common solvents and is dried in an oven for
several hours. It is then connected to the copper tube while maintaining a flow of
nitrogen gas through both. After the sample cell is placed in the probe, the copper
tube is connected to the GHS. A Teflon or ceramic fitting is used to keep the cell
aligned with the common axis of the probe and the coil. In order to have a stable
temperature throughout the sample the probe is capped while the experiments
are performed. The effects of temperature gradients in the probe are discussed in
Sec. 5.6. No modification or change is necessary for a standard probe to fit this
GHS and sample cell.

Prior to each experiment on gas samples, the magnetic field is shimmed on
a standard lineshape sample. The 90° pulse lengths of the proton and deuteron
channels are optimized on a 1:1 H,O/D,0 liquid mixture. To check for any con-
tamination, proton and deuteron spectra were collected using an empty cell. Except
for some weak and unusual peaks with very different 90° pulse lengths, in most of
the cases no background peak was observed with the empty cell. Experiments per-

formed using an empty probe showed that adsorbed species on the rf coils and their



42

glass supports are responsible for these (negligible) background peaks. This sug-
gested that cleaning the coils and their glass supports was necessary for gas phase
expenments These components of the probe were cleaned frequently with different
solvents and were then dried with nitrogen gas.

Pure hydrogen gas at approximately 3 atm pressure was used as the first sample
to test the GHS and to run a test NMR experiment. Because of the strong signal,
shimming could be improved on this gas sample. All valves, fittings and connections
were checked. No pressure drop was observed during two days of testing. A mixture
of 10% H; in argon at 6atm pressure was used as the second test sample. A
relatively strong signal could be observed after only 32 scans. However, it was
not strong enough to shim the magnetic field on this sample. The change in the
shimming is due to replacement of a highly symmetric NMR tube used for shimming
on the lineshape sample with an unsymmetrical gas phase glass cell. To test the
temperature response of the seals, a few high and low temperatures were examined.
The probe could be tuned up to the same level as that for standard solution samples
at all temperatures. The pulse lengths were not very different from those in solution
samples, and increased with increasing temperature. This was due to temperature
effects on the coil. No pressure drop was observed during these test experiments.

When unfiltered air was used for the cooling and heating flows, a strong peak
(relative to the gas phase signals) was observed in the proton spectrum. This signal
was attributed to water vapor in the air flow which passes through the probe and
fills all free spaces, including the clearance between the coil and the glass sample
cell. This peak decreased with decreasing temperature and was replaced by an
extremely broad peak for temperatures lower than 273K. No such problem was
observed with nitrogen gas. To avoid this problem, only nitrogen gas was used

throughout this work for heating and cooling flows.



Chapter 3

Experimental Measurement of

Spin-Lattice Relaxation Times in

HD—-Ar and Do—Ar Gas Mixtures

In this chapter experimental measurements of NMR spin-lattice relaxation times of
the nuclei of various HD-Ar and D,—Ar mixtures over a wide range of temperatures
and at different total densities are presented. In Sec. 3.1, some points about sample
preparation and other steps of the experiments are discussed. Spin-lattice relaxation
times of nuclei in HD-Ar and D,—Ar mixtures are measured using the gas handling
system described in Chapter 2, and the results are presented and discussed briefly in
sections 3.2 and 3.3, respectively. In an attempt to measure the dipolar contribution
to the spin-lattice relaxation times of the proton and deuteron in HD-Ar mixtures,
a number of Nuclear Overhauser Effect (NOE) experiments have also been carried
out. The NOE results, which represent the first NOE measurements performed for

a gas phase system, are presented in Sec. 3.2.3.
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3.1 Introduction

In the experimental part of this work, the potential energy surface (PES) for the
isotopic hydrogen—argon system is studied through NMR spin-lattice relaxation
time measurements. To be certain that the NMR relaxation results are only those
driven by this PES for the unlike interaction, the experiments must be carried out
in such a way that the effects of collisions between hydrogen molecules and argon
atoms on the NMR relaxation are isolated. The only direct method of accomplishing
this is to carry out experiments on supersonic jets of interacting molecular beams.>®
Because of the extremely low concentration of nuclei in supersonic jets, a very long
period of time would be required in order to obtain the desired results with an
acceptable accuracy. Further, no commercial NMR instrument is equipped with
the required setup to carry out such experiments, the most important of which is
a homogeneous magnetic field over a large volume. Thus, accessible but indirect
methods should be used for the NMR study of PES’s.

One indirect method for accessing the isolated contribution of this PES is to
carry out spin-lattice relaxation experiments on mixtures with different (low) mole
fractions of hydrogen in argon. Extrapolation of the results for these mixtures
to the infinite dilution limit will ideally give the isolated contributions from the
hydrogen-argon PES. From preliminary NMR experiments with the GHS described
in Chapter 2, it was found that mixtures with as low as 1% hydrogen in argon
can be studied in a reasonable period of time. Even at low total densities, the
concentrations of nuclei in such mixtures are many orders of magnitude larger than
those in molecular beams. Because a linear relationship between contribution of
hydrogen-argon collisions in the spin-lattice relaxation time and the mole fraction of

hydrogen is utilized, the range of the mole fractions used for extrapolation becomes
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very important for the ultimate accuracy of the linearly extrapolated results; 505!
the lower the mole fractions employed, the more reliable the final extrapolated
results. The use of a limited range of low mole fractions of hydrogen justifies such
an assumption.

Basically, this method could also be used for the component of the mixture at
the other extreme of the mole fraction scale. The only necessary condition is that
each component of the mixture should contain at least one NMR active nucleus.
Hydrogen—nitrogen, hydrogen—*3CO, hydrogen—xenon and hydrogen->He mixtures
give a few examples on which such an inverse method can be employed. When one
of the components is monatomic, however, this will not be practical, as relaxation of
nuclear spins in single atoms necessarily occurs via intermolecular mechanisms. An
important example of such a mechanism is the interaction between the nuclear spin
angular momentum of the single atom and the orbital angular momentum of the
transient collision complex (the so-called spin-rotation relaxation mechanism!"18).
Under the same conditions, the rates associated with NMR intermolecular relax-
ation mechanisms are orders of magnitude slower than those of the intramolecular
mechanisms that dominate nuclear relaxation in polyatomic molecules.>%? Experi-
mental uncertainties associated with wall contributions and diffusion, as discussed
in Sec. 5.1, become significant in the study of systems with slower relaxation rates.
Thus the slow relaxation rates, i.e., long relaxation times, of the monatomic compo-
nent can be problematic. A more important point regarding NMR relaxation of the
monatomic component in such binary mixtures is that there is no direct relationship
between the spin-lattice relaxation times and the usual PES.!® Thus, the inverse
method cannot be used in the evaluation of such a PES for systems containing
monatomic components. Even if the appropriate reiationship were formulated, this

inverse method could not be employed for the hydrogen—argon system, because all
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three naturally abundant isotopes of argon (consisting of 99.59% “°Ar, 0.07% 3%Ar
and 0.34% 3¢Ar) have zero nuclear spins, and thus cannot be observed or studied by
NMR. In contrast to the hydrogen—argon system, hydrogen-helium and hydrogen-
xenon systems could be studied using this inverse method, as He and !**Xe are
excellent NMR active stable nuclei.!519-46

At first glance it appears that each experimental datum can be compared with
the results of theoretical calculations independently, so that there is no limitation
on the range of temperatures and densities or on the number of data points needed
for these studies. However, a closer look at the systems and their specifications (see
Secs. 5.1) shows that this is not the case, and experiments should be carried out
over a relatively wide range of temperatures and at two or more densities. Apart
from the limitations imposed by the GHS and the NMR instrumentation, extremely
high or low temperatures and densities should be avoided. The lowest accessible
temperature is essentially limited by the boiling point of argon, 87.5 K. Formation
of clusters of argon atoms, and argon density gradients in the cell become major
problems even at temperatures above the boiling point of argon. If experiments
are necessary at temperatures close to the boiling point of one of the components,
they should be carried out either at very low densities or by the inverse method
mentioned above, where appropriate.

The allowed density range is bound by two limits. The lower limit of the density
range is set such that the contribution from collisions with the wall of the cell to
the relaxation times is negligible relative to that of inter-particle collisions. The
higher limit of the density range is set such that the contributions from three-body
collisions are negligible. Three-body contributions cause a non-linear relationship
between T /p and the mixture density, p, above the extreme-narrowing regime (see

Sec. 4.1).
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Sample preparation consists of two steps. In the first step individual components
are prepared in the two storage tanks of the GHS at known pressures. Since the
mixtures should have low mole fractions of the hydrogen isotopes, the smaller tank
is assigned to them. In the second step the two components are mixed and saved
in the tanks. Non-ideal behavior of the components has been taken into account in
the calculation of the mole fractions. Because of the low mole fraction of hydrogen,
it could likely be assumed that the mixture has the same non-ideal behavior as
does argon. Nonetheless, the contribution of the minor component was taken into
account using available data on the interaction virial coefficients of argon~hydrogen
mixtures. 56-63:64

The pressure of the mixture in the sample cell is monitored during the experi-
ments as a check for any possible leak from the seals or any change in the volume
of the copper tubing and the fitting inside the magnet bore. Since the sample cell
is not isolated from the GHS, its pressure is the same as that of the GHS. The
temperature of the sample cell and that part of the copper tubing located in the
upper magnet bore is the same as that of the probe, and is monitored by the built-
in thermocouple of the probe. However, as this thermocouple does not actually
register the true temperature of the probe, it must be calibrated.

Hydrogen has six isotopomers, namely, H,, D,, T, HD, HT and DT. A basic
question is which of them will make the best choice for the experimental part of the
present studies. Three of them are homonuclear diatomics, while the other three are

65,68 requires the existence of two different nuclear

heteronuclear. Quantum statistics
spin modifications for homonuclear isotopomers. No direct photonic or thermal
transitions can occur between these two spin modifications. Indeed, only separation
and recombination of the atoms or a direct magnetic interaction can change one

spin modification into the other. For this reason and because of the origin of the
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differences between the two modifications, they are sometimes referred to as parity
isomers. At room temperature the rate of ortho-H; to para-H; conversion is less
than 2% of ortho-H; per week (or less than 0.67% of pare-Hz per week). The rate
of para-D; to ortho-D; conversion is so slow that only negligible conversion® has
been observed after one year.%”

Any physical property of one homonuclear isotopomer will be an ensemble av-
erage of that property over all its modifications. Therefore, each measurement of
one physical property on these isotopomers represents an average value of that
property. This fact makes the study of these systems more difficult to carry out,
because two different systems must be dealt with simultaneously. This problem
doesn’t arise when one of the parity isomers does not contribute to the property
being measured. NMR measurements on H; provide a nice example of this excep-
tion, since the nuclear spin of pare-H; is zero, so that it does not contribute to the
NMR signal. Also, the ortho-para conversion rate for H; is much slower than the
time scale of the NMR experiment. Thus, the conversion also does not affect NMR
measurements.

Three of the six isotopomers of hydrogen containing radioactive tritium are not
readily available, and hence are the last candidates for NMR spin-lattice relaxation
time studies. Moreover, the NMR. probes employed in the present studies cannot
access the frequency of tritium, which is 6.7% higher than that of the proton.

Among the remaining isotopomers, heteronuclear HD is the best candidate.
The most important advantage of this isotopomer is that measurement of NMR
spin-lattice relaxation times can be carried out on two different nuclei for each

sample. This can be regarded as two independent measurements on each mixture.

“In the solid phase these rates are 1.30% and 0.06% per hour for ortho-H; to pera-H2 and
para-D2 to ortho-D; conversions, respectively.®”
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The other advantage of studying the HD—Ar system is that any abnormal results
for one nucleus, which can be caused by either experimental problems or unknown
processes in the system, can be probed by studying the other nucleus. Further,
previous studies have shown that a proposed potential for the hydrogen-helium
system that had given good agreement with the experimental results for H,—He®
and D,-He® systems could also give good results for proton of the HD-He system.
However, the same frensformed potential failed to give as good agreement with
the deuteron relaxation in the HD-He system.* The source of this disagreement
has not yet been determined. This suggests that the HD isotopomer would also be
a good choice to see if a similar disagreement occurs more generally in the study of
HD-rare gas systems. To accomplish this, D—~Ar and H,—Ar systems should also
be studied.

As the H,-Ar system had been studied already,®® it was not chosen for these
studies, even though the experimental conditions are totally different. The only
remaining isotopomer of hydrogen, D,, is therefore an appropriate second choice.
The rest of this chapter is devoted to the experimental results of the studies on the
HD-Ar and D,-Ar systems.

All of the experiments were performed by a Bruker AMX-500 NMR instru-
ment with an 11.75 Tesla superconductor magnet. A broadband inverse probe was
used for the study of both nuclei (proton and deuteron). The probe was tuned at
each temperature before performing the experiments on each sample. The pulse
lengths of the proton and deuteron channels were calibrated first on a 1:1 mix-
ture of D,O/H,0. During the course of carrying out the experiments at several
temperatures, pulse length calibrations have been necessary, because of the effects
of temperature on the performance of the rf coils. Generally speaking, the pulse

length increased with increasing temperature.
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3.2 Gas phase NMR study of HD—Ar mixtures

The HD gas was obtained from Cambridge Isotope Laboratories with stated purity
of 97.0%. The major impurities, H; and D,, contribute only a negligible amount
to the measured signals and, to a much smaller extent, to the relaxation processes
(see Section 5.6). The HD gas was provided in a 460 cc carbon steel #12 lecture
bottle (cylinder) with a CGA 110/170 brass angle valve under ~ 11atm pressure.
A CGA 110 to 1/4 inch NPT stainless steel adaptor was used to connect the HD
cylinder to the GHS via a 1/4 inch copper tube. Ultra-high purity grade argon gas
was obtained from Praxair with stated purity of 99.998%. The major impurity, N,
does not contribute to the signal measurement, and its effect on the relaxation time
measurement is negligible due to its very low concentration. Also, the hydrogen-N,
interaction is weaker than the hydrogen—argon interaction.®® This further decreases
the contribution of this minor impurity to the relaxation time measurements. The
argon cylinder was also connected to the GHS via 1/4 inch copper tubing, and the
outlet flow of argon gas was controlled by a regulator. The connecting tubes and
the regulator were purged with argon gas before preparing the mixtures.

To optimize NMR parameters for the study of the nuclei of HD in the HD-
Ar mixtures, a set of test experiments was performed on pure HD gas. Proton
and deuteron spectra were obtained at temperatures of 295, 323 and 350K and at
densities of 0.85, 2.0 and 2.5 amagat. These experiments showed that mixtures with
HD partial densities of more than 0.1 amagat could be studied in a reasonable time.
This partial density limit would be even lower, by a factor of ten, if only the proton
was to be studied. T} measurements were also carried out on these samples. The
measured T} values for the proton and the deuteron were of the order of 500 usec and

2 msec, respectively. Because T, was very short, no J-coupling multiplet could be
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resolved in the proton and deuteron spectra of these mixtures. However, the widths
and the lineshapes of the peaks obviously indicated that they were not singlets. To
separate out and study the relative contributions of the J-coupling, i.e., multiplets,
and the NMR experimental conditions, such as poor shimming, to the observed
linewidths and lineshapes, a decoupling experiment was performed on one of these
mixtures. The results showed that the decoupling of the other nucleus decreases
the linewidths of the peaks associated with each nucleus by factors of about 2.0,
and leaves well-defined peaks, with Lorentzian lineshapes. This experiment served
also as a test for the NOE measurement discussed in Sec. 3.2.3.

Three HD—Ar mixtures, with 0.86%, 2.80% and 5.03% HD, were prepared. The
relative error of the measured mole fraction of HD is estimated to be twice the
sum of the errors in the measurments of the GHS pressure (~0.5%), temperature
(~0.2%) and volume (~0.2%) totalling ~1.8%. The effects of such (negligible)
errors appear only at the time of extrapolation to infinite dilution. Because of
the narrow range of mole fractions used in this work, and because of the weak
dependence of the relaxation times on the mole fraction over such a narrow range,
these errors can be safely neglected. Experiments on each mixture were performed
at three different amagat densities, listed in Table 3.1, and for 8 to 21 temperatures
between 180 and 420K. For each mixture at each temperature NMR parameters
were optimized on the one-dimensional spectra of the proton and deuteron before
the 77 measurements were made. The results of these one-dimensional spectra are

presented below.
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Table 3.1: Mole fractions of HD, zygp, and amagat densities, p, of the HD-Ar
mixtures studied in this work.

THD 0.86% - 2.80% 5.03%
Mixture p/amagat Mixture p/amagat Mixture p/amagat
1 8.744 4 15.032 7 15.495
2 4.784 5 8.340 8 8.383
3 0.961 6 4.551 9 4.550

3.2.1 Analysis of the proton and deuteron NMR spectra
of HD in HD—Ar mixtures

Typical proton and deuteron spectra of HD in these HD~Ar mixtures are shown in
Figs. 3.1-(a) and (b), respectively. In these spectra the multiplet peaks of each nu-
cleus, due to J-coupling to the other nucleus, are resolved. The excellent resolution
of the spectra is due to sufficiently large T values and well optimized experimental
parameters, including NMR. instrumental parameters, and the diffusion-restricted
isothermal sample, which resulted mainly from the designs of the GHS and sample
cell. A combination of these factors results in a sufficiently large value for T, which
is essential for attaining high resolution. For various reasons no such resolution had
been observed for HD under similar conditions in previous studies.*** In Fig. 3.1
the singlet peak in the upper spectrum of each nucleus is obtained by decoupling
the other nucleus.

For the highest density of each mixture, relatively strong signals (large S/N ra-
tios) could be obtained at low temperatures after only a few hundred scans. The

number of scans required to obtain an acceptable S/N ratio increased with tem-
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Figure 3.1: (a) Proton and, (b) deuteron spectra of HD in a mixture of 5.03%
HD in Ar at 180K and 8.38amagat. Note the high resolution of the multiplet
peaks. Both spectra were obtained with 128 scans. No window function has been
used in processing these two spectra. Dwell times of 4.0 and 6.0 microseconds and
relaxation delay times of 0.5 and 2.0 seconds were used for the proton and deuteron,
respectively. The S/N ratios for a single peak were measured to be 7500 and 170
in the coupled, and 16440 and 680 in the decoupled spectra for the proton and the
deuteron, respectively. The measured values of ! Jup from the proton and deuteron
spectra are 41.74 and 41.66 Hz, respectively. The singlet peaks in (a) and (b) have
been obtained by decoupling the other nucleus. See Sec. 3.2.3 for details. The tick
spacing in (a) and (b) are 50 Hz and 25 Hz, respectively.
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perature. There are two main reasons for such behavior. First, the population
differences between the nuclear spin levels, which are responsible for nuclear mag-
netization, decrease with increasing temperature. This decreases the total magne-
tization and thus decreases the overall signal, which is proportional to it. Second,
spin-spin relaxation times for both nuclei decrease with increasing temperature.?
This leaves the experimentalist with a weak and rapidly decaying FID (free induc-
tion decay; the time-demain signal) with a low S/N ratio.

Quantitative information about temperature and density dependences of the
S/N ratio would be quite useful in selecting the mole fractions and amagat densities
at the beginning of this type of experiment. No such information has been reported
on these systems in the literature. Tables 3.2 and 3.3 list the S/N ratios obtained
for the peaks in the proton and deuteron spectra of HD in a mixture of 2.80%
HD in Ar at 8.34 amagat and at different temperatures. Better S/N ratios can be
obtained if window functions are used to suppress the contributions of the tail of
the FID (which consists mostly of noise). But, at the same time, the use of window
functions decreases the resolution of the spectrum. Collecting and including the
tail of the FID is necessary for ultimate resolution of the multiplets. However, for
T: measurements, for which such resolution is not necessary, a shorter acquisition
time and a window function with an appropriate line-broadening factor can be used
to improve the S/N ratio.

The widths of both the proton and the deuteron peaks increase with temper-
ature, because T; decreases with temperature. Linewidth and T, are inversely
related by Fourier transformation.®® Increases in the widths of the multiplet peaks
decrease the resolution, such that the multiplet peaks cannot be resolved at higher
temperatures. A typical example of the temperature dependence of the widths of
the proton and deuteron peaks is shown in Figs. 3.2-(a) and (b), respectively. No
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Table 3.2: Typical temperature dependence of signal-to-noise ratios, S/N, chemical
shifts, 8, and peak widths, Avy;, in the proton (*H) spectra of HD in a mixture
of 2.80% HD in Ar at 8.34 amagat. NS is the number of scans for each spectrum.
The listed S/N ratio for each spectrum is calibrated for 256 scans, knowing that
S/N is inversely proportional to the square root of the number of scans. No window
function is used in the measurement of these quantities. The widths in the coupled
spectra are the overall widths of the multiplet, i.e., the sum of the widths of the
three peaks of the triplet. See Fig. 3.2 for the spectra. The jumps in the values of
the S/N ratios, widths, and chemical shifts at T = 298.4K are due to changes in
the shimming parameters.

Deuteron-Coupled Deuteron-Decoupled
Spectra Spectra

T(K) NS S/N Awp(Hz) NS S/N Awgp(Hz)  6(Hz)

180.7 128 4696 713 128 10667 19.1 0.0
194.9 128 3646 80.1 128 8316 15.3 9.7
209.8 256 2986 80.0 . 256 6948 19.1 14.1
225.9 256 2505 85.0 206 5125 22.9 18.9
243.2 256 1942 112.1 256 3642 26.7 24.8
261.2 512 1401 117.7 512 2771 34.3 29.8
279.7 1024 1220 124.3 1024 2217 38.2 39.2
298.4 128 1612 126.7 128 3251 38.2 76.4
324.0 256 926 132.2 256 1476 45.9 78.2
349.8 256 574 138.3 256 926 57.4 82.9
375.3 256 472 142.7 256 668 65.0 88.6
398.6 256 374 147.6 256 517 76.5 96.0

417.4 1024 314 153.0 1024 445 88.0 108.7
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Table 3.3: Typical temperature dependence of signal-to-noise ratios, S/N, chemical
shifts, §, and peak widths, Avy,, in the deateron (*H) spectra of HD in a mixture
of 2.80% HD in Ar at 8.34amagat. NS is the number of scans for each spectrum.
The listed S/N ratio for each spectrum is calibrated for 256 scans, knowing that
S/N is inversely proprotional to the square root of the number of scans. No window
function is used in the measurement of these quantities. The widths in the coupled
spectra are the overall widths of the multiplets, i.e., the sums of the widths of the
two peaks of the doublet. See Fig. 3.2 for the spectra. The jumps in the values of
S/N ratios, widths, and chemical shifts at T = 298.4K are due to changes in the
shimming parameters.

Proton-Coupled Proton-Decoupled
Spectra Spectra

T(K) NS S/N Awp(Hz) NS S/N Avy(Hz) §(Hz)

180.7 512 189 19.7 512 387 6.2 0.0
194.9 512 138 24.4 512 313 6.2 1.0
209.8 1024 108 26.5 1024 262 6.3 1.3
225.9 1024 90 28.7 1024 226 5.9 2.3
243.2 1024 78 35.4 1024 193 9.6 2.6
261.2 1024 59 42.6 1024 163 9.7 29
279.7 1024 53 50.0 1024 139 9.5 4.5
298.4 512 71 38.4 512 158 9.0 11.1
324.0 1024 35 58.6 1024 84 8.9 11.3
349.8 1024 27 60.1 1024 55 9.5 11.6
375.3 1024 21 59.5 1024 49 10.4 12.5
398.6 1024 20 35.5 1024 46 11.4 12.9

417.4 1024 20 36.3 1024 39 12.5 16.4




57

window function is used in the processing of the spectra shown in these figures.
Numerical values of the peak widths of the spectra are given in Tables 3.2 and
3.3. These widths are accurate to within + 0.5 Hz. A study of the one-dimensional
spectra of all mixtures at different temperatures shows that the peak widths are
linearly proportional to temperature. This trend, however, is not observed at higher
temperatures, at which the multiplet peaks overlap and can no longer be resolved.
At these temperatures the reported widths are the overall widths of the multiplets,
which are different from what the sums of the widths of the peaks of the multiplets
would be if they could be measured. The overlap of the non-resolvable multiplet
peaks causes a decrease in the measured widths of the multiplets.

The temperature dependence of the peak widths is consistent with the tempera-
ture dependence expected for T,~!. This suggests that the contribution of diffusion
to the spin-spin relaxation time is very small. It can thus be concluded that diffu-
sion has a negligible contribution to the spin-lattice relaxation processes and to the
measured values of T in this work. This conclusion is confirmed by the small values
obtained for the widths of the deuteron peaks. Analysis of the values obtained for
the deuteron T (see the next section) suggests that the deuteron peak widths could
have values of less than 1 Hz if the magnetic field was perfectly homogeneous over
the sample. But, because it is not possible to shim the magnet perfectly, there is
always a contribution from inhomogeneity of the magnetic field to the widths of
the peaks. The minimum numerical value of this contribution is of the order of
5Hz, and increases with decreasing shimming quality, which usually occurs when
the temperature changes. Table 3.3 indicates that the widths of the deateron peaks
can be a.ééociated with contributions from the inhomogeneity of the magnetic field
and from the spin-spin, or T, relaxation (i.e., the natural linewidth). If the con-
tribution of diffusion were significant, it should be observed more clearly for the
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deuteron due to their having narrower linewidth. The results of T} measurements
show that the deuteron relaxation times are longer than those for the proton by at
least a factor 2. This means that diffusion could play a much more important role
in the relaxation processes of the deuteron magnetization if its contribution was
significant. Also, the widths of the deuteron peaks should increase rapidly with
temperature. However, no such effects are observed in the values of the deunteron
T;. In other words, the measured values of T} in these experiments are diffusion-free
values. In the gas phase, diffusion could be potentially the most important source
of error in NMR measurements.

The decrease in the value of T, that is responsible for the low resolution and
the wide peaks can be due to a decrease in T3, to poor shimming, to a change in
the tuning of the LC circuit, or to an increase in the diffusion of the nuclei in and
out of the effective volume of the coil. Thus, the values of the peak-widths depend
on several experimental parameters. However, the quality of the data obtained in
this work is such that the peak-widths still can be used to probe any contributions
from diffusion in the measured spin-lattice relaxation times. This will be discussed
later in this chapter. The temperature behavior of the peak-widths reported here
can be used also as a guide for future NMR energetics, dynamics and relaxation
experiments in these or similar systems. Beckett and Carr™ reported a line width
of 1.75Hz for the deuteron peak of the HD gas at 40K and 100 amagat. There is
no other report on the peak widths of the proton or the deuteron in the HD gas.

Comparative analysis of one-dimensional spectra of the HD proton and deuteron
in HD-Ar mixtures at different temperatures also shows that the chemical shifts of
both the proton and deuteron peaks depend upon the temperature. This tempera-
ture dependence is due to the fact that chemical shielding of the nuclei depends on
the rotational energy levels; the higher the rotational level, the lower the shielding
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Figure 3.2: Typical temperature dependence of the peak widths of (a) the proton,
and (b) the deuteron spectra of HD for 2.80% HD in Ar at 8.34 amagat. No window
function is used in the processing of these spectra. The corresponding temperatures
of these spectra, along with the number of scans and the numerical values of the
widths and S/N ratios are listed in Tables 3.2 and 3.3.
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of the nuclei. As the temperature increases, the populations of the higher rota-
tional levels increase, and thus their contributions to the average shielding of the
nuclei increase. This has an overall effect of decreasing the shielding of the nuclei,
which is translated into increases in the chemical shifts.” Tables 3.2 and 3.3 list,
respectively, the proton and deuteron chemical shifts of HD in a mixture of 2.80%
HD in Ar at 8.34amagat and at different temperatures to illustrate this tempera-
ture dependence. To locate the positions of the peaks in the measurement of these
chemical shifts more accurately, exponential window functions with appropriate
line-broadening factors are used in processing the spectra.

Assuming that the proton and deuteron are equalivalent so far as electronic
properties are concerned, the temperature deshielding effects on the two nuclei
are therefore also equal. However, since the magnetogyric ratio for the proton is
~6.5 times larger than that for the deuteron, any change in the chemical shift of
the proton signal due to deshielding should be ~6.5 times larger than that of the
deuteron signal. The observed chemical shifts for the HD proton and deuteron in
HD-Ar mixtures, listed in Tables 3.2 and 3.3, are consistent with this fact.

The chemical shifts given in Tables 3.2 and 3.3 have error bars of the order
of £0.5 Hz. However, they contain a systematic error which is introduced by the
temperature dependence of the performance of the LC circuit and other components
of the probe, as well as by shielding effects of the glass sample cell and the probe
components, such as the glass inserts used to support the coils. In order to have
error-free chemical shifts and quantitative results, the experiments should be carried
out using a quartz cell and a new probe. Because of its rigid structure, the shielding
effects of quartz show minimal and negligible temperature dependence. Use of a
new probe would assure a perfect performance of the LC circuit and negligible
temperature dependence of the shielding effects of the probe components. An
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oscilloscope can be used to detect any temperature dependence of the LC circuit
and the shielding effects of other probe components. Any changes in the shimming
parameters should be avoided, unless corresponding changes in the field can be
measured accurately and taken into account in the measurement of the chemical
shifts. An example of the effect of changing the shimming parameters can be seen
in Tables 3.2 and 3.3 at temperature 298.4K.

The only anomaly that was observed in the HD proton spectra in HD-Ar mix-
tures was a very small peak which appeared at ~ —1800 Hz with respect to the
original peak. The intensity of this peak was between 0.1% and 0.8% of that of
the original peak. In some mixtures, however, such an anomalous peak appeared
farther from the original peak, and in some others it was not observed. The width
of this peak depended upon the mixture, and was on the order of 70 Hz. Figure 3.3
shows the worst proton spectrum that has been obtained in this study, in which the
anomalous peak can be observed. In this case the linewidth and the relative chem-
ical shift and intensity of this anomalous peak are measured to be 86 Hz, —1785 Hz
and 0.7%, respectively. Under the same conditions, the linewidth of the original
peak is 159 Hz. Comparison of the chemical shift and the width of this peak with
those of the original HD peak, suggests that an adsorbed species on the surface of
the glass cell might be responsible for it. Because of its location and its negligi-
ble intensity, this peak does not affect signal or T} measurements on the original
peak. The broad peak centered at —2750 Hz with respect to the original proton
peak is the background peak of the empty probe. Hydrogenated species adsorbed
onto different components of the probe are responsible for this peak: its position
varied from one mixture to another, because of the different shimming parameters
used for each mixture. The shimming parameters which set the magnetic field and

its homogeneity at the position of the responsible species in the probe, define the
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chemical shifts, as well as the widths of these peaks. In the shimming procedure
which is performed on the lineshape sample, a solution of 3% chloroform and 0.2%
TMS in acetone-ds in this study, the magnetic field homogeneity is adjusted only
over the volume of the sample cell by probing and minimizing the widths of the
peaks of the sample in the NMR. tube. Improvement of the homogeneity of the
magnetic field beyond the NMR tube is neither important nor possible. As the
temperature increases, the intensity of the background peak of the probe increases,
while its width decreases. In the worst case, which happens at the highest end
of the temperature range of each series, the intensity of this peak is less than 5%
of that of the original peak, while its width under the same conditions is about
1050 Hz, see Fig. 3.3. Because of its distance from the original peak, and its low
S/N value, this peak interferes neither with the signal nor with the relaxation time
measurement.

Since deuterated species are rare in the probe as well as in nature, no such

background or adsorbed species peak is observed in the deuteron spectra.

3.2.2 NMR spin-lattice relaxation time measurements for

the proton and deuteron of HD in HD—Ar mixtures

After optimizing all instrumental parameters, the inversion-recovery method was
used to measure proton and deuteron spin-lattice relaxation times. In this method,
as described in Sec. 1.2, the recovered magnetization is detected at different times,
T, after applying a n-pulse. Using a larger number of 7 values will result in a
more accurate relaxation time. However, a longer period of time is required to
complete the experiment if a larger number of 7 values is used. Because of time

limitations, it is not practical to choose a large number of T values. For most
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Figure 3.3: The anomalous peak in the proton spectrum of HD for the mixture
with 2.80% HD for Ar at 417.4K and 15.03 amagat. The maximum intensity of
the peak is observed at the highest temperature of each series. In this case the
intensity of the peak is ~ 0.7% that of the original peak. The broad peak centered
at —2750 Hz is the background peak of the empty probe.

systems with sufficiently large S/N ratios eight 7 values are normally considered
to be sufficient to obtain acceptable accuracy. Nonetheless, throughout the present
studies sixteen 7 values are used for all T} measurements on all mixtures. Further,
a relaxation delay time on the order of 10 T} to 20T; was used in all experiments.
To set this relaxation delay, the value of T; was estimated using the T; values for
previous experiments. An automatic calibration procedure, followed by a more
accurate manual search for the first two null points, was used to calibrate the pulse
lengths of the proton and deuteron channels. For each mixture this calibration
was necessary at several temperatures, due to the temperature dependence of the

performance of the coils.
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The 7 values and their corresponding detected magnetizations were fitted to an
exponential fanction, given in equation (3.1) as

M,/M,, = A—2Bexp (_-1’,—1). (3.1)

In this equation M, and M, are the recovered magnetization after v and after a
very long time, e.g., 10 T}, respectively, while A and B are adjustable parameters
that account for the imperfections in pulse lengths, insufficient relaxation delay
times, and inappropriate sets of r values. The factor B also absorbs any effect of
non-exponential relaxation processes. In an ideal experiment the values of both
the A and B parameters should be exactly unity, see equation (1.4). Existence of
any of the above-mentioned problems will result in deviations in the values of A
and B from unity. For the majority of T7 measurements reported herein, for both
proton and deuteron, the fitted values of the A and B parameters were found to be
between 0.98 and 1.02.

In addition to the values of the A and B parameters, standard deviations of
the fits serve as measures of the quality of the experiments and of the measured
relaxation times. The best fit has the lowest standard deviation as well as the
closest values to 1.0 for each of the parameters A and B. In most of the experiments
reported in this thesis the standard deviations of the fits were less than 0.2% and
1.0% for proton and deuteron, respectively. The error bars of the measurements
were typically estimated to be six times the values of the standard deviations of the
fits. This is, of course, a cautious estimate. Since T} measurements for all mixtures
at all temperatures (with the exception of room temperature) were only performed
once, no true error bar for the measured T} values can be reported. For each mixture

a T} measurement at one temperature (usually room temperature) was performed
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twice, once at the beginning, and once at the end of the experimental series on that
mixture. Comparison of the results of these two experiments was used to probe
any diffusion of hydrogen, here as HD, from the seals, or to see the effects of any
changes in the features of the GHS, such as thermal expansion or changes in room
temperature which might not be detected by the pressure gauge, e.g., by cancelling
one another. In all cases the results of both S/N ratio and T} measurements for the
two experiments were in excellent agreement, i.e., within the standard deviations
for the two experiments. This test reassures us that no leakage of hydrogen, here
as HD, happened during any of the experimental series. Hydrogen is more sensitive
to breaks in the seals than is argon. Diffusion of hydrogen at low mole fractions
cannot be easily detected by the pressure gauge unless a major fraction of it, e.g.,
10%, has leaked out through the GHS seals.

Both areas and intensities are employed in the curve-fitting procedure used
to measure ;. Generally, intensities gave better results, mainly because in most
experiments the short dead-time, used to allow collection of the strong signal at the
beginning of the FID, introduced a large baseline roll in the spectrum. Variation of
this baseline from the spectrum for one 7 value to that for another = value introduces
errors in using both peak areas and peak intensities in the T} measurement routine.
It is important to note that these errors have a cumulative effect on the measured
T; values obtained from peak areas.

For the proton, the effects of baseline distortion on the integrals caused by
short dead-time are extremely small because the signals are so strong. Indeed, a
very short dead-time was not needed for the proton measurements. The values
of T for the proton calculated from the peak areas and from the peak intensities
are very close, considering the standard deviations of the two fits. In comparison,

the difference between the two measured T values for the deuteron is significant,
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especially at higher temperatures. The minimum value of the dead-time for the
deuteron channel was determined to be =~ 30 usec (approximately half the dead-
time needed for total avoidance of large baselines) for the Bruker broad-band probe
used in these studies. Increasing the dead-time, ¢.e., waiting longer before collecting
the FID after the applied pulse, decreases the S/N ratio of the spectra considerably.

Intensities and areas of all individual multiplet peaks were used in the fitting
procedure when they could be resolved, and their corresponding T} values could be
measured. No significant difference was observed amongst the T; values obtained
from different multiplet peaks.

Typical results of the inversion-recovery method for measurements of the proton
and deuteron T} values for HD in HD-Ar mixtures are shown in Figs. 3.4 and 3.5,
respectively. Measured proton and deuteron T} values for all HD-Ar mixtures, listed
in Table 3.1, are plotted versus temperature in Figs. 3.6 and 3.7, respectively. These
figures do not show the temperature error bar, which is + 1K for all experiments.
Error bars for the T; values are estimated to be £ 3SD or 6 SD with SD being
the standard deviation of the fit. As can be seen in Figs. 3.6 and 3.7, most of the
proton T values and some of the deuteron T; values have error bars smaller than
the sizes of the points. No good results for the deuteron T values of the mixture
with 0.86% HD in Ar could be obtained, because its S/N ratio was too low. Thus,
no deuteron T; values are reported for this mixture.

An excellent data set is recognized by the feature that elimination of some of
the 7 values causes no effect on the measured value of 7} and also decreases the
standard deviation of the fit. All collected data, with the exception of the deuteron
data sets for two HD~Ar mixtures, one with 0.86% HD at 8.74 amagat and the
other with 5.03% HD at 15.5 amagat, at some temperatures, have this feature. A

large standard deviation in the measured deuteron T; values for certain mixtures,
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at some temperatures, was found upon investigation to be caused by a few points
lying away from the general trend of the recovery curve, i.e., statistical outliers.
Normally, instrumental instabilities are responsible for such outlying data points.
New T} values were determined by eliminating the outlier points. Two criteria were
considered in the elimination of such outliers. Firstly, the fitting of the remaining
data points to the inversion-recovery curve, equation (3.1), must result in improved
values not only for the parameters A and B, but also for the standard deviation
of the fit. Secondly, the best combination of the remaining points is the one that
gives the closest (but not necessarily the same) 7} values determined from both
intensities and integrals (and from all multiplet peaks, where applicable).

Figures 3.6 and 3.7 show that both the T} value and the slope of the T; versus
temperature curve generally decrease with increasing temperature. However, there
are two exceptions to this trend. One exception is the behavior of the proton T}
values for the mixture with 0.86% HD in Ar at 0.96 amagat. For this mixture the
proton T; decreases very slowly, with essentially the same slope at all temperatures.
This exceptional behavior is due to the very low amagat density of the mixture.
For such a low density the system is close to the region of the 7, minimum in a
T, versus density plot. This would be more evident were the T}/p values plotted
versus temperature.* The other exception is the behavior of the deuteron T values
for the mixture with 0.86% HD at 8.74 amagat, which shows an increase in T} for
the few temperatures at the upper end of the temperature range.

Except for the mixture with 0.86% HD at 8.74 amagat, which shows a local
minimum at ~ 215K, the proton T; curves for all mixtures show a smooth tem-
perature dependence. According to Lemaire and Armstrong,” these local minima
can be attributed to the formation of HD-Ar Van der Waals complexes. A trace

of such a local minimum can be also seen in the proton T curve for the mixture



68

pom t ] -1 -2

—

O Areas:

T{=5.851ms (SD =0.0726% )
[ 15
1F o— —0
. O Intensities:

T, =5.838 ms (SD =0.0315% )

Peak Area (Arbitrary Unit)
o
Peak Intensity (Arbitrary Unit)

010 20 30 40 50 60 70 80 90 100
Recovery Time (ms)

Figure 3.4: Typical inversion-recovery analysis of the proton magnetization for a
sample of 5.03% HD in Ar at 375.3K and 4.55 amagat. (a) The stack-plot of the
spectra at different recovery times, 7, and (b) fitting the areas and intensities of
the peak into the inversion-recovery equation, Eq. (3.1). Note the values obtained
for T} and the small standard deviations of the two fits.
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Figure 3.5: Typical inversion-recovery analysis of the deuteron magnetization for a
sample of 5.03% HD in Ar at 243.2K and 4.55 amagat. (a) The stack-plot of the
spectra at different recovery times, 7, and (b) fitting the areas and intensities of
the peak into the inversion-recovery equation, Eq. (3.1). Note the values obtained
for T; and the small standard deviations of the two fits.



70

i 0.86% HD in Ar

sof 2.80% HD in Ar

60
sol 5.03% HD in Ar

Proton Spin-Lattice Relaxation Time T, (msec)

Temperature (K)

Figure 3.6: Proton spin-lattice relaxation times for HD in HD-Ar mixtures. The
line-segments connecting the points serve as guides to the eye, and do not necessarily
show the precise functional behavior of Tj. Numbers beside the curves represent
the amagat densities of the mixture. Note the different temperature dependence of
the proton T for 0.86% HD at 0.96 amagat. See text for discussion on the minima
observed in two of the T; curves. The horizontal error bars for all temperatures
are about £1K. See Appendix A.l1 for numerical values of the temperatures and
relaxation times (the T and T columns, tespectively).
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Figure 3.7: Deuteron spin-lattice relaxation times for HD in HD—Ar mixtures. The
line-segments connecting the points serve as guides to the eye, and do not necessarily
show the precise functional behavior of 7). Numbers beside the curves represent
the amagat densities of the mixture. The horizontal error bars for all temperatures
are about +1K. See Appendix A.2 for numerical values of the temperatures and
relaxation times (the T and Tl(l) columns, respectively).
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with 0.86% HD at 4.78 amagat at the lower end of the temperature range. A sim-
ilar local minimum is observed in the T} curve for the mixture with 2.80% HD at
15.03 amagat at ~300 K. However, as only one point supports this local minimum,
no firm conclusion can be made, however small its standard deviation. Inspection
of the one-dimensional spectra for the proton and deuteron show that at a few tem-
peratures close to this local minimum the shimming quality of the magnet was very
poor, such that the peaks were wider than usual, and a shoulder, resembling a peak
was found on the low frequency side. Normally, the results of the relaxation time
measurements are not very sensitive to the shimming quality when the lineshape is
not distorted. When the lineshape is distorted, however, significant effects may be
expected on the measured T;.

The behavior of the deuteron T; curves is much the same as that found for
the proton, with only minor differences. Generally, the standard deviations of the
deuteron T; values are larger than the corresponding proton T; values due to the
smaller S/N ratios. No local T} minimum similar to that found for the proton is ob-
served for the mixture with 0.86% HD at 8.74 amagat. However, abnormal behavior
is observed for the mixture with 2.80% HD at 15.03 amagat for temperatures 279.7
and 298.4K. This is the same place at which the corresponding proton T curve
show a local minimum. As mentioned above, one major source for this abnormal
behavior is poor shimming. This observation shows that the effect of shimming on
the T} measurement is larger when the S/N ratio is smaller. The deuteron T) curve
for the mixture with 0.86% HD at 8.74 amagat shows a strange temperature depen-
dence. As can be seen from Fig. 3.7, except for a short range of low temperatures,
this curve is not smooth. The amplitude of the deviation is much higher than the
standard deviation of the fit. No explanation has been found for this behavior.

For all mixtures at all temperatures the T value for the deuteron is larger than
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that for the proton by a factor between 3 and 8, depending upon the temperature
and density (and slightly upon the HD mole fraction of the mixture). The T; values
for both nuclei show a weaker temperature dependence at lower densities. These
results are consistently observed for all mixtures, with the exception of the proton
T, values for 0.86% HD in Ar at 0.961 amagat. The temperature and density
dependence of the measured proton and deuteron T; values for HD in HD-Ar
mixtures will be discussed in detail when they are compared to the theoretical
calculations in Section 5.2.

Numerical values of the raw and adjusted (see Ch. 5) spin-lattice relaxation
times obtained for the proton and deuteron of HD in HD-Ar mixtures can be
found in Appendix A.1 and A.2, respectively.
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3.2.3 Gas phase NOE measurements, and the contribution
of the dipolar interaction to the proton and deuteron

relaxation times of HD in HD—-Ar mixtures

In a typical spin-lattice relaxation time measurement experiment, such as that dis-
cussed in the previous section, the measured quantity is the overall relaxation time,
T,. As described in Sec. 1.2, different independent mechanisms contribute to the re-
laxation of the nuclear magnetization, so that the overall relaxation rate (reciprocal
relaxation time) is given by the sum of the corresponding relaxation rates, as in
Eq. (1.14). No information can be obtained about individual contributions to the
overall relaxation time in such an experiment. Approximate separation of the com-
ponents of the spin-lattice relaxation time has been carried out routinely for many
spin systems in the liquid phase.>™ Use of NOE measurements (for dipolar re-
laxation),” 7 extrapolation of the field-dependent relaxation times to zero field-
strength (for spin-rotation relaxation)’® and lineshape analysis (for J-coupling re-
laxation)”” are examples of the methods which sense the different mechanisms. Of
course, not all of these methods are applicable for all systems.

There has been no attempt to measure directly the separate contributions from
the different mechanisms to the total spin-lattice relaxation time in gaseous samples.
This has been largely because of poor S/N ratio and the low resolution of gas phase
spectra. From a theoretical point of view, however, it would be useful to be able to
compare calculated values of individual components of the relaxation time directly
with experimental results.

In the present studies an attempt has been made to measure separately each
component of the spin-lattice relaxation times of both nuclei of HD in HD-Ar

mixtures. The results of NOE measurements, which are used to separate the
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dipolar contributions to the relaxation times of the proton and deuteron, are pre-
sented below. Attempts to measure the combined dipolar-quadrupolar relaxation
time (towards complete separation of the contributing mechanisms) for the deuteron
by use of the Jeener-Broekaert'* "™ method were unsuccessful due to poor S/N
ratios.

The diagram of the spin levels and relaxation pathway§ for the nuclear spin
system of HD is given in Fig. 3.8. In this diagram all fifteen possible transitions are
shown by double-headed arrows. Only seven of these transitions are allowed, and
thus observable, in single-quantum NMR experiments. These include two doubly
degenerate transitions of the deuteron and three non-degenerate transitions of the
proton. !

The rest of the transitions are not directly observable in NMR. However, all of
the transitions contribute to the overall relaxation. The proton and deuteron peak
intensities are proportional to the differences between populations of the energy
levels associated with the corresponding transitions. An NMR transition changes
these populations from their equilibrium values. The rate at which these popula-
tions return to their equilibrium values following a perturbation (<.e., an rf pulse),
is determined by the transition probabilities, Wi ;. As can be seen from Fig. 3.8,
any perturbation in the population of one level will eventually result in a change in
the populations of all other levels from their equilibrium values. This will change
the peak intensities of the spectra obtained immediately after a perturbation has
been applied. This phenomenon, which is called the Nuclear Overhauser Effect (or

tIn general, for a two spin system AX, with spins I and Iy, the total number of transitions, N,
and degeneracy, g;, and multiplicity, m;, of NMR transitions for nucleus i are given, respectively,
by Ne = Ni}/[21(N; — 2)!Y], gi = 2I; and m; = 2I; + 1(i # j), with i, j = A, X, while N;, the total
number of levels, is given by N; = (214 + 1)(2Ix +1).
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simply NOE), was first observed and described by Overhauser.®® A mathematical
formulation was given later by Solomon.®! The Solomon method has been used to
study NOE in a variety of systems.™ ™83

The perturbation that leads to equal populations for all spin levels of one of the
two nuclei is called saturation. Once this perturbation has been applied, the total
magnetization of the saturated nucleus vanishes, and its peak disappears from the
spectrum. A corresponding change in the peak intensity of the other nucleus is

then given by®?

n{i} = —-_—— = (21;:)11,:1 ; (3.2)

In this equation 7;{7} is called the NOE enhancement; it gives the relative change
in the peak intensity for nucleus : due to saturation of nucleus ;. The quantities
I; and I? are peak intensities with, and without, saturation of the j nucleus, while
Tip is the dipolar contribution to the overall relaxation time for nucleus . Equa-
tion (3.2) shows that values of Tp for both nuclei can be obtained readily if NOE
measurements can be carried out for both nuclei. This equation also shows that for
the case of HD under similar conditions, the NOE enhancement for the deuteron
should be (yg/4p)?, or 42.25 times larger than that for the proton. Also, the lim-
iting values of NOE enhancements for the proton and deuteron, which corresponds
to a 100% contribution of dipolar relaxation, are +0.077 and +3.25, respectively.

Equation (3.2) is the limiting form of a more general equation™ for the case in
which the products of the rotational correlation time, 7., and the Larmor frequencies
of the nuclei, w;, is negligible with respect to 1. This product for both nuclei of
HD in its first rotational level is of the order of 10~7. Thus, equation (3.2) can be
applied to the NOE measurement of the HD system.
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Figure 3.8: Nuclear spin levels and relaxation pathways for HD. N; ; represents the
population of the level [i, j] where 1 = a,f and j = a,%, 0 represent the proton
spin levels of 1/2 and —1/2, and the deuteron spin levels of 1,0 and —1, respec-
tively. In this diagram W, is the rate of the transition in which the proton and
deuteron undergo k- and [-quantum changes, respectively. The asterisk on some of
the Wi, denotes the opposite direction of change for the two nuclei. The solid ar-
rows show the observable transitions in single-quantum NMR. The dotted and the
thin arrows show double-quantum transitions. The dashed arrows indicate triple-
quantum transitions. The proton and deuteron nuclear spin subsystems of HD and
their NMR transitions are also shown. The labels SR, D and Q indicate, respec-
tively, the spin-rotation, the dipolar and the quadrupolar interactions inducing the
transitions.
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One-dimensional NOE experiments can be performed in two different ways,
namely, coupled and decoupled. Figure 3.9 shows the pulse sequences used in these
two methods. Each method has its own advantages and disadvantages over the
other.”™ None of these advantages and disadvantages are operative in gaseous HD,
which has a single peak in each of its proton and deuteron spectra. The decoupled
method has been used for all NOE measurements throughout this work. The char-
acteristics of the decoupled spectra are used to analyze the temperature dependence
of the peak widths and intensities, and thereby to probe any contributions from
diffusion to the relaxation times. An example of such an analysis was presented in
the previous sectjon.

Based upon the above information, a series of decoupled NOE experiments were
performed on the HD—Ar mixtures listed in Table 3.1 at several temperatures be-
tween 180 K and 420 K. Examples of the saturated (and decoupled) spectra obtained
in these experiments for the proton and deuteron are shown in Fig. 3.1. As a fur-
ther example, S/N ratios of the saturated spectra for the mixture with 2.80% HD
at 8.34amagat are compared with those of rormal spectra in Tables 3.2 and 3.3
for the proton and deuteron, respectively. The NOE enhancements for both nuclei
were calculated using the peak integrals. Because the decoupled method has been
used, intensities cannot be used to calculate the NOE enhancements. The use of
intensities will introduce significant error in the measured NOE enhancements when
the coupled spectrum is used as reference and the multiplet peaks overlap (as is the
case here). The results of these NOE measurements, which also represent the first
NOE measurements performed in the gas phase,? for the proton and deuteron are

plotted versus temperature in Figs. 3.10-(a) and -(b), respectively. The measured

$Based on a thorough survey of the Science Citation Index and Chemical Abstracts until Au-
gust 1996. Gas phase NMR has been used in structural and kinetic studies based on the chemical
shift measurements, and no polarization transfer or NOE measurement has been reported.3-3%
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Figure 3.9: NMR pulse sequences for decoupled (a) and coupled (b) one-dimensional
NOE experiments. The saturating pulse shown in this figzure may be selective
or non-selective (broad-band). The disadvantage of the decoupled method is that
the decoupling pulse causes a Bloch-Siegert shift,!* especially if the saturated and
observed peaks have close chemical shifts. This happens more often for homonuclear
NOE measurements on samples with crowded spectra. The disadvantage of the
coupled method is that there should be a delay time after turning the saturating (or
decoupling) pulse off and before applying the detecting pulse (7/2 pulse here) to
the observed nucleus. This delay time is necessary in order that the electronics
of the instrument settle down before acquisition, especially if the observed and
saturated nuclei have close chemical shifts. The most serious problem is that the
accumulated NOE may be lost during this delay time: if the T} of the saturated
nucleus is sufficiently long, however, such a loss in NOE can be neglected.
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NOE values have large error bars because of the experimental errors associated with
NOE measurement,™:%¢ especially the contributions of the baseline to the peak in-
tensity and peak integrals. The effects of these errors are enhanced for the peaks
with lower S/N ratios. The error bars for the measured NOE (NOE = 1 + n:{j})
are estimated to be of the order of 5%. Within these large error bars, no distinct
density or mole fraction dependence can be deduced from the results. However, as
will be seen below, a study of the trend of the NOE enhancements gives a number
of interesting results.

The first important result of these NOE measurements is the consistency be-
tween the relative values of n for the proton and deuteron, and the magnetogyric
ratio dependence of the NOE enhancements, Eq. (3.2).

Another interesting result of these NOE measurements is that most of the mea-
sured values of 7 for the proton are negative. Neither the sign™ nor the value™ of
the magnetogyric ratios supports negative values of 5 for the proton. Referring to
the analysis of the proton and deuteron one-dimensional spectra discussed in the
previous section, the observation of negative values of 17;{j} can be attributed to
the impurity peaks and the baseline of the spectra. These two sources of errors
may also give rise to the divergence in the proton NOE enhancements observed at
higher temperatures, since both become more important at higher temperatures.
Because most of the measured NOE enhancements for the proton are negative, no
Tip could be obtained. As an example, an NOE enhancement of 0.01 for the proton
corresponds to a value of 13% for the contribution of the dipolar interaction to the
relaxation time.

Larger error bars are expected for the deuteron due to its poorer S/N ratio. How-
ever, the NOE enhancements can be distinguished from the effects of other errors

because they are so large, and there is no interfering deuteron background signal.
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Figure 3.10: NOE enhancements for (a) the proton and (b) the deuteron of HD
in HD-Ar mixtures. Hollow squares, triangles and circles represent the NOE en-
hancements for mixtures 4, 5 and 6, respectively, while solid squares, triangles and
circles show those for mixtures 7, 8 and 9, respectively. See Table 3.1 for the speci-
fications of these mixtures. The error bars of the measured NOE enhancements are
estimated to be of the order of 0.05. However, for simplicity they are not shown in
this figure.
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Inspection of the values of 7 for the deuteron (neglecting deviations) shows that n
decreases from ~0.25 at 180 K to ~0.18 at 420 K, which corresponds, respectively,
to 7.7% and 5.5% for the contribution of the dipolar interaction to the relaxation
time of the deuteron. This means that the contribution of the dipolar interaction
to the relaxation of the deuteron magnetization decreases with temperature. No
such behavior is observed for the proton. No conclusion can be made about the ab-
solute values of the dipolar interaction between the proton and the deuteron, since
no experimental evidence is available on the temperature dependence of the other
interactions. Nevertheless, it is obvious that at higher temperatures, where a larger
fraction of HD molecules is found in higher rotational levels, the dipolar interaction,
which has a 7=3 dependence is weaker because the inter-atomic distance r (bond
length) is longer for the higher rotational levels. Further, the contribution of the
spin-rotation interaction, which has a (r2)!/2 dependence, increases with tempera-
ture. It is therefore to be expected that the contribution of the dipolar interaction
to the relaxation time should decrease with increasing temperature. Further dis-
cussion on the NOE results will be presented in Sec. 5.2, where the experimental
and theoretical results for the HD-Ar system are compared.

To investigate the possible effects of saturation of one nucleus on the relaxation
rate of the other nucleus, a series of proton T; measurement were carried out for
HD in HD-Ar mixtures with the deuteron resonance saturated. The results of these
T: measurements are compared with the results of the normal 77 measurements in
Fig. 3.11. Apart from the local minimum in the proton T; curve of the mixture
with 0.86% HD, where the two T; values differ significantly, under almost all con-
ditions the measured values of T} with saturation are larger than the normal values
of Ty by 25D to 85D, with SD being the standard deviation of the measured
values of T;. The SD values for the two experiments are nearly the same. If the
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local minimum in the proton T) curve of mixture 1(see Table 3.1) is due to the
formation of Van der Waals complexes, as described by Lemaire and Armstrong,”
it can be concluded that the formation of such complexes introduces new relaxation
mechanisms, which are sensitive to the perturbation in the population of the spin
levels caused by saturation. However, no descriptive or analytical formulation is
yet available to investigate how these new mechanisms behave under saturation
conditions.?” A good alternative approach to the study of the local minimum could
be via a NOE measurement, if the formation of complexes significantly changes
the contribution of the dipolar interaction to the relaxation time. Unfortunately,
the NOE measurements carried out for this mixture could not be utilized, because
different experimental parameters were employed for the two experiments.
Basically, the saturation pulse does not perturb the relaxation pathways or tran-
sition rates except for three cases. The first exception is the use of the nonselective
inversion-recovery method for T} measurement of a nucleus coupled to other nuclei
with very close chemical shifts or Larmor frequencies, such that they are affected
by the pulses, i.e., Bloch-Siegert effects.!* The second exception is for those cases
in which the contribution of the J-coupling to the relaxation is significant. This
happens at low fields for strongly-coupled nuclei with similar Larmor frequencies,®
especially if one of the nuclei relaxes very rapidly.”” However, the largest contri-
bution of J-coupling is of the order of a few percent. The last exception is the
existence of interferences between different relaxation mechanisms.3® In the case of
such interferences the individual relaxation mechanisms do not act independently,
and thus the overall relaxation rate, T7;, is no longer equal to the simple sum of the
individual relaxation rates, T;:", i.e., Eq. (1.14) is no longer valid. One important
consequence of such interferences is that any perturbation in the nuclear spin of

one nucleus affects the relaxation of other nuclei.?* Another consequence of these
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interferences is a non-exponential relaxation of the magnetization.®

The first of these exceptions does not apply to HD, since the Larmor frequen-
cies of the proton and deuteron differ by a factor of 6.5. The second exception
may at first glance seem especially relevant, as J-coupling produces unexpected
negative values for NOE enhancements by contributing to zero-quantum transi-
tions™ (similar to those observed in the present study for proton NOE enhance-
ments, see Fig. 3.10). These transitions are denoted by Wy, in Fig. 3.8. However,
the HD-Ar system and the employed field do not meet the conditions required
above for this contribution. Therefore, the only case which could possibly operate
in the HD system is interference between relaxation mechanisms. Thus it can be
said that if there is any difference between the measured values of the two T3, it
is due to interference between the relaxation mechanisms. Unfortunately, the dif-
ferences in the measured values of the two T are not large enough to attribute
them to such interferences. To support the existence of such interferences, more
accurate measurements will be required, such that the differences obtained between
the two T, values can be resolved from their error bars. This kind of interference
is extremely sensitive to the rotational properties of the molecule.®® It is thus logi-
cally expected to see a large variation in the contribution of such interferences by
changing the rotational properties of the molecule, say by the formation of Van
der Waals complexes. There have been several reports on experimental studies of
such interferences.?%-9%%% However, the existing relaxation theories have not been
developed to allow the determination of values for such effects. The only sugges-
tion which can be presented here is that an accurate and detailed study of simple
systems such as HD, in the region of complex formation can provide an order-of-
magnitude estimate of and trend for such effects. Such a study is beyond the scope

of the present work, and has not been attempted.
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Figure 3.11: Deuteron-saturated proton spin-lattice relaxation times of HD in dif-
ferent HD-Ar mixtures. The solid points correspond to the deuteron-saturated
values of T}, and are connected by line-segments. The normal values of T are
represented by hollow points. Except for the abnormal local minimnm at which
the deuteron-saturated and normal proton T; values are significantly different, the
two measured values of T} are almost equal within their common error bars. The
horizontal error bars for all temperatures are about +1 K.
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The only anomaly that is observed in the deuteron-decoupled proton spectra of
HD in HD-Ar mixtures is a pair of satellite peaks. These two satellite peaks are
located almost symmetrically around the original peak, with separation varying
between 414 Hz and 420Hz, i.e., they are located at +207 Hz to +210Hz with
respect to the original peak, depending upon the temperature. Separation of the
two satellite peaks slighly decreases with increasing temperature. The center of the
pair of peaks differs from the original peak by less than one Hertz. The two peaks
have the same relative intensity, which decreases with increasing temperature. The
maximum intensity of these two peaks is about 1.1% of the original peak intensity,
and is observed at the lowest temperature for each series. The two peaks have also
exactly the same width, with a minimum value of about 60 Hz at the bottom end
of the temperature range. As the temperature increases, the peak-widths increase
rapidly. Their relative intensities decrease with increasing temperature, such that
they are buried under the wide and growing shoulder of the original peak, and are
no longer resolvable for temperatures above 250 K. The linewidths and intensities
of these satellite peaks depend also on the HD mole fraction and density of the
mixture. Fig. 3.12 expands one of the deuteron-decoupled proton spectra of HD in
HD-Ar mixtures to show these satellite peaks. No such satellite peaks are observed
in the proton-decoupled deuteron spectra. No explanation has been found for the

observation of these satellite peaks in the deuteron-decoupled proton spectra.
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Figure 3.12: Satellite peaks observed in the deuteron-decoupled proton spectra of
HD in HD-Ar mixtures. Note the equal intensity and symmetrical location of the
satellite peaks with respect to the original peak. This spectrum is obtained for
a mixture of 5.03% HD in Ar at 180K and 4.55amagat. Under these conditions
the intensities of the satelite peaks both are 0.8% of that of the original peak.
Linewidths of both satellite peaks are ~80Hz. Under the same conditions the
linewidth of the original peak is 40 Hz.
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3.3 Gas phase NMR study of Dg—Ar mixtures

The D, gas was obtained from Cambridge Isotope Laboratories, with a stated
purity of 99.6%, with the major impurity being HD, with H; a minor impurity.
The gas was provided in a 460 cc carbon steel #12 lecture bottle (cylinder) with a
CGA 110/170 brass angle valve under =~ 100 atm pressure. A CGA 110 to ; inch
NPT brass adaptor was used to connect the cylinder to the GHS via  inch copper
tubing. The argon gas and the GHS setup used in these experiments were exactly
the same as those used in the study of HD—-Ar mixtures (See Sec. 3.2).

Two D,—Ar mixtures were prepared, with 1.97% and 3.77% D,. The relative
error in the measured mole fractions for these mixtures is the same as that found
for the HD—Ar mixtures, i.e., about 1.8%. Experiments on each mixture were
performed at three different amagat densities, as listed in Table 3.4, and for fifteen
temperatures between 180 K and 420 K. For each mixture at each temperature NMR
parameters were optimized on the deuteron one-dimensional spectrum prior to T}
measurements. Analysis of the deuteron one-dimensional spectra is presented in the
following section. The results of the T} measurements are presented and discussed

in Sec. 3.3.2.

3.3.1 Analysis of the deuteron NMR spectrum of D,
in Do—Ar mixtures

Only one peak was observed in the deuteron spectrum for all D,-Ar mixtures listed
in Table 3.4 at all temperatures. A typical spectrum is shown in Fig. 3.13-(a).
Analysis of the set of one-dimensional spectra shows a number of well-defined and

interesting temperature dependences, which will be discussed below.
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Figure 3.13: (a) A typical deuteron spectrum of D, for a mixture of 3.77% D,
in Ar at 180K and 13.99 amagat. The width and the S/N ratio of the deuteron
peak under these conditions are 7.50 Hz and 1257 respectively. No other peak was
observed in the deuteron spectrum. (b) Typical coupled (left) and decoupled (right)
proton spectra for the same mixture and under the same conditions as in (a), used
as an impurity test. This is the only observed peak in the proton spectrum. These
spectra attest to the statement of the supplier that the major protonated impurity
of their D, gas is HD. Under these conditions the proton-deuteron coupling constant
in HD, Jygp, is measured to be 42.9Hz. Also, the peak-widths and S/N ratios for
the coupled and decoupled spectra are, respectively, 28 Hz and 21, and 35 Hz and
50. Under the same conditions the deuteron peak of the HD impurity would have
widths of 10Hz and 5Hz, and S/N ratios of 1 and 2, for coupled and decoupled
spectra, respectively. Proton decoupling had no observable effect on the deuteron
spectra. The spectra in (a) and (b) are obtained with 256 scans.
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Table 3.4: Mole fractions of D, zp,, and amagat densities, p, of the D,—Ar mixtures
studied in this work.

zn, 1.97% 3.77%

Mixture p/amagat Mixture p/amagat

1 13.84 4 13.99
2 7.07 3 7.27
3 3.55 6 3.58

Chemical shifts

One characteristic of the deuteron one-dimensional spectra that shows an inter-
esting temperature behavior is the deuteron chemical shift. The deuteron chemical
shifts for all of the D,~Ar mixtures studied here are plotted versus temperature in
Fig. 3.14. This figure shows that for all D;~Ar mixtures the chemical shift of the
deuteron peak increases with increasing temperature. This increase in the chemical
shifts can be caused by two different processes, namely intramolecular and inter-
molecular processes.*"7! As explained in Sec. 3.2.1, increasing the temperature in-
creases the population of the higher rotational (and vibrational) levels, in which the
(chemical) bond length between the two deuteron atoms of the molecule is longer.
The shielding constant, which represents the effective electric charge circulation
around the deuteron nuclei, decreases with increasing bond length.! In addition
to intramolecular processes, such as the rovibrational averaging mentioned above,

intermolecular interactions also contribute to the shielding constants of nuclei. This

$This is not the case for polar and ionic bonds, such as CH and LiF, where the shielding of
one nucleus increases with increasing bond length while that of the other nucleus decreases.
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contribution is called a collisional or dynamical chemical shift.4}-%4-9%

Contributions of intramolecular processes to the temperature dependence of
the deuteron chemical shifts for ortho-D; and pare-D; have been calculated and
plotted versus temperature in Fig 3.15-(b). These chemical shifts are all referenced
to the chemical shift at 180 K. Figure 3.15-(b) shows that the difference between the
chemical shifts of the two parity isomers is extremely small, and undetectable. This
figure also shows that the chemical shifts of the two isomers increase linearly with
temperature, with a positive slope of 0.01 Hz/K. Such a temperature dependence
leads to a ~ 2.0Hz increase in the deuteron chemical shift for a 200K increase
in temperature. Compared with corresponding experimental results obtained for
different D,~Ar mixtures, this increase is three to four times smaller (compare
Figs. 3.14 and 3.15-(b)). This suggests that intramolecular processes are not the
only sources of the temperature dependence of the deuteron chemical shift, and that
their total contribution is much smaller than that of the intermolecular processes
plus the contributions of possible experimental errors.

The intramolecular chemical shifts given in Fig. 3.15-(b) have been calculated
in three steps. In the first step the eigenvalues of the D, bond length for the
first fifteen rotational levels were calculated using the program LEVEL® with the
Le Roy-Schwartz potential for the ground electronic state of D,.%” Numerical values
of the potential were provided by LeRoy.”® In the second step these eigenvalues
were used to calculate isotropic chemical shieldings for the first fifteen rotational
levels of D, using the ab initio program GAUSSIAN94.%® Chemical shieldings have
been calculated using a 6-31G* basis set at two different levels of theory, namely
HF (Hartree-Fock) and B3LYP (Becke-style 3-parameter density functional theory
using the Lee-Yang-Parr correlation function).!® Isotropic chemical shieldings and
the anisotropies of the chemical shielding tensor obtained from these calculations
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Figure 3.14: Chemical shifts for the deuteron peak of D; in D;—~Ar mixtures. Solid
and hollow symbols correspond to mixtures with 1.97% and 3.77% D,, respectively.
The connecting line segments are guides to help follow the series of measurements
on each mixture. The numbers in the figure represent the amagat densities of the
mixtures. An exponential window function with a large line-broadening factor, and
zero filling are used to locate the center of the peak more accurately. The breaks
in the trends of chemical shifts are due to changes in the experimental parameters,
such as the shielding effects of probe components. All measured chemical shifts are
referenced to that of the mixture with 3.77% D, at 13.99 amagat and 180 K. The
error bars of the measured chemical shifts are about +0.5 Hz. The horizontal error
bar for all temperatures is about +1K.
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are plotted versus rotational quantum number j in Fig. 3.15-(a). It can be seen
from this figure that for all rotational levels, calculations at the HF level give
smaller isotropic chemical shielding. This figure also shows that the functional
form of the j-dependence of the chemical shielding obtained at both levels of theory
are essentially the same. For a general and more detailed comparison between the
chemical shieldings obtained at these two levels of theory see Ref. 101. Calculations
at both levels are based on the Born-Oppenheimer approximation, so that isotope
effects on the electronic structure are ignored. For the present study this means
that for a constant internuclear distance all isotopomers of hydrogen, i.e., H,, D,
T,, HD, HT and DT, have the same isotropic chemical shielding. In the third step,
the isotropic chemical shieldings obtained for even and odd rotational levels are
(thermally) averaged separately to calculate averaged isotropic chemical shieldings
for ortho-D; and para-D,, respectively. The rotational populations used for these
averages have been obtained using the rotational energy eigenvalues of D, given
in Ref. 102. In the last step, the averaged isotropic chemical shieldings of the
two isomers obtained at the two levels of theory are multiplied by 76.775 Hz/ppm
(corresponding to the deuteron resonance frequency at 11.75 Tesla) to calculate the
corresponding deuteron chemical shifts in Hertz at temperatures between 180 K and
420 K. For each isomer, the chemical shifts at all temperatures are then referenced to
that at 180 K. Fig. 3.15-(b) shows the temperature dependence of the chemical shifts
obtained at both levels of theory for ortho-D; and pere-D,. Since the ortho-pare
conversion rate for D, is extremely slow, an ensemble average of the chemical shift
in a mixture of the two isomers should not be carried out. Thus, the deuteron NMR
spectrum of a mixture of the two spin modification should have two independent
peaks, one corresponding to each spin modification. At both levels of theory, and
at all temperatures, the chemical shift calculated for the ortho-D, isomer is slightly
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larger (< 0.02Hz) than that for para-D,.

Evaluation of the contribution of the intermolecular processes, i.e., collisional or
dynamical chemical shifts, to the temperature dependence of the deuteron chemical
shifts of D, in D2—Ar mixtures would be an interesting research topic on its own.
However, such a project is beyond the scope of the present study.

No clear density dependence can be deduced from the measured chemical shifts
at different densities. This might be due to possible changes in the experimental
parameters, such as the susceptibility properties of the probe components and the
glass cell, from one mixture to another. Further, the field drift of the supercon-
ducting magnet contributes to the measured chemical shifts. This contribution,
however, is small in the present study, since the spectrometer magnet has a very
small field drift. Because no external reference has been used in the measurement
of these chemical shifts, the effects of these sources of error on the measured chem-
ical shifts cannot be precisely evaluated. The purpose of presenting these chemical
shift data here is to provide us with an order-of-magnitude approximation of the
temperature effects on the measured chemical shifts. As mentioned in Sec. 3.2.1,
an accurate analysis of the chemical shifts would be possible if a quartz cell and a
new probe were to be used togef:het with an external frequency reference and an
oscilloscope to measure and to probe changes in the carrier frequency more accu-
rately. The breaks observed in the trend of the chemical shifts in Fig. 3.14 are due
to changes in the experimental parameters mentioned above. The deviations at
high temperatures are due to the larger widths and lower S/N ratios that enhance
interference of the noise with the chemical shift measurements.

The difference between the deuteron chemical shifts for the two species responsi-
ble for the NMR signal, ortho-D; and para-D3, is very small and cannot be detected

under the conditions used in this study. The contribution to the error of the mea-
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Figure 3.15: (a) Calculated isotropic chemical shieldings, 0:,,, and anisotropies of
the chemical shielding tensor, Ao, obtained for the first fifteen rotational levels
of D, at the HF and B3LYP levels of theory. Note that both levels of theory
result in the same functional form for the j-dependence of the two quantities, but
with slightly different slopes. The anisotropy of the chemical shielding tensor is
not observable in gas phase NMR. (b) Temperature dependence of the deuteron
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chemical shifts calculated for ortho-D; and pare-D,. At both levels of theory the

chemical shifts of the two parity isomers are very close. The differences between

the results of the HF and B3LYP calculations are within the expected range.!®
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sured chemical shifts from this difference is thus negligible.

Linewidths

Another interesting temperature dependence is observed for the width of the
deuteron peak. Figure 3.16-(a) shows this temperature dependence for the D,-Ar
mixtures listed in Table 3.4. It can be seen from this figure that for almost all
mixtures the deuteron peak-widths can be represented very accurately, within the
experimental error bars of +0.5 Hz, by straight lines. Such a smooth temperature
dependence shows the quality of the deuteron spectra obtained for the D,—Ar mix-
tures. To present this result in a better way, the effective transverse relaxation
times, T, are calculated from the measured peak-widths, and are plotted versus
temperature in Fig. 3.16-(b). The fitted curves in this figure are essentially the
inverse functions of the corresponding peak-width fitted lines. Such a temperature
behavior for T, for all mixtures suggests that only a single process contributes
to the transverse relaxation of the deuteron magnetization. The error bar of the

calculated values of T, in msec, AT,, can be calculated from

AT = 1000 ( 1 1

T " Avys — v - Avy + Ju)’ (3.3)

in which dv is the uncertainty in the measured values of Avyy,, i.e., dv = 0.5Hz.
The largest value of ATy, which corresponds to the narrowest deuteron peak, for
mixture 4 at 180K, is about 5.5 msec, which is about 13% of the corresponding T;
value. However, the sizes of the deviations from the fitting curves are much smaller
than the sizes of the error bars. Generally, experimental parameters, such as field
inhomogeneity and diffusion, contribute to the measured values of T;. The sum

of these contributions sometimes is so large that the effective transverse relaxation
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times are decreased by an order of magnitude. With an ideal experimental setup,
and in the absence of diffusion, the value of T; is equal to the natural transverse
relaxation time, T3. Thas, it is not possible to derive values of T, from the measured
values of T, unless the contributions of the field inhomogeneity and diffusion are
precisely known.

Values of T; can be measured directly using the CPMG pulse sequence.!* In
this pulse sequence contributions to transverse relaxation of all dephasing pro-
cesses (except for certain natural processes) are refocused at the time of acquisition.
In the gas phase, however, the contribution of the magnetic field inhomogeneity can-
not be removed, because of the large diffusion coefficient for molecules in this phase.
Thus, the measured values of T, would also contain contributions from the field in-
homogeneity and diffusion. It can therefore be said that for the deuteron peak of
D, in D;—Ar mixtures, for which no broadening due to heteronuclear J-coupling
or shielding anisotropy exists, the values of T, are as accurate as the values of T,
would be.

To evaluate the quality of the deuteron NMR spectra obtained in this work, the
measured values of T; should be compared to the corresponding measured values
of T;. This comparison for mixtures 4, 5 and 6 is shown in Fig. 3.19. This figure
shows that differences between the corresponding measured values of T} and T; are
rather small. This result not only shows the high quality of the obtained spectra,
but it also implies that the corresponding values of T} and T are very close. Such
a clean result, however, could not be obtained for mixtures 1, 2 and 3, for which
the differences between the values of T} and T, are quite large. The source of
these larger differences arises from poorer shimming of the magnetic field. In the
preparation step of the experiments on these three mixtures, the shimming quality
of the field could not be improved to the same level as that for mixtures 4, 5 and 6.
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In other words the measured values of T; for these three mixtures had contributions
from the field inhomogeneity, and resultant diffusion broadening. Diffusion of the
molecules from the effective volume of the receiver coil, although negligible, exists
for all mixtures and is unaffected by experimental parameters, except for the size
and shape of the sample cell. The size of the sample cell is designed to be smaller
than the effective volume of the coil to prevent such an experimental problem. The

importance of the diffusion problem is tested below.

S/N ratios

The last property of the deuteron peak which shows an interesting temperature
behavior is the S/N ratio. The S/N ratios of the deuteron peak obtained for the
D2~Ar mixtures listed in Table 3.4 are plotted versus temperature in Fig. 3.17-(a).
This figure shows that for all mixtures, the S/N ratios decrease with increasing
temperature. The functional form of this decrease is more or less the same for all
mixtures, and can be expressed approximately by S/N = a + bT*, where a and
b are positive parameters while ¢ is ~ —3.0 for all mixtures examined. The S/N
ratios for different mixtures cannot be compared directly because of the different
densities and D; mole fractions. To compare the results for all mixtures, the raw
values should be normalized to a constant number of nuclei per unit volume of the
sample cell. This is done by multiplying the measured S/N ratios by the factor f
given by

T 1
f= (273.15)(pzp, )

(3.4

in which T is the absolute temperature, while p and zp, are amagat density and

D; mole fraction of the mixtures, as given in Table 3.4. In this factor the term in
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Figure 3.16: (a) NMR peak-widths, Avy;,, and (b) the effective transverse relax-
ation times, T; = (wAvy2)~?, for the deuteron of D, in Do—Ar mixtures. Solid and
hollow symbols correspond to the mixtures with 1.97% and 3.77% D, respectively.
The fitting curves in (a) are straight lines. As can be seen, straight lines represent
the temperature dependence of the deuteron peak-width for all mixtures (except
for the mixture at 3.55 amagat) very accurately. The fitting curves in (b) are recip-
rocals of the corresponding fitting curves in (a). The error bars for the peak-widths
are about +0.5 Hz. The error bars for the T; values can be calculated accordingly.
The horizontal error bar for all temperatures is about + 1K.
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the first set of parentheses is the conversion factor from amagat density to number
density. Multiplication by this factor normalizes the measured S/N ratios for 1% D
and number density Ly, or simply for 0.01L, partial number density of D,, with L,
being Loschmidt’s number (2.687 x 10?* molecule/m3). This normalization removes
the direct density dependence of the measured S/N ratios.

Further, the measured S/N ratios should be multiplied by the absolute temper-
ature to normalize for the effect of the temperature dependence of the total magne-
tization (arising from the population difference between nuclear spin levels, Curie’s
law!?®) on the S/N ratio. In this normalization the direct temperature dependence
of the measured S/N ratios is removed completely. Therefore, at this point the
normalized S/N ratio should have contributions only from the relaxation processes
(and possible experimental errors). These normalized S/N ratios are plotted versus
temperature in Fig. 3.17-(b). This figure shows that the normalized S/N ratios
have a well-defined temperature dependence, with a functional form very similar to
that for the relaxation times. The temperature dependence of the normalized S/N
ratios for the mixtures with 1.97% D, is in even better agreement with that of the
T, values than is found for the 7; results. However, the standard deviations of the
fits are larger, especially for the mixture with 1.97% D, at 13.84 amagat.

To complete the discussion on the measured S/N ratios, two more points should
be considered. First, the loss of signal during the dead-time of the LC circuit is
larger (in relative scale) when transverse relaxation is faster, i.e., when the trans-
verse relaxation time is shorter. Thus, the relative error due to this loss is larger at
higher temperatures. Second, two species are responsible for the observed signal:
these are ortho(I = 2)- and para-D,, so that the ratio of the total magnetizations,
M ortho/Mpara, is equal to 5 at all temperatures used in these experiments. However,

the loss of signal during the dead-time of the LC circuit is not constant, and de-
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pends on the relative values of the relaxation times of the two species: the larger the
difference in the relaxation times, the more unbalanced is the loss of the magnetiza-
tion of the two species. Because the difference between the relaxation times of the
two species is larger at lower temperatures (this will be discussed in detail later),
relatively large deviations are to be expected for the temperature dependence of
the normalized S/N ratios.

The error bars of the raw S/N ratios are of the order of +1. The relative error
bars of the normalized S/N ratios are larger than those of the raw S/N ratios by the
sums of the corresponding relative errors in the D, mole fraction and the mixture
density, plus twice the relative error in the temperature, for a maximum relative
error of ~ 4%. However, the calculated error bars do not cover the observed large
deviations from a smooth temperature dependence in the normalized S/N ratios of
the mixture with 1.97% D, at 13.84 amagat (and for a few points obtained for the
other mixtures.) The major experimental error that could decrease the S/N ra-
tios very effectively, if it occurs, is diffusion of the magnetization from the effective
volume of the receiver coil. Such a process, which has an exponential tempera-
ture dependence, creates a bi-exponential relaxation of magnetization. From the
normalized S/N ratios given in Fig. 3.17-(b), no sign of exponential temperature
dependence is observable. The possibility of the contribution to the relaxation
of magnetization from the diffusion process will be discussed in chapter 5. The
difference between the chemical shifts of the ortho-D; and pare-D; is very small,
and has no measurable effect on the S/N measurement. Other experimental er-
rors, such as errors in pulse length calibration, use of different acquisition times,
and the temperature dependence of the noise level, contribute to error in the S/N

measurement.
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Figure 3.17: (a) Temperature dependence of the signal-to-noise ratios for the
deuteron peak in D;—Ar mixtures. (b) The same as (a) but normalized for one
Lo number density and 1% D, in Ar (equivalent to 0.01L, partial number density
for D,), and for 1000 K temperature. Solid and hollow symbols are used for mix-
tures with 1.97% and 3.77% D, respectively. The fitting curves in (a) are of the
form y = a+ b7 in which a and b are positive parameters while ¢ is more or less the
same for all data sets, i.e &~ —3.0. Compare the functional form of the normalized
S/N ratios with the relaxation time curves in Fig. 3.16-(b). Both (a) and (b) are
normalized for 256 scans. The error bars of the measured S/N ratios are of the
order of £1. The error bars of the normalized S/N ratios can be calculated accord-
ingly using the error bars of the amagat densities, the D; mole fractions and of the
temperatures. The horizontal error bars for all temperatures are about +1K.
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Impurity test

As a test for possible impurities (whether original or from the sample preparation
step) proton spectra were obtained at all temperatures for the mixture with 3.77%
D; in Ar at 13.99 amagat. The only observable peak in these spectra was a very
weak triplet. The maximum value of the S/N ratio for this peak, which happened
at the bottom of the temperature range, was measured to be 21 for 256 scans.
The S/N ratio and the resolution of these proton spectra decreased with increasing
temperature, such that the triplet peaks could not be resolved for temperatures
above 270K, and vanished completely above 340 K. As mentioned earlier, according
to the supplier of the D, gas, HD is the major impurity. Thus, the triplet peak
in the proton spectra should be attributable to the HD impurity in the D, gas.
This conclusion is supported by the measured values of the spacing between the
triplet peaks, e.g., 43Hz at 180.67K, which is consistent with the value of the
proton-deuteron coupling constant, Jyp, measured from the proton and deuteron
spectra of HD in HD—Ar mixtures (See Sec.3.2.1). As a further test, proton spectra
were obtained while decoupling the deuteron. Decoupling of the deuteron replaced
the proton triplet with a singlet peak located exactly at the center of the triplet,
with a larger S/N ratio (at least doubled). Typical deuteron-coupled and deuteron-
decoupled proton spectra for D,—~Ar mixtures are shown in Fig. 3.13-(b). Both
spectra have been obtained with 256 scans. The S/N ratios and the peak-widths for
the coupled and decoupled spectra are 21 and 28 Hz, and 50 and 35 Hz, respectively.
Inspection of the coupled spectra shows that the spacing between the central and
high frequency peaks was filled partially with another yet weaker peak which cannot
be resolved from the HD triplet. However, it can be estimated that this peak is
centered approximately halfway between the central and high frequency peaks of
the triplet. According to Beckett and Carr,”® the proton chemical shielding in HD is
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about 0.036 ppm more than that in H; (see also Neronov et al.*?). In the 11.75 Tesla
field used in the present work, this is equivalent to a ~ +18 Hz shift for the proton
peak of H; with respect to the center of the HD triplet, which is approximately
halfway between the central and high frequency peaks. This suggests that the non-
resolvable peak overlapping the HD triplet can be attributed to the proton of an
H; impurity.

The deuteron peak of the HD impurity could not be observed in the deuteron
spectra. Further, decoupling of the proton had no observable effect on the deuteron
spectra. This shows that the contribution of the HD deuteron to the signal is not
observable, and hence is negligible. This was expected, since for HD the signal of
the deuteron is at least 20 times weaker than that of the proton (See Tables 3.2
and 3.3). Thus, the deuteron peak would have a maximum S/N ratio of =~ 21/20
or ~ 1(corresponding to the D,—Ar mixture with 3.77% D, at 13.99 amagat and
180K). Such a weak signal can hardly be resolved from the noise of the spectrum,
especially when overlapping the very strong peak of the D, deuteron which has a
S/N ratio of 1257 under the same conditio;ls.

In conclusion, it can be said that these observations verify the impurities in the
deuteron gas given by the supplier, and also show that no other species exist in the
prepared mixtures. Another interesting result of these impurity test experiments is
that HD-Ar mixtures containing as low as 0.4% x 3.77% or 0.015% HD can be stud-
ied by proton NMR at low temperatures. This is in agreement with what had been
predicted from the results of the preliminary studies on the HD-Ar mixtures (See
Sec. 3.2). The experimental results obtained for such mixtures can be regarded as

infinite dilution results, and should be directly comparable with theoretical results.
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3.3.2 NMR spin-lattice relaxation time measurements

for the deuteron of D, in D,—Ar mixtures.

After optimizing the NMR parameters on the deuteron one-dimensional spectra of
the D2—Ar mixtures at each temperature, the inversion-recovery method was used
to measure the deuteron longitudinal relaxation times. Since the D;—Ar mixtures
studied here contain normalD,, two species, namely ortho-D, and para-D,, both
contribute to the nuclear magnetization. Relative population, n;, and the frac-
tional contribution to the total magnetization, fi, of the parity isomer k are given,

respectively, by

9 Pr
N =
Siab

and .fk _ Ik(Ik + l)ngk

T SiL(L+ V)aP’ (3.9)

in which g, the nuclear spin multiplicity, is given by g« = 2I; + 1, and P is the
sum of the pure rotational population factors for the levels coupled to the nuclear
spin system of isomer k with spin [;. For D, P is the total rotational probability
either of the even rotational levels for ortho(l = 0,2)-D,, or of the odd rotational
levels for para(I = 1)-D,. Since only the ground vibrational level is accessible at the
temperatures used in this study, vibrational averaging is not required in Eq. (3.5).
At thermal equilibrium in the high temperature region, which starts at ~ 160 K for
D, (see Fig. 4.24), total probabilities for the even and odd rotational levels become

equal. This results in the values },3 and $ for the relative populations, and :?_s’ -g%

99
and £ (or 0,% and 3) for the relative contributions to the total magnetization of
ortho(I = 0)-D,, ortho(I = 2)-D, and para(l = 1)-D,, respectively. Since, of the
two ortho isomers only ortho(I = 2)-D; contributes to the total magnetization,
from now on, unless it is stated otherwise, the ortho(I = 0)-D; isomer is excluded

from discussion and the ortho(I = 2)-D, isomer will be referred to for simplicity
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as ortho-D;. It should be mentioned here that all of the temperatures used in
this study fall within the high temperature region. The population ratios and
relative contributions to the magnetization would remain constant, even at lower
temperatures , since the ortho-para conversion rate for D, is extremely slow,5” and
does not have any significant effect during the measurement period.

As mentioned in the previous section, the chemical shifts of ortho-D, and pare-
D, are so close that their peaks cannot be resolved in any of the one-dimensional
deuteron spectra obtained for the D2—Ar mixtures. However, the relaxation times
of the two isomers are significantly different.?#:5% This difference depends on the
temperature and density of the mixture.

In a system consisting of two or more species with the same Larmor frequency,
but with different relaxation times, the total magnetization of the system recovered
at a time 7 in an inversion-recovery method is given by the sum of all individual

magnetizations recovered at that time. For D, this summation gives
Mtf = Z M‘T = Mo‘r + Mp‘ra (3~6)

in which the subscripts o and p denotes the ortho and para isomers, respectively.
Use of Eq. (1.4) for M,, and M, gives the total magnetization as a function of

Miy = Myoo[l — 2exp (—-51—0)1 + Mool — 2exp(—%l;n. (3.7)

Dividing the two sides by the total equilibrium magnetization, Mioo = Moco + Mpoo,
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the above equation can be rearranged to give
T T
2 =1-2fiexp(—75-) - 2fp exp(— =), (3.8)
Tlo Tlp

in which, f, = %: and f, = Jff‘f:_-‘f-, the fractions of the total equilibrium magneti-
zation produced by ortho-D, and pare-D; are given by Eq. (3.5). For the temper-
ature range used in the present study f, and f, are independent of temperature,
and have the values £ and 2, respectively, see Sec.4.5.3. Equation (3.8) shows that
the relaxation of the total magnetization of D, in an inversion-recovery method
is bi-exponential. Thus, in principle a bi-exponential function should be fitted to
the inversion-recovery data points to extract the relaxation times of the two parity
isomers correctly. However, a bi-exponential curve-fitting requires a larger number
of parameters, which reduces the accuracy of the fitting procedure, and increases
the standard deviation of the fit due to the non-linear relationship between the
fitting parameters. This is especially the case when the difference between the two
relaxation times is not sufficiently large (see Sec. 4.5). If a larger number of 7
values is used, the accuracy of such a bi-exponential fitting will be increased. To
decrease the standard deviation of the fitting by 50%, the number of data points
of the recovery curve, i.e., the number of 7 values, should be increased by a factor
four. This increases the total measuring time by the same factor. Timewise, such
a solution seems to be uneconomical, even though it is the only way to extract
the individual relaxation times of the two isomers more accurately. If the values of
T, and Ty, are significantly different (by at least a factor of five), however, they
can be extracted with a much smaller apparent standard deviation by dividing the
recovery curve into two parts and fitting a single-exponential function of the form

of Eq. (3.1) to each part. In such a case, increasing the number of  values by a
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factor two would allow extraction of the two relaxation times with the same degree
of accuracy as is found for a single-exponential fit to the inversion-recovery curve
of a single species system. '

The values of T} obtained via fitting the inversion-recovery data to a single-
exponential function do not have a corresponding theoretical expression derivable
for the D, system. Such a relaxation time, which will be called T7, is related to the
individual relaxation times of the two isomers (and defined) by

T T T
exp (—T—f = foexp (—T;) + foexp (—T;)' (3.9)

Of course, such a relationship is valid only for a single value of 7, as Eq. (3.9) has a
single root for 7. However, under two conditions this definition can be applied for
all of the inversion-recovery data points within an acceptable approximation. One
of these two conditions is that the values of the two individual relaxation times
should be close to one another. The effect of this condition can be understood
easily by considering the limiting case of equal relaxation times, which leads to
I7 = Ty, = Tip. The other condition is the use of a limited range for the 7
values. A narrower range of 7 values decreases the standard deviation of the single-
exponential fit, but increases the deviation of the fitting parameters from their ideal
values. Except for the limiting case of Ty = Ty, = T},, the measured 77 from a
single-exponential fitting has no corresponding physical property, and serves only
as an index for the relaxation of the overall magnetization. Since ortho-D; is the
major contributor to the total magnetization (and has a longer relaxation time),
the measured T} can be also regarded as a rough estimate of the relaxation time
of the ortho-D; isomer.

At this point it may seem that there is no way to compare directly the experi-
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mental and theoretical results for the case of the D;—~Ar system. But, in Sec. 4.5.3
it will be shown that this is not quite the case; a comparison can be made in two
different ways. One of these two ways is to generate single-exponential relaxation
times, T7, from the calculated relaxation times of the two isomers using the defi-
nition of T7 given in Eq. (3.9). These relaxation times can then be compared with
corresponding experimental single-exponential relaxation times. The rest of this
section deals with the details of the T measurement from the inversion-recovery
curves.

One important point in establishing the NMR experimental parameters for these
measurements is the estimate of the required relaxation delay times from the mea-
sured values of T7. Since T\, is longer than 77" under all experimental conditions,
the relaxation delay time should be set such that the ortho-D, magnetization is
recovered completely by the time the next scan starts. It can be estimated roughly
that the ratios %3 and %f:- are of the same order of magnitude (but not essentially
equal). Thus the relaxation delay time is set to be at least 20(£)T;. This precaution
seems not to be very critical, as the measured T} and the longest T} of the com-
ponent magnetizations are close to one another. However, for other systems with
smaller fraction of the slow relaxing component, this may become very important.

Throughout these measurements, sixteen = values have been used to map out
the magnetization recovery curve from which the T} values are measured by fit-
ting to a single-exponential inversion-recovery function as given in Eq. (3.1). The
deuteron T values obtained for the D,~Ar mixtures are plotted versus temperature
in Figs. 3.18. As can be seen from this figure, the measured values of 7y for all
D2—Ar mixtures show a well-behaved temperature dependence. Also, no local ex-
trema or anomalous behavior is observed in the temperature dependence of the Ty

curves. From Fig. 3.18 it can also be seen that the error bars of the T} values are
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rather small, even smaller than those obtained for the deuteron T of the HD-Ar
mixtures. As for the HD-Ar mixtures, these error bars are taken to be +3 (or 6)
times the standard deviation of the single-exponential fit. Further, the values of the
fitting parameters A and B obtained for these single-exponential fits are closer to
the ideal value 1. These results show that the single-exponential relaxation times,
TT, describe the relaxation behavior of the total magnetization rather accurately.
Thus, it can be concluded that the ratio %: is much smaller than the values that
would lead to large error bars in the fitting of a single-exponential function to the
original bi-exponential inversion-recovery curves (i.e., less than 5). However, the
error bars obtained for the values of T7 at low temperatures are unexpectedly large.
The source of these large error bars cannot be the S/N ratio of the deuteron peaks,
as they are sufficiently high at low temperatures. The source of these large error
bars can thus only be the bi-exponential relaxation enhanced by the increasing dif-
ference between the two relaxation times Tj, and T, at low temperatures, which
increases the standard deviation of the single-exponential fitting. This conclusion
can be justified by considering the contribution of the rotational levels in the NMR.
relaxation of the two isomers. The lowest rotational level for ortho-D,, the 7 = 0
level, has zero rotational angular momentum, and does not contribute directly to
the relaxation of the nuclear magnetization. Decreasing the temperature decreases
the populations of the higher rotational levels, i.e., increases the population of the
J = 0 levels. This decrease increases the relaxation time of ortho-D; significantly.
For pare-D,, however, the lowest rotational level, j = 1, contributes directly to
the relaxation of the nuclear magnetization at all temperatures, and no similar be-
havior can occur. The overall effect of the decrease in temperature is an unequal
change in the relaxation times of the two isomers, which leads to a larger difference

between the values of T}, and T,. This larger difference between the two relaxation
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times is undesirable in the 77 measurement, and thus increases the standard devi-
ation of the fit. At higher temperatures, where the population of the j = 0 level
of the ortho isomer becomes smaller, the two relaxation times become closer and
hence the standard deviation of the single-exponential fit decreases, as can be seen
from Fig. 3.18. At sufficiently high temperatures, in which the population profile
is centered at higher rotational levels (e.g., j > 5 ), the relaxation times of the
two isomers are expected ideally to become equal. From comparing the rotational
population profiles of the two isomers it can also be concluded that, in general, the
deuteron relaxation time for pare-D, is shorter than that for ortho-D,.

To test the possibility of separation of the recovery curves of the ortho-D; and
para-D,, inversion-recovery experiments were performed on a mixture of 1.97%
D, in Ar at 11.36 amagat (This mixture is not listed in Table 3.4.) for three
temperatures: 237, 298 and 363 K. In these experiments 48 7 values were used.
Using the relaxation-time information obtained in the previous experiments, these
7 values were selected such that the recovery curves of both components are sampled
perfectly. In the T} measurement process, the recovery data points were divided
into two data sets such that each data set covers mostly the range of the recovery
curve of one component. Next, a single-exponential fitting was used to extract
the T} value for each data set. For all three temperatures, the results obtained
separately for the two parts of the recovery curve were close to that obtained by
fitting the whole range of the recovery curve, but in each case with larger standard
deviations. The same test experiment was performed on the D,—Ar mixture with
3.77% D, at 3.58 amagat and 180 K, but with 32 = values. In this case too, no
acceptable results were obtained. Thus it can be said that, under the conditions
of the present study, use of a larger number of 7 values will not help separate the

inversion-recovery curves of the two isomers of D,.
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Figure 3.18: Spin-lattice relaxation times, T}, for the deuteron of D3 in D,—Ar mix-
ture obtained from single-exponential fits. The number beside each curve indicates
the amagat density of the corresponding Dj;—Ar mixture. These relaxation times
are measured using the inversion-recovery method. See the text for the discussion
of the trend of the error bars. The horizontal error bar for all temperatures is about
+1K. See Appendix A.3 for numerical values of the temperatures and relaxation
times (the T and Tlm columns, respectively). The inversion recovery points, i.e.,
the (v, M,) pairs, from which these single-exponential (effective) relaxation times
have been measured, can be found in the fip site given in Ref. 103.
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Figure 3.18 shows that the error bars obtained for the T} values at lower densities
are generally smaller. It can be concluded that the values of the relaxation times
of the ortho-D, and pare-D; are closer at lower densities. The error bars of the
T7 values have the‘ same temperature dependence at all densities, i.e., increasing
with decreasing temperature. Further discussion of the temperature and density
dependences of T] for the deuteron of D, in D;—Ar mixtures will be presented in
Sec. 5.3, where the experimental and theoretical results for the D2—Ar mixtures are
compared. The mole fraction dependence of the Ty values is discussed in Sec. 5.6.

Figure 3.19 compares values of T} and T; obtained for the D,—Ar mixtures with
3.77% D, at three different amagat densities. This figure shows that Ty and T
have almost the same temperature dependence. The agreement between the values
of the two relaxation times is better at intermediate temperatures.

Numerical values of the raw and adjusted (see Ch. 5) single-exponential spin-
lattice relaxation times obtained for the deuteron of D, in D,;—Ar mixtures can be
found in Appendix A.3. The experimental raw data, i.e., recovery delay times and
normalized magnetizations in the form of (r, M,) pairs, are saved in a computer

data file which can be obtained via ftp.1%
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Figure 3.19: Comparison between the measured values of Ty and 7, for the
deuteron of D, in a mixture of 3.77% D, in Ar at 13.99 amagat (squares), 7.27
amagat (triangles) and 3.58 amagat (circles) densities, respectively. The hollow and
filled symbols show the measured values of T} and T, respectively. The numbers
beside each data set indicates the amagat density of the corresponding D,-Ar mix-
ture. The fitting curves connect the measured values of T,;. Note the agreement
of the temperature dependences of the two relaxation times. Also note that the
differences between them are (perhaps unexpectedly) small. Such small differences
suggest that the experimental contribution to the effective transverse relaxation
time is very small, and also that the values of T} and T are very close. This figure
also shows that the agreement between the two values is better at intermediate
temperatures. The error bars of the relaxation times are not shown for simplicity.
The horizontal error bar at all temperatures is about +1K.



Chapter 4

Theoretical Calculations of

Spin-Lattice Relaxation Times for

the HD—Ar and Ds—Ar Systems

In this chapter, procedures for and results of theoretical calculations of the spin-~
lattice relaxation times for the HD~Ar and D;-Ar systems are presented. Explicit
expressions for the various components of the spin-lattice relaxation times for the
nuclei of the diatomic partner of the atom-diatom collision system will be pre-
sented and analyzed in Sec. 4.1. The governing parameters and their effects on
the results of the calculations will be discussed briefly in Sec. 4.2. A description of
the exchange-Coulomb (XC) potential energy surface XC(fit) determined by Bisson-
nette et al.® for the hydrogen—argon system is given in Sec. 4.3. This is the potential
energy surface used in the present calculations. Close-coupled calculations of the
opacities, effective cross sections and their thermal averages, and finally, calcula-
tions of the spin-lattice relaxation times for the proton and deuteron of HD in the
HD-Ar system, and for the deuteron of the two parity isomers of D; in the D2—Ar
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system, are presented and discussed in Secs. 4.4 and 4.5, respectively. For each
system, the dependence of the spin-lattice relaxation times on temperature, den-
sity and magnetic field strength is investigated separately. Calculation of the total
magnetization and its relaxation time in mixtures of the two parity isomers of the

D,—-Ar system are presented in Sec. 4.5.3.

4.1 Expressions for the relaxation times

Application of the kinetic theory briefly described in Ch. 1, to the atom-diatom

system Z-XY results in the following equations for the components of the spin-

lattice relaxation time for the X nucleus.??
2
(TE)™ = k)i nad®.oving)ov.oy+ (Wi’ —of) 8] pd?, (41)
2 ) -
(TH)™ = (I + 1)(@8 red® . ar.{(n&) or.or + (Wi¥ —f)26]™"
+4{(n&)%or.00r + 4w’ — F)26]71}.p.d9, (4.2)
- 1 - - -
(TR = z(§)ned?.or{(n&)oror + (@f' —of)'8]™

+4](n&)?or.0r + 4(WEY — X)) 1}.p.d?), (4.3)

in which superscripts X and Y denote the corresponding quantities for the X and
Y nuclei, while subscripts SR, D and Q denote the corresponding quantities for
the spin-rotation, dipolar and quadrupolar interactions, respectively. Also, Iy is
the spin quantum number of nucleus Y, and w¥ is the coupling constant of the

interaction i (SR, D, Q) for nucleus X. The quantities w}Y¥ and wf are Larmor
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(angular) frequencies of the precession of the rotational angular momentum of the
diatom and spin angular momentum of the nucleus X around the direction of the
static magnetic field, By, and are given respectively by wi¥ = (ung<yt/k)B, and
wf¥ = (pngF/h)Be, in which py is the nuclear magneton, while gX¥ and g* are
rotational and nuclear spin g-factors, respectively, and & is the Planck’s constant
divided by 2x. The nuclear spin g-factor is related to the magnetogyric ratio, v, by
1x = pngi/h. The average relative velocity, ¢ is given by (-’:TT)I/ 2 in which g is
the reduced molecular mass of the collision complex, g = (mgy +mz!)™!, and k is
the Boltzmann constant. Also, n is the number density of Z.

The elements of the diagonal matrix p are per state fractional populations of

the rotational states, i.e.,

N 5 ) _ s __
p(]?]) J 2j+1 i (2;(2i+l)exp(—%)

() (4.4)

with E; being the energy of the ith rotational state. The jth elements of the d(*)

and d® column vectors are given respectively by

dV(G) = [(25 +1)i(G + )3 (4.5)

Wlw

: 27 +15G+1)
d(z) = ( J. . 3 4.6
and d{* and d®) are row versions (transposes) of d¥) and d?, respectively. Defi-
nitions of the cross section matrices ov and o are given in Ch. 1.

For the case of the atom-homonuclear diatom system, the SR relaxation time is
exactly the same as in Eq. (4.1). However, equations for the dipolar and quadrupo-

lar relaxation times are different. For the ortho parity isomer of the homonuclear
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diatom with a spin 1/2 nucleus, the dipolar relaxation time has the same form as
Eq. (4.2) with the exception that the factor I(/ + 1) is omitted. No quadrupolar
interaction exists for a spin 1/2 nucleus. Note also that the pera parity isomer of
such a diatom is not NMR active. For the case of a homonuclear diatom with a
spin 1 nucleus, the dipolar and quadrupolar intermolecular interactions between
the nuclear spin and the rotational angular momenta are coupled (i.e., they are
not separable). The equation for the spin-lattice relaxation time of the coupled
interaction, which is denoted by Tipq, has the same form as Eq. (4.3), with the
difference that the quadrupolar coupling constant wé is replaced by the coupled
dipolar-quadrupolar (DQ) coupling constant wijq. The DQ coupling constants for

the para and ortho isomers are given respectively by®s

wgq(para) e wé + 2wiX (4.7)

and

L
2

wEq(ortho) = [(wg)’ + gwgu’gx + -153(w’,§x)2] (4.8)
Note that in the notations used here wq is defined by wq = ()e?q..Q/k, in which
e is the charge of electron, Q is nuclear quadrupole moment, and g.. is the electric
field gradient along the z-axis (i.e., the direction of the static magnetic field) at the
site of nucleus.

The functional form of the density-dependence of the relaxation times is very
simple. Evaluation of the density-dependence of the T} equations at a fixed temper-
ature and field strength shows that the relaxation times at the two limits of n—0
and n—oo are linearly proportional to n~! and n, respectively. This requires exis-

tence of a minimum point in the Tj-density curves. The position of this minimum
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depends on temperature and field strength as well as on the interaction potential
via the cross sections. Such a minimum point in the T curves corresponds to a
match between the frequency of the collisions leading to the relevant transitions,
né.o, and the Larmor frequency of the rotational angular momentum in the frame
rotating at the Larmor frequency of the nucleus, i.e., (wF¥ — wfF). Obviously, the
position of this minimum for the Tisg curve is different from those for Tip and Tiq,
which are the same. -

In contrast to the density-dependence, the temperature-dependence of the re-
laxation times is more complicated, due to the complex temperature-dependences
of the cross section (o) and the population (p) matrices. However, it can be shown
numerically that the relaxation times are generally decreasing functions of temper-
ature.

Equations (4.1)-(4.3) show that the relaxation times are increasing functions of
the magnetic field strength By. This behavior cannot be derived from the T; equa-
tions analytically, but can be shown numerically. For the low temperature region in
which only the first contributing rotational level is occupied, however, this behavior
can be shown explicitly. Under such circumstance, all of the matrices involved in
the T} equations become scalar. This results in a linear dependence of the relaxation
times on the square of the field strength. This shows the dramatic effects of the field
on the density-behavior of the relaxation times. For a system with a specific inter-
action potential the relative contribution of the field-dependent term (w3 ~ wi)
to the relaxation times of the nucleus X depends on density, temperature, and the
potential (via the cross section matrix elements ) as well as on the field strength
and on the gXY and gX. When n is relatively large or B, is small, this contribution
becomes very small, and can be neglected. Under these conditions the T} equations

are considerably simplified, and become field-independent linear functions of den-
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sity. The region at which the spin-lattice relaxation times are linearly dependent on
density is called the linear-regime. At high magnetic field strengths and/or low den-
sities the system is in the nonlinear-regime. The limit of the linear-regime dépends
on all of the specifications and experimental parameters of the system mentioned
above. For example, in the HD-Ar system the contributions to the relaxation times
of the field-dependent term for the proton is significantly larger than that for the
deuteron due to the larger magnetogyric ratio of the proton (ya/yp = 6.5). Thus,
it can be expected that the linear-regime behavior for the deuteron relaxation times
in the HD-Ar system to start at significantly lower densities.

4.2 Computer programs and their parameters

In the present work, the MOLSCAT program of Hutson and Green!®* has been
used to carry out the CC calculation of the S-matrix elements. The determining
parameters of these calculations, which are directly related to the system under

study, are as follows:

a) The R-parameters: The lower and upper limits and the step-size of the radial
integration (Rmin, Rmax and STEPS, respectively). The parameter STEPS
is the number of points used for integration over a half-wavelength of the
asymptotic wave-function. In order to obtain converged integrals (and thus
accurate S-matrix elements), within an acceptable time, these parameters

should be optimized carefully.

b) The j-parameters: The minimum, maximum and step-size of j (Jmin, Jmax and
Aj, respectively). The determination of the jpin and Aj values is based on
the symmetry and the parity of the diatom (i.e., homonuclear versus het-
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eronuclear and ortho versus pars). The value of jmar is determined by the
value of the total energy, and the desired number of closed channels. In the
present study, Jmax is set so as to include at least one level above the highest

rotational level accessible at the total energy of the system.

c) The J-parameters: The minimum, maximum and step-size of J (Jmin, Jmax and
AJ, respectively). Jnin is usually set to zero, and the values of Jy. and AJ
are optimized based on the inspection of the J-dependent opacities calculated
by the SBE (see below) program.

The latter two sets of parameters determine which elements of the S-matrix
should be calculated by the program, and do not affect the accuracy of the cal-
culated S-matrix elements. However, the J-parameters (Jumin, Jmax and AJ), par-
ticularly Jnax, determine the accuracy of the state-to-state energy-dependent cross
sections which are calculated from an averaging over J of the state-to-state J-
dependent opacities. Also, the value of Jpae indirectly affects the convergence of
the radial integration of the S-matrix, since the optimum value of Rp,,x at a fixed
total energy increases with increasing J. However, if Rya, is set sufficiently large,
convergence of the radial integration of the S-matrix will be independent of the
value of Jpax.

Calculations of the J-dependent opacities from the S-matrix are carried out
using the SBE program of Green.!®® The only input parameters for this program
are the corresponding values of Kj, K}, K; and Kj for the desired cross section. All
other information needed for this step of the calculations comes from the output
of the MOLSCAT program, including the S-matrix elements. This program also
averages the J-dependent opacities over J to calculate the energy-dependent cross

sections.
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For thermal averaging of the state-to-state energy-dependent cross sections, the
CRAVE program of Thachuk?!:1% j5 used after some modifications. The core of this
program consists of an integrator which uses several quadrature techniques, along
with some interpolation and extrapolation estimations, to evaluate the relevant in-
tegrals more accurately. The quality of the results of thermal averaging depends on
the number and distribution of the values of total energies at which the S-matrix
is calculated. This dependence is especially crucial if the effects of orbiting reso-
nances'®” 1% on the energy-dependent cross sections are significant, as is found to
be the case for the systems studied in this work. The number and values of the total
energies should be set such that the resulting curves for the energy-dependence of
the cross sections are well-behaved and integrable, and allow error-free extrapola-
tions and interpolations when needed. Since it is not economical to increase the
number of total energies as desired, an accurate selection of the total energy values
is needed in order to guarantee the required accuracy in the final results. Since CC
calculation of the energy-dependent cross sections at the lower end of the energy
range is not expensive, the minimum value of the total energy can be (and rather
should be) set as small as possible. The maximum value of the total energy depends
on the desired temperature at which the corresponding physical properties are to
be calculated. An energy of 5-10 times the average thermal energy of the system
at the maximum temperature is usually sufficient to obtain high accuracies for the
calculated physical properties. In the absence of orbiting resonances,°”-1% the best
selection of the total energy values is the one with an equal number of energies
per energy spacing between the rotational levels of the diatom. For each rotational
level this selection should also include two energies as close as possible, one below
and the other above the threshold energy for the rotational channel. Such a selec-

tion allows a complete and uniform sampling of the energy-dependence curves for
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all elements of the cross section matrix, which in turn results in accurate thermal
averaging.

In the presence of orbiting resonances an additional number of total energies
should be included in order to map the functional forms of the energy-dependence
of the cross sections in the resonance ranges completely. Otherwise, the numerical
extrapolation and interpolation techniques will give incorrect answers for the reso-
nance ranges which leads to incorrect values for the thermally-averaged cross sec-
tions. The number of energies in the resonance ranges becomes especially important
should the most probable energy, i.e., the maximum of the Boltzmann distribution
function for the total energy, of the system fall into one of the resonance ranges.
However, if the orbiting resonances are not strong, and the resonance ranges are
not wide, their total contribution to the thermally-averaged cross sections can be
neglected. Possible problems introduced by such resonances in the integration pro-
cess can be eliminated by excluding those points of the energy-dependent curves
falling in the resonance ranges, and using the same interpolation and extrapolation
techniques used for other parts of the curves, to cover the resonance ranges.

Except for defining the parameters mentioned above and the study of their
corresponding effects on the convergence and accuracy of the final results, the
MOLSCAT and the SBE programs have been used as “black boxes”. Some minor
modifications, however, have been made on the CRAVE program, as the list of
cross sections of the original version did not include the oy and oo (NMR) cross
sections, which were required in the calculation of the NMR spin-lattice relaxation
times.

The last step of the calculations consists of the calculation of the spin-lattice
relaxation times from the thermally-averaged cross sections via Eqs. (4.1)-(4.3).

Two FORTRAN programs named HDT1 and D2T1 have been written to carry out
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these calculations for the HD-Ar and D,—Ar systems, respectively.

4.3 XC(fit) potential energy surface for the
hydrogen—argon system

The calculations of the spin-lattice relaxation times for the HD-Ar and D,—Ar sys-
tems are based upon the fitted exchange-Coulomb potential, the XC(fit) potential,
determined by Bissonnette et al® for the hydrogen—argon system. The XC(fit) po-
tential is a full three-dimensional state-of-the-art, highly accurate potential energy
surface recommended for the prototypical hydrogen—argon system. The XC(fit) po-
tential has been determined by introducing a number of adjustable parameters into
a theoretical model potential called the exchange-Coulomb XC(0) potential. The
theoretical model potential XC(0) is based upon the calculation of the energies of
the first-order Heitler-London interaction, and second- and higher-order Coulomb
interactions (including dispersion and induction) from high quality Self-Consistent
Field theory (SCF) wave-functions'® of the isolated closed-shell hydrogen molecule
and argon atom. The fitting parameters of the XC(fit) potential are then adjusted
(i.e., optimized) by fitting the theoretical values of some particular physical proper-
ties calculated from the potential to their corresponding experimental data obtained
for the Hy—Ar and/or D;—Ar system(s). These properties are the pressure-shifting
coefficients for the Raman transitions of H; in Ar, the second virial coefficient of
H.—-Ar mixtures, and the high resolution infra-red transitions of the H;—Ar and
D,-Ar Van der Waals complexes. The quality of the optimized XC(fit) potential
has then been tested by calculating two phenomena which were not used in the
optimization procedure of the potential (the elastic and inelastic differential scat-

tering cross sections for D;—Ar, and the frequencies of the hyperfine transitions of
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the Hy—Ar complex), and comparing their calculated values with the experimental
data. The theoretical results from the XC(fit) potential gave excellent agreement
with the experimental data for both phenomena. Compared with other available
potentials for the hydrogen-argon system, the XC(fit) potential is not only opti-
mized with respect to the most accurate experimental data obtained recently, but
also yields excellent predictions of properties which were not included in the opti-
mization process. For details of the calculation of the XC(0) model potential and
the optimization procedures for the XC(fit) potential, and comparison with other
potentials, see Ref. 8.

The analytical form of the XC(fit) potential contains terms which have fun-
damental physical meaning, but it does not directly display the anisotropy of the
potential, which is the origin of many physical properties of the hydrogen-argon
system such as the NMR spin-lattice relaxation times studied here. Thus, it seems
useful to convert this analytical form to a more suitable form for the present study.
This conversion is explained below.

The XC(fit) potential can be described briefly as a function of three variables
R, £ and . The intermolecular distance R is the distance between the argon
atom and the center-of-mass of the hydrogern molecule. The reduced stretching-
length § is defined by ¢ = (r — ro)/ro, in which 7 is the hydrogen bond-length and
o = 1.448739a, is the expectation value of r for H; in its ground rovibrational
level. The angle 8 is the orientation of R relative to the hydrogen bond-axis. The
three variables are illustrated in Fig. 4.1 for the generic Z-XY system. Dependence
of the XC(fit) potential on these variables is such that the analytical form of the

potential can be expanded as

V(R,6,€) = Lz_i:s‘*vkw, 9). (4.9)
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The variable £ depends only on the vibrational motion of the diatomic molecule.
Since the time scale of that vibrational motion is orders of magnitude shorter than
that of the translational and rotational motions involved in the scattering process,
the ¢* terms in the expansion of V can be replaced safely by their quantum me-
chanical averages over the vibrational motion. For temperatures sufficiently high
that excited vibrational levels of the hydrogen molecule are significantly occupied,
a different potential may be calculated for each vibrational level for a given set
of R and 8 values, because the averages of £* for different vibrational levels are
different. An ensemble average over the occupied vibrational levels is valid only for
those physical properties with longer time scales than that of the collision-induced
transitions between vibrational levels. Since the maximum temperature used in
the experimental part of the present study is much lower than that required for
occupation of higher vibrational levels, such an ensemble averaging is not needed.

Replacing the E'; terms by their expectation values removes any bond-length
dependence of the potential, and reduces the potential to V(R,0). One useful
analytical form which can be used to represent this potential is the expansion of the
potential in terms of Legendre polynomials of cos § with R-dependent coefficients,

t.e.,
V(R,6) = V(R,cos6) = 3" Va(R) Px(cos §), (4.10)
A

in which Py (cos ) is the Legendre polynomial of order A. This form of the potential
has a number of advantages, all due to the parity and orthonormality properties
of the Legendre functions.!!? Symmetry of the potential with respect to the plane
perpendicular to the diatom bond at its center-of-mass can be characterized by
the parity of the Legendre components of the potential. A zero value for all odd
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Figure 4.1: Internal coordinates for the generic atom-diatom system Z-XY; Vari-
ables of the XC(fit) potential. The subscript 0 represents the corresponding vari-
ables for a homonuclear diatom. In this figure § is the displacement of the center-
of-mass for the heteronuclear diatom (C) relative to that for the homonuclear iso-
topomers (Cg), which is the midpoint of the diatom bond (Cop).

Legendre components requires a mirror plane perpendicular to the diatom bond at
its center-of-mass; this happens only for homonuclear diatoms, e.g., the H;, D, and
T, isotopomers of hydrogen. The orthonormality of the Legendre functions eases
the expansion of the potential, and also allows the potential to be used directly in
the MOLSCAT program suite which makes extensive use of analytical properties of
these polynomials in the calculations. Using orthonormality of the Legendre poly-
nomials, the R-dependent coefficients of the Legendre expansion of the potential,
VA(R), which are also called radial strength functions, can be calculated using any
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standard numerical integration technique via
 §
VA(R) = /t V(R, cos)(A + 0.5) Py(cos §)d(cos 6), (4.11)

in which the (A+0.5) factor is the normalization factor for the Legendre polynomial
of order A. The number of terms required in the Legendre expansion of the XC(fit)
potential depends upon the accuracy required for the calculations. A four-term
expansion gives accuracies better than 0.1%, which is sufficient for the present
study. For heteronuclear diatoms, however, two additional terms are needed to
obtain the same accuracy in the calculations.

To expand the XC(fit) potential in terms of the Legendre functions, the FOR-
TRAN code of the subroutine generating the Ui(R, 6) coefficients of Eq. (4.9) has
been obtained from Le Roy.%® This subroutine was then incorporated into a FOR-
TRAN program to generate numerical values of the potential for a given set of
(R, 9) pairs for all isotopomers of hydrogen. The expectation values of the £ terms
required for these calculations were calculated by the program LEVEL.% Next, to
carry out the integration given in Eq. (4.11), a Gauss-Legendre quadrature tech-
nique was used with 24 points (i.e., 24 values for cos ) equally spaced over the
interval (-1, +1). Numerical values of the potential were then calculated for wide
ranges of R and 4, both from the original analytical form of the potential and from
its Legendre-expanded form. For almost all values of R and 4 the differences be-
tween the values of the potential obtained by these two procedures were less than
0.05% for all six isotopomers of hydrogen; four terms (A = 0 to 6 and A\ = 2) of
the Legendre-expanded form were used for homonuclear, and seven terms (A = 0
to 6 and AX = 1) for heteronuclear isotopomers.

For the homonuclear isotopomers of hydrogen, all odd-A terms of the Legendre
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expansion of the potential should be zero due to the symmetry of the potential with
respect to the center-of-mass of the diatom (the midpoint of the bond). This can
be regarded as a test for any potential proposed for an atom-diatom system, and a
check point for the expansion procedure of the potential. The Legendre expansion
of the XC(fit) potential derived for all three homonuclear isotopomers of hydrogen
showed this property.

It should be noted here that the original analytical form of the potential was
obtained for homonuclear hydrogen. Thus, for the Legendre expansion of the po-
tential for the heteronuclear hydrogen isotopomers, i.e., HD, HT and DT, it is
necessary to transform the heteronuclear coordinates R and 4 to the corresponding
homonuclear coordinates denoted by Ry and 6, in Fig. 4.1, from which the value of
the potential is calculated as described above. This value is then used in Eq. (4.10)
to derive radial strength functions VA(R). All other terms in Eq. 4.1 are calculated
using the heteronuclear coordinates.

Transformation of the coordinates of the XC(fit) potential from the heteronu-

clear case to the homonuclear case is carried out simply (See Fig. 4.1) via

=V R?+4§2—-2Rcosh, cosbp= E%——J. (4.12)

In these equations 4 is the displacement of the center-of-mass of the heteronuclear

isotopomer with respect to the midpoint of its bond, and is given by

T My —

i=(3 )mh+ml

(4.13)

in which r is the value of the bond-length (the same variable that appeared in the
definition of ¢ given above) while m, and m, are, respectively, the atomic masses

of the heavier and the lighter atoms of the heteronuclear diatom. Values of § for
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HD, HT and DT are 0.1271, 0.1901 and 0.0755 A, respectively.

Radial strength functions, V}, of the Legendre expansions of the XC(fit) poten-
tial derived for the D,~Ar and HD-Ar systems are plotted versus R in Figs. 4.2
and 4.4, respectively. The dotted curves in these figures show the corresponding
functions for an older version of the potential.” In part (b) of these figures the sub-
sequent improvement in the Legendre expansion of the potential is plotted against
R. As can be seen from these figures, the differences between the two versions of
the XC(fit) potential are negligible for the region of the potential well and at long
range. However, the two versions differ significantly at very short range, especially
below 2.5 A (far up the repulsive wall), which is thermally accessible only for very
high temperatures. These parts of the curves are not shown in the figures. Relative
values of the radial strength functions Vj for a given value of the intermolecular dis-
tance R show the anisotropy of the potential at that distance: the larger the values
of the higher-order radial strength functions the more anisotropic the potential. As
can be seen from Figs. 4.2 and 4.4, the anisotropy of the potential decreases with
increasing intermolecular distance.

A better view of the anisotropy of the potential may be obtained by analysis
of the angular dependence of the potential at a few constant intermolecular dis-
tances, and analysis of the distance dependence of the potential at a few constant
orientation angles. Angular and distance dependences of the XC(fit) potential for
the D,—Ar and HD-Ar systems (as representatives of homo- and heteronuclear iso-
topomers of the hydrogen-argon system) are shown in parts (a) and (b) of Figs. 4.3
and 4.5, respectively. These figures show directly the anisotropy of the XC(fit)
potential for the two systems. A comparison between Figs. 4.3 and 4.5 shows that
rotation of the diatom has a larger effect on the XC(fit) potential for the HD-Ar

*Unpublished August 1995 version of the potential.
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system than it does on that for the D,—Ar system, as can be expected. Figure 4.3-
(a) explicitly shows the symmetry of the XC(fit) potential with respect to the plane
normal to the diatom bond (corresponding to a vertical line at § = 90°) for the
homonuclear diatom D,. The same plot for the HD-Ar system does not show such
a symmetry. Obviously, the potential for both systems has a cylindrical symmetry
with respect to the diatom bond axis. -

The intermolecular potentials for the vast majority of systems are anisotropic;
the principal exception is the case of two closed-shell atoms. The degree of anisotropy
of the intermolecular potential energy surface depends on the electronic structure
of the interacting particles.

The FORTRAN program written for evaluation of the Legendre expansion co-
efficients in this section has been developed to be used as a potential read-in sub-
routine, called POTENL.F, for the MOLSCAT program. The subroutine returns
the potential specifications in the first call, and the coefficients of the Legendre ex-
pansion of the potential for a specified distance R in subsequent calls by the main
program. As mentioned above, this subroutine can be used for all isotopomers of
hydrogen. A copy of this subroutine may be obtained from the ftp site set up by
Le Roy.!!!
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Figure 4.2: (a) Radial strength functions for the Legendre expansion of the XC(fit)
potential for the D;—Ar system. The dotted curves are the corresponding radial
strength fanctions V) for an older version of the potential. Note the relative values
of the functions, and their R-dependences. The total contribution to the potential
of the higher-order Legendre components, that are not shown in this figure is of
the order of a few percent of the contribution of the Vg term for the region shown
in this figure. This contribution is larger at shorter range. (b) Improvement in
the potential, V(new) —V(old), in terms of the radial strength functions in cm™.
It can be seen from this figure that the differences between the two versions of
the potential at long range and on the attractive part of the potential well are
negligible. At short range, however, this difference is significantly larger. Note the
different scales used for individual components in both (a) and (b).
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Figure 4.3: Anisotropy of the XC(fit) potential for the D;—Ar system. (a) Angular
dependence of the potential at different intermolecular distances. These curves show
the effect of rotation of the D, molecule on the intermolecular potential. Note the
symmetry of the potential with respect to the orientation angle 8 = 90°. The left-
and right-hand side vertical axes scale the potential at 3.4, 3.6 and 3.8 A, and 3.22,
5.5 and 6.0 A, respectively. (b) Distance dependence of the potential for different
orientation angles.
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Figure 4.4: (a) Radial strength functions V) for the Legendre expansion of the
XC(fit) potential for the HD—Ar system. The differences between the corresponding
radial strength functions of the two versions of the potential are so small that they
cannot be seen with the scales used in this figure. Note the relative values of the
functions, and their R-dependence. The total contribution to the potential of the
higher-order Legendre components, not shown in this figure, is of the order of 50%
of that of the V3 term for the region shown in this figure. This contribution is
larger at shorter range. (b) Improvement in the potential, V(new) — V(old), in
terms of the radial strength functions in cm™. It can be seen from this figure
that the differences between the two versions of the potential at long range and on
the attractive part of the potential well are negligible. At short range, however,
this difference is significantly larger. Note the different scales used for the different
components in both (a) and (b).
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Figure 4.5: Anisotropy of the XC(fit) potential for HD-Ar system. (a) Angular
dependence of the potential at different intermolecular distances. These curves
show the effect of rotation of the HD molecule on the intermolecular potential.
Note the larger effects for shorter R. The left- and right-hand side vertical axes
scale the potential at 3.22, 3.4, 3.6 and 3.8, and at 5.5 and 6.0 4, respectively.
(b) Distance dependence of the potential for different orientation angles. Compare
this figure with Fig. 4.3-(b).
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4.4 Calculations of spin-lattice relaxation times
for the proton and deuteron of HD in

HD-Ar system

In this section results of the calculations of the proton and deuteron spin-lattice
relaxation times for HD in the HD-Ar system will be presented. For these calcula-
tions, thermally-averaged oy and ot state-to-state cross sections will be calculated
first, using the XC(fit) potential for the hydrogen-argon systems. Results and de-
tails of these calculations are presented in Sec. 4.4.1. Spin-lattice relaxation times
will be calculated from these cross sections using the equations given in Sec. 4.1.
Results of the calculations of the spin-lattice relaxation times and the effects of
physical parameters, such as temperature, density and magnetic field strength on
these results will be presented in Sec. 4.4.2.

4.4.1 CC calculations of the oy and ot cross sections

for the HD—Ar interaction

Close-coupled calculations of the S-matrix elements for the HD—Ar system have
been carried out for 984 values of the total energy, ranging from 1 to 6800 cm™!,
using the MOLSCAT program suite and the potential subroutine described in the
previous section. Steps of 10, 50, 100 and 200 cm ™! have been used for total energies
below 1000, between 1000 and 3000, between 3000 and 5000, and above 5000 cm™?,
respectively. At all energies at least one closed channel was included in order
to guarantee the required accuracy of the calculations. A new closed channel was
added when the total energy of the system was within a few cm~! below the previous

closed channel. Including an additional closed channel did not significantly affect
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the results of the calculations, apart from increasing the calculation time. A fine
mesh of energies with a step-size of 0.5cm™" has been used for the resonance ranges
of the first eight rotational levels. This fine mesh extends from a few cm™! below
to at least 50 cm™! above each rotational level.

Values of Jyi, and AJ were set to their lowest possible values, i.e., 0 and 1,
respectively. The well-behaved J-dependences of the opacities calculated with these
parameter choices suggests that a J-step of AJ = 2 would have also given much
the same accuracy. The same results also showed that the most appropriate value
for Jmin was zero at each energy. The Jya, value was first optimized for six total
energies, from 1000 to 6000 cm™* with a step-size of 1000 cm™! (see Table 4.1). A
0.01% convergence in the averaged (over J) values of the diagonal elements of the
J-dependent opacity matrices (:.e., the diagonal elements of the energy-dependent
cross section matrices) was considered as the criterion for these optimizations. The
optimized Jpa, values for off-diagonal opacities were generally smaller than those for
the corresponding diagonal elements by about 5-10, depending on their distance
from the diagonal. The optimized Jnax value for higher diagonal elements was
usually smaller. The best values of Jmax for other energies were then estimated
carefully from interpolation or extrapolation of the optimized Jiyay values.

Values of Ryin and Ru.. were set to 1A and 15 A, respectively. However, the
control parameters of the program were set such that the limits of the radial inte-
gration could be extended beyond these values, if necessary, to obtain the desired
convergence in the wave-functions. Monitoring the results of the calculation of the
S-matrix elements step-by-step (from the high-level output channel) showed that
such an extension for the upper limit (Rmax) was needed only for certain energies
at large values of J. For the lower limit (Rpin), however, such an extension was not

required. Evaluation of the potential at short range shows that even for the highest
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total energy used in these calculations the value Ruin = 2A would be sufficient.
The parameter STEPS (number of steps used per half-wavelength of the asymptotic
wave-function) was set to the value 10 throughout these calculations. The rest of
the calculational parameters were set to the default values recommended by the
authors of the MOLSCAT program.1®

To calculate scattering cross sections for each total energy, the output of the
MOLSCAT program (including the S-matrix elements) was input to the SBE pro-
gram. No extra parameter of the system is needed for running this program. This
program first calculates the J-dependent opacities, and then averages them over J.
Optimization of the J-parameters can be checked by inspection of the J-dependent
opacities (see Eq. (1.39)). Figures 4.6 and 4.7 show, respectively, the J-dependence
of the typical state-to-state elements of the Py(J; 7, i) and Pr(J; 7, ) opacity ma-
trices for the HD-Ar system at total energies between 200 and 2000cm™! in steps
of 100 cm™!. These figures show that at all energies and for all components, partial
opacities exhibit a well-behaved J-dependence. These figures also show that the
functional form of the J-dependence is similar for all components at all energies.
However, different functional forms and abnormal values are obtained for the cor-
responding opacities at total energies lying slightly above the rotational threshold
energies for the HD molecule. This exceptional behavior is due to the phenomenon
of orbiting resonances.!®!1? Figures 4.6 and 4.7 also show that the partial opacities
at all total energies have converged effectively to zero at J-values well below the
corresponding Jyax- The other interesting feature of the J-dependence curves is
that at all energies apart from the resonance ranges, they have a single maximum.
As can be seen from Figs. 4.6 and 4.7, the position and value of the maximum of
each curve depends upon the total energy. An increase in the total energy moves

the position of the maximum monotonically towards higher values of J. The rate
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of this move is larger at lower energies. Increasing the total energy up to a certain
value increases the value of the maximum opacity; above this total energy, however,
a further increase in the total energy decreases the value of the maximum opacity.
As for location, the rate of change in the value of the maximum opacity itself is
larger at lower energies. For all other elements that are not shown in Figs. 4.6 and
4.7 for brevity, the same behavior has been observed for the J- and E-dependences.

The total energy at which the direction of the changes in the maximum value
of the magnitude of the opacities is reversed will be called the turning point energy
(TPE) and will be denoted by E*. The value of E* depends upon the type of
opacity and varies with j and j’. For a specified (7,j’) element of the opacity P,
the TPE will be denoted specifically by E3 (3, j'). For example, Fig. 4.6 shows that
the values of Ey(1,1) and Ey(1,3) are ~ 800 and ~ 1800 cm™!, respectively. The
turning point energy E3(7,j') is a unique point in the (J, E, P(J; 7, j'})) space; that is
the extremum (maximum or minimum, depending on whether the opacity element
is diagonal or off-diagonal) point of the P(J;j,j’) opacity surface. In terms of
analytical algebra, this point is the root of the complete derivative of the P(J; 7, 7')
opacity with respect to its two variables J and E. For a given system, the value
of E;(j.j') depends only upon the interaction potential. It is thus suggested that
this point can be used to differentiate between different potentials recommended
for a system (of course, at the level of theory only, since the properties of this point
cannot be measured experimentally).

As mentioned above, the SBE program carries out the averaging (over J) of the
J-dependent opacities Py(J, j,3’) and Pr(J, j, 3°) to calculate the energy-dependent
state-to-state cross section elements of 0% (7, ') and o2(j, j'), respectively. Results
of these calculations for certain diagonal and off-diagonal elements of the oy and o't
cross section matrices are illustrated in Figs. 4.8 and 4.9, respectively. These figures
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show a number of similar behaviors for the two energy-dependent cross sections.
These similar behaviors will be discussed below.

The first interesting behavior is the effect of orbiting resonances on the values of
different elements of the two cross section matrices. As can be seen from Figs. 4.8
and 4.9, these effects are significant, and cannot be neglected for the present sys-
tem. From these figures it can be seen also that orbiting resonances of a specific
rotational level affect all elements of the two cross section matrices involving rota-
tional levels up to this level (i.e., it has no effect on the elements involving higher
levels only). However, these effects are at least two orders of magnitude smaller
for the elements involving lower levels only. Two other general trends are observed
for the effects of orbiting resonances of a specific level on the elements involving
that level. The first of these two trends is that the effect on diagonal elements
is larger than that on off-diagonal elements. The second trend is that the effect
on the elements corresponding to the transitions to this specific rotational level is
at least two orders of magnitude larger than that on the elements corresponding
to the transition from this level. Details of the structure of the resonance ranges
for the diagonal elements of the oy and ot cross section matrices are shown in
Fig 4.10-(a) and (b), respectively. It can be seen from these figures that the ef-
fect of orbiting resonances on both opacities, in terms of the number of peaks and
their relative heights, has the same structure for all diagonal elements. This figure
also shows that the effect for both cross sections decreases with increasing j. The
rate of this decrease is, however, different for the two cross sections. Figure 4.10
shows also that the fine mesh used for the total energies in the resonance ranges
has covered them completely. Although a finer mesh would be needed to map out
details of the fine structures of the sharp peaks, the functional forms obtained for

the cross sections in these ranges are sufficiently well-behaved to allow an error-free
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integration in the process of thermal averaging of the cross sections.

The second interesting behavior observed for the energy-dependence of the two
cross sections, see Figs. 4.8 and 4.9, is that at all total energies out of the resonance
ranges the values of the diagonal cross sections are larger for lower j elements. These
values increase with total energy to a common asymptotic value for all diagonal
elements. At all total energies the off-diagonal elements of the cross section matrices
which belong to one column (i.e., having a common j’) decrease with the variable of
the column j. The elements belonging to a particular row do not show any specific
trend. The functional form of the absolute values of the off-diagonal elements
differs from that for the diagonal elements in that with increasing total energy of
the system it passes through a maximum before reaching the asymptotic value.
The asymptotic values of the pair of elements corresponding to the two transitions
(with opposite direction) between a pair of rotational levels are the same.

The thermal averages of the state-to-state cross sections were calculated at tem-
peratures between 50 and 500K in steps of 5K using the CRAVE program.'%® The
program employs an appropriate integration scheme for a width of 50 cm™! above
each threshold energy. The results of these calculations for typical elements of the
thermally-averaged (temperature-dependent) <oy> and <orr> cross section ma-
trices are plotted versus temperature in parts (a) and (b) of Fig. 4.11, respectively.
This figure shows that all elements of the two cross section matrices are well-
behaved functions of temperature. The form of these functions for the off-diagonal
elements differs from that for the diagonal elements. This figure also shows that
the absolute values of the diagonal and their lower nearest off-diagonal elements are
of the same order of magnitude at all temperatures. The absolute values of other
off-diagonal elements are, however, very small at low temperatures, but become

significant at higher temperatures. From these observations it can be concluded
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that the contributions to the final results (i.e., spin-lattice relaxation times) of
off-diagonal elements may be significant, but still much smaller than those of the
diagonal elements.

Since the potential has a well-defined functional form, the errors associated
with the calculation of the S-matrix elements is minimal, and is limited to the
errors of numerical techniques used in the integrations. Calculations of the energy-
dependent cross sections from the S-matrix elements (by the SBE program) have
errors as small as the floating points of the real variables of the program, which
are negligible. The major calculational errors of the results are introduced at the
thermal averaging step. This error, as mentioned above, might arise from integra-
tion over the resonance ranges. Thus, it is expected to have larger errors at lower
temperatures for which the contribution of the resonance ranges are larger. The
maximum value of these errors in the thermally-averaged cross section elements
obtained for the HD-Ar system was less than 1%. However, at a few tempera-
tures, the thermal averaging resulted in outlier points for some elements, which
were replaced by interpolation of the remaining normal points. The number of
these outliers was the same for both cross sections, and varied with the element,
from 2 to a maximum of 5 points over the entire range of temperatures that is used
in these calculations, i.e., from 50 to 500 K. These outlier points are not shown in
Fig. 4.11.

In conclusion, the analysis presented above shows that the results of the CC
calculations obtained for the HD—Ar system are indeed high-quality results.
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4.4.2 Calculation of proton and deuteron spin-lattice relax-

ation times for HD in the HD—Ar system

The spin-lattice relaxation times for the proton and deuteron of HD in the HD-Ar
system have been calculated using thermally-averaged v and ot cross section ma-
trices calculated and studied in the previous section, via the T; equations given in
Sec. 4.1, Eq. (4.1)-(4.3). In these calculations spin-rotation, dipolar, and quadrupo-
lar coupling constants of Code and Ramsey!!® for the 7 = 1 rotational level of the
HD molecule have been used.

In the theoretical calculations presented in this chapter, it is assumed that the
coupling constants are independent of the rotational levels of the HD molecule. Va-
lidity of this assumption, which implicitly requires a rigid-rotor assumption, and the
effects of non-rigidity of the HD molecule on the relaxation times will be discussed
in Sec. 5.5.

As can be seen from the T equations, the experimental parameters of the spin-
lattice relaxation times comsists of temperature, density and the magnetic field
strength. Dependence of the relaxation times on these parameters was discussed
generally in Sec. 4.1. As mentioned in that section, dependence on density and the
field strength are explicit, but dependence on temperature is complicated. In the
following, the dependence of the components and the overall relaxation times of the
proton and the deuteron on these experimental parameters will be demonstrated

numerically, and will be studied briefly.

Temperature-dependence

Figure 4.12 shows the temperature effects on the components and the overall re-
laxation times calculated for the proton and deunteron of HD in the HD-Ar system
at p=1amagat and By=11.75 Tesla. These figures show that the components and
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the overall relaxation times of both nuclet are well-behaved functions of tempera-
ture. Comparison between the results obtained for the proton and for the deuteron
shows that the overall relaxation time of the proton is significantly shorter than
that of the deuteron at all temperatures. Over the temperature range shown in
Fig 4.12 the SR and the Q interactions are the dominant relaxation pathways for
the proton and deuteron, respectively. The functional forms of the Typ and Tiq
curves are essentially the same, and are different from that of the Tisg curve (com-
pare Egs. (4.2) and (4.3) with Eq. (4.1)). The difference between the functional
forms of the Tip and Tiq, and the Tisg curves depends upon both the density and
the field strength. As can be seen from Fig. 4.12, the temperature-dependence of
the overall relaxation time has a simple functional form, which is similar to that of
one of the components (i.e., that of the dominant interaction). This observation
is not general, however, especially under conditions in which the contributions of
the SR and the combined D and Q interactions are comparable. The functional
form of the overall relaxation curves under such conditions is more complicated,
and contain characteristic temperature behavior of both sets of relaxation times.
Increasing the temperature increases the contribution of the SR relaxation for both
nuclei. The increase for the deuteron is such that at very high temperatures the
SR and Q relaxations become competitive. For both nuclei the dipolar interaction
has a small contribution to the overall relaxation time. This small contribution,
however, increases with decreasing temperature.

As is shown in Fig. 4.13, and will be discussed next, for p = 1amagat the
proton relaxation times are well inside the nonlinear-regime, while the deuteron
relaxation times are close to the linear-regime. This difference explains the signifi-
cant difference between the temperature-behaviors of the Tip curve for the proton

and deuteron shown in Fig. 4.12. In the linear-regime, however, the Tip values for
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the two nuclei are simply related by the factor %ﬁ%} = 2.67 at all temperatures.

This can be seen clearly in the small windows of Fig. 4.13.

Density-dependence

A typical density-dependence of the components and the overall relaxation times
of the proton and the deuteron at T = 300 K and By = 11.75 Tesla are shown
in parts (a) and (b) of Fig. 4.13, respectively. This figure shows that the density
behavior for all components and the overall relaxation times of the two nuclei have
the same functional form. As observed for the temperature-dependence, the SR
and Q interactions are the dominant relaxation pathways for the proton and the
deuteron, respectively. Relative contributions of the different components change
with density, but much more slowly than the rate of change with temperature. The
most interesting feature of the density-dependence of the relaxation times of the
two nuclei can be seen at higher densities, and shown in the smaller windows of
Fig. 4.13. Comparison between the high density results for the two nuclei shows
clearly that the region of the linear-regime behavior for proton relaxation starts at
densities above ~18 amagat, while for the deuteron this regime starts at densities as
low as ~3 amagat. This significant difference is due to the large difference between
the Larmor frequencies of the two nuclei (28 = 2% == 6.5). The lower limits of the
linear-regime regions for both nuclei is moved rapidly towards larger densities with
increasing the field strength By, and moves towards smaller densities with increasing
temperature (see also Eqgs. (4.1)-(4.3)). In conclusion, Fig. 4.13 shows how a linear-
regime assumption can introduce dramatic errors in the calculated values of the
spin-lattice relaxation times for the proton, even at intermediate densities. For
the deuteron however, the linear-regime assumption is valid for densities down to

Jamagat at 11.75 Tesla.
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Field-dependence

It was shown above that the proton relaxation at By = 11.75 Tesla is well inside
the nonlinear-regime at intermediate densities, and that the deuteron relaxation is
in the nonlinear-regime at densities up to 3 amagat. It is worth mentioning here
again that the linear-regime behavior is implicitly equivalent to field-independent
relaxation times, or alternatively, being in a nonlinear regime means that the relax-
ation times are field-dependent. Although the field effects on the relaxation times
can be studied analytically, based on the algebraic forms of the T; equations, to
have a better physical understanding and to visualize the magnitude of these effects,
it seems to be useful to study them numerically. Figures 4.14 shows the field effects
on the relaxation times of the proton and deuteron of HD in the HD-Ar system
at T = 300K and p = lamagat. As expected, this figure shows that functional
forms of the field-dependence of all of the components and of the overall relaxation
times of both nuclei are the same. All relaxation times decrease to their respective
asymptotic values with decreasing field strength. The rate of this decrease is, how-
ever, larger for the proton than it is for the deuteron. For example, decreasing the
field strength from 10T to 5 T decreases the proton relaxation times by a factor ~
2, (still in nonlinear-regime). While, the same change in the field strength decreases
the relaxation times of the deuteron by a factor of 2% (almost in the linear-regime).
The slopes of the field-dependence of the relaxation times obviously depend on the
temperature and density. The dominant relaxation mechanisms for the proton and
the deuteron over the entire range of the field strengths are the SR and the Q in-
teractions, respectively. Figure 4.14 shows also that compared with that of proton,
the relaxation of the deuteron approaches the linear regime behavior at higher field
strengths. The open circles in Fig 4.14 show the corresponding relaxation times at
By = 11.75 Tesla which is the field employed in the experimental part of the present
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research. Comparison between the actual relaxation times (curves) and their corre-
sponding linear-regime (field-independent) relaxation times (straight lines) shows

the size of errors introduced by a linear-regime assumption.

The NOE enhancements

In the experimental part of this research the possibility of NOE measurements
in the gas phase was examined, and some results of the first NOE measurements in
the gas phase obtained for the proton and the deuteron of HD in HD-Ar mixtures
were presented (see Figs. 3.10). These preliminary results suggest that it will be
useful to calculate the NOE enhancements, 7;{j}, and to study their dependence
on the experimental parameters of the system. Since the NOE experiment is totally
independent of the relaxation time measurements, comparison between the theo-
retical and the measured values of the NOE enhancements, 7;{j}, can be regarded
as an independent test of the theoretical results for the relaxation times.

In the calculation of the maximum NOE enhancements Eq. (3.2) has been uti-
lized. As mentioned in Sec. 3.2.3, this equation is valid only for the liquid phase
at the extreme narrowing-regime (i.e., the linear-regime). The results presented
above showed that the proton relaxation times are not in the linear-regime. How-
ever, Eq. (3.2) will still be used in the calculation of the NOE values, because the
appropriate frequency-dependent formulae for the NOE enhancement in the gas
phase have not yet been derived.! Typical temperature, density, and field effects
on the calculated maximum NOE enhancements are shown in Fig. 4.15. Part (a)
of Fig. 4.15 shows that although the NOE enhancements for both nuclei decrease
with temperature, they do so at different rates and following different functional
forms. The dependence on density of the NOE enhancements is very weak, except

t Formulation of the NOE effect in the gas phase using kinetic theory is underway.
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for that for the proton at low densities. This weak dependence could be predicted
by inspecting Fig. 4.13, which shows the same functional form and the same slope
for the density dependence of the relaxation time components. Part (b) of Fig. 4.15
shows that the field effect on the NOE enhancement for the deuteron, np{H}, at
p = lamagat is so weak that it is not observable at low temperatures. The field-
dependence for the proton, however, is relatively strong, and depends upon the
temperature. The asymptotic value of the ng{D} at By—0 is either a maximum
or a minimum, depending upon the temperature. Figure 4.15 shows also that the
calculated values of the proton NOE enhancement, overwhelmingly determined by
the magnetogyric ratios factor (the J@- factor in Eq. (3.2)), is very small under
all conditions. Such small values for the NOE enhancement are not detectable in
typical NOE experiments, which have typical error bars as large as £0.05 for the
peaks with good S/N ratios. The calculated values of the NOE enhancements for
the deuteron are, however, large enough to be observed in typical NOE experiment.

The theoretical results obtained for the relaxation times and the NOE enhance-
ments for the proton and the deuteron of HD in the HD-Ar system will be compared
with experimental results in Sec. 5.2.
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Figure 4.6: Typical J-dependence of the state-to-state Py(J; 7, ;') opacity for the
HD-Ar system for a series of total energies in steps of 100 cm™. For simplicity,
only the two curves for the lowest and the highest total energies are labeled. As
can be seen, state-to-state Py(J;j,j’) opacities at all energies show well-behaved
J-dependence. The different behavior observed at some of the lower energies is
due to orbiting resonances corresponding to the resonance ranges of the j =1 and
j = 2 levels. Note the changes in the position and height of the maximum with the
change in the total energy of the system. Note also the different scales used for the
different elements.
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Figure 4.7: Typical J-dependence of the state-to-state Pr(J; 7,;') opacity for the
HD-Ar system for a series of total energies in steps of 100cm™. For simplicity,
only the two curves for the lowest and highest total energies have been labeled. As
can be seen, state-to-state Pr(J;j,j’) opacities at all energies show well-behaved
J-dependence. The different behavior observed at some of the lower energies is
due to orbiting resonances corresponding to the resonance ranges of the j = 1 and
j = 2 levels. Note the changes in the position and height of the maximum with the
change in the total energy of the system. Note also the different scales used for the
different elements.
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Figure 4.8: Energy-dependence of some (a) diagonal and (b) off-diagonal state-to-
state 0% (j, j') cross sections for the HD-Ar system. Note the relative values of the
two sets of elements, and the significant effects of orbiting resonances on them. The
resonance ranges are expanded in Fig. 4.10-(a) to show these effects in more detail.
Note also the j-dependence of the two sets of elements.



152

30,
: (a)
251
20F
! 1-1
& 15 33
oW
E 252
5¢
o;l - | ] 1 Ahl ]
0 7000 2000 3000 4000 5000 6000
of 1-3 (b)
Py \ 31
1 152 o
C\‘l‘ 9
oL s
e 4r f\
[ \ 32 23
ol 251
855 7000 2000 43000 4000 5000 6000

Total Energy E, (cm™)

Figure 4.9: Energy-dependence of some (a) diagonal and (b) off-diagonal state-to-
state g% (j,j’) cross sections for the HD-Ar system. Note the relative values of the
two sets of elements, and the significant effects of orbiting resonances on them. The
resonance ranges are expanded in Fig. 4.10-(b) to show these effects in more detail.
Note also the j-dependence of the two sets of elements.
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Figure 4.10: Effects of orbiting resonances on energy-dependent state-to-state
c%(5,7) (a) and 0% (j,7) (b) cross sections for the HD-Ar system. To have a
common energy axis all elements of the two opacities have been plotted versus col-
lision energy (E, — E;). Calculations of the cross sections for the resonance range
of each rotational level have been carried out with a fine mesh of 0.5 cm™! starting
from a few wavenumbers below, up to at least 50 wavenumbers above the threshold
for each rotational level. Note the similar structures of the two cross sections and
their different j-dependence.
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Figure 4.11: Temperature-dependence of the thermally-averaged state-to-state
ov(j,3') (a) and or(j,3’) (b) cross sections for the HD-Ar system. Note the differ-
ent scales used for the diagonal and off-diagonal elements. Calculations have been
carried out for temperatures between 50 and 500K in increments of 5K.
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Figure 4.12: Temperature-dependence of the different components of the spin-
lattice relaxation time for (a) the proton and (b) the deuteron of HD in the HD-Ar
system at p = lamagat and By = 11.75T. Note the different scales used for the
different components. Note also how the different components change with tem-

perature.
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Figure 4.13: Density-dependence of the different components of the spin-lattice
relaxation times for (a) the proton and (b) the deuteron of HD in the HD-Ar
system at T' = 300K and B, = 11.75T. The straight lines show the corresponding
linear-regime relaxation times. The small window in each part shows the density-
dependence at large densities. Note that the deuteron relaxation times are in linear-
regime above ~3 amagat, while the linear-regime behavior for the proton starts at
significantly higher density which is not shown in this figure (ca., above 18 amagat).
Note the different scales used for the different components.
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Figure 4.14: Field-dependence of the different components of the spin-lattice re-
laxation time for (a) the proton and (b) the deuteron of HD in the HD-Ar system
at p = lamagat and T = 300K. Note the different scales used for different com-
ponents. The straight lines show the corresponding linear-regime relaxation times.
The open circles show the corresponding relaxation times at By, = 11.75T, which
is the field strength used in the experimental part of the present research.
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Figure 4.15: (a) Temperature-dependence and (b) field-dependence of the NOE en-
hancements for the proton and deuteron of HD in the HD-Ar system. The numbers
in (a) show the amagat densities. The superposition of the deuteron curves is due
to the linear-regime behavior of its relaxation times at all densities. All of the NOE
enhancements in (a) are calculated for By = 11.75 Tesla. The NOE enhancements
in (b) are calculated for p = lamagat. The letters D and H in (b) denote the
corresponding curves for the deuteron and proton, respectively. The straight lines
in (b) show the corresponding linear-regime curves. Note the different scales used
for the two nuclei. Note also the significant field-dependence of the proton NOE

enhancements.
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4.5 Calculations of spin-lattice relaxation times
for the deuteron of D; in Dy—Ar system

Since the two parity isomers of D, are not interconvertible by scattering processes
at the low energies (compared with the energy separation between the ground and
excited electronic states) studied here, relaxation of their nuclear spin magneti-
zations induced by collisional reorientation of their rotational angular momenta
occur independently. Therefore, calculations of the scattering cross sections and
the deuteron spin-lattice relaxation times for the two parity isomers of the D,-Ar
system shall be dealt with separately. However, throughout this section, separate
results of the calculations of the S-matrices, the NMR cross sections and deuteron
spin-lattice relaxation times for the two parity isomers of the D,—Ar system will be
presented in parallel. An appropriate method for calculating the overall relaxation
time of the deuteron in a mixture of the two parity isomers (from the relaxation

times calculated in this section) will be presented and discussed in Sec. 4.5.3.

4.5.1 CC calculations of the oy and ot cross sections

for the D,—Ar interaction

Close-coupled calculations of the S-matrix elements for the ortho-D,~Ar and pere-
D,—Ar systems have been carried out, respectively, for 696 and 576 values of the
total energy, ranging from 1 to 6800 cm™, using the MOLSCAT program suite and
the potential subroutine described in Sec. 4.2. Steps of 20, 50, 100 and 200 cm™!
have been used for total energies below 1000, between 1000 and 3000, between
3000 and 5000, and above 5000 cm™!, respectively. Because of the larger spacings

between the rotational energy levels of each parity isomer of D, a larger step-size
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than that used for the HD-Ar calculations has been used for both isomers for
energies below 1000 cm ™. At all energies at least one closed channel was included
in order to guarantee the required accuracy of the calculations. A new closed
channel was added when the total energy of the system was within a few cm™
below the previous closed channel. As for the the HD-Ar calculations, the inclusion
of an additional closed channel did not significantly affect the results, apart from
increasing the calculation time.

A fine mesh of energies with a step-size of 0.5cm™! has been used to cover the
resonance ranges above the first four rotational levels for each isomer; j = 2,4,6
and 8 for the ortho, and 7 = 1,3,5 and 7 for the pare systems, respectively. This
fine mesh extends from a few cm~! below to at least 50 cm™! above each rotational
level.

Values of Jyin and AJ were set to their lowest possible values, i.e., 0 and 1,
respectively. The well-behaved J-dependence of the opacities obtained with these
parameter choices suggests that a J-step of AJ = 2 would also have given much
the same accuracy. The same results also showed that the most appropriate value
for Jmin wWas zero for each energy. The Jy,,x value was first optimized for five total
energies, from 1000 to 5000 cm™! with a step-size of 1000 cm™!. The best values of
Jimax for other energies were then estimated carefully from interpolation or extrap-
olation of these optimized Jyar values. A 0.01% convergence in the averaged (over
J) values of the diagonal elements of the J-dependent opacity matrices (i.e., the
diagonal elements of the energy-dependent cross section matrices) was considered
as the criterion for these optimizations. The optimized Jyax values for off-diagonal
opacities were generally smaller than those for the corresponding diagonal elements.
Table 4.1 compares the optimized Ja, values obtained for the ortho-D,—Ar, para-
D,-Ar and HD-Ar systems. It can be seen from this table that the optimized values
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Table 4.1: Comparison between the optimized values of Jp,,, for the HD-Ar, ortho-
D;-Ar and pare-D,—Ar systems. The criterion considered in the optimization of
the Jynax values was a 0.01% convergence in the averaged (over J) values of the
diagonal elements of the J-dependent opacity matrices.

Total Energy Optimized Jmax
(cm™*)
oD,-Ar pDa—Ar HD-Ar
1000 80 76 70
2000 101 96 88
3000 115 109 102
4000 126 119 115
5000 136 126 126

of Jmax for the HD-Ar system are generally smaller than those for the D,—Ar sys-
tem. The smaller values of Jax obtained for the HD~Ar system are due partially
to the fact that at a fixed total energy, the rotational index () of the highest ac-
cessible level for HD is smaller than that for either of the two parity isomers of D,.
Table 4.1 shows also that within the D,—Ar system the optimized values of Jyax for
the ortho-D;—Ar system are larger by 5-8% than those for the pare-D,—Ar system,
depending on the total energy.

The R-parameters were set to the same values as used in the CC calculations
for the HD-Ar system (i.e., Rmin = 1A, Ruax = 15A and STEPS=10). Also,
unless stated otherwise, the values for the remaining parameters and conditions
used in the MOLSCAT, SBE and CRAVE programs employed, respectively, for the
calculations of the S-matrix elements, effective cross sections and thermal averaging,

are the same as those used for the HD-Ar system as discussed in Sec. 4.4.1. The
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results obtained from these calculations will be presented below.

Figures 4.16 and 4.17 demonstrate, respectively, the J-dependence of some typ-
ical elements of the opacity matrices Py(J;3,5') and Pr(J;7,5’) for the D,—Ar
system. The elements selected for this demonstration represent the first diagonal
and the first off-diagonal elements of the opacity matrices, which contribute to the
deuteron NMR spin-lattice relaxation for each parity isomer of the D,—Ar system.
As can be seen from Figs. 4.16 and 4.17, at all total energies, except for the res-
onance ranges, elements of the opacities for both parity isomers are well-behaved
functions of J. The functional forms of the diagonal opacities are different from
those of the off-diagonal ones in that they have an extra peak (i.e., they have two
maxima). This extra peak, which does not appear in the J-dependent opacities
obtained for the HD-Ar system, is narrower than the original peak, and is centered
at a higher J-value. The intensity of this second peak for the 1—1 element (para)
for the Py opacity (i.e., Py(J;1,1), is higher than that for the Pr opacity (:.e.,
Pr(J;1,1)). This trend is the opposite to that found for the 22 element (ortho).
At a given energy the height of this peak is larger for the para-D,—Ar system than
that for the ortho-D,—Ar system, while its width is smaller. This observation sug-
gests that the appearance of this second peak is partially responsible for the higher
values of the optimized Jya., obtained for ortho-D;—Ar (in comparison with those
for para-D,—Ar) and for the generally higher Jy..-values for the Do—Ar system (in
comparison with those for HD-Ar), see Table 4.1. Except for a few low energies
for the 151 element, the height of this second peak is several times smaller than
that of the original peak, and decreases rapidly with increasing energy. Increasing
the total energy also displaces the positions of both peaks towards higher values of
J. This displacement is larger for the second peak.

The turning point energy ( TPE), E3(3, '), of the original peak for both parity
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isomers of the Dy—Ar system is generally very large; much larger than the cor-
responding E3(j,j') for the HD-Ar system. For example, the TPE’s of the first
diagonal and the first off-diagonal elements of the Py opacity matrix for the para-
D,-Ar system, Ey(1,1) and Ey(1,3), are ~4800 and ~4200cm™!, respectively.
The corresponding values for the Py opacity, E3(1,1) and E3(1,3), are slightly
larger. The TPE’s for the equivalent elements of the same opacity matrices for the
ortho-D;—Ar system are generally larger. The turning points of the second peak
when they appear occur at very low energies, close to the corresponding rotational
threshold emergies. A detailed study of the TPE of this peak was not possible
because of alterations introduced by orbiting resonances.

The averages over J of the {J-dependent) opacities of the two parity isomers
have been carried out using the SBE program. Typical energy-dependent elements
of the v and o1 cross section matrices for the ortho-D2—Ar and para-Da—Ar sys-
tems obtained from this averaging are plotted versus total energy in Figs. 4.18 and
4.19, respectively. These figures show that the energy-dependent cross sections are
well-behaved functions of total energy. The rate at which the state-to-state cross
sections approach their asymptotic values is much slower than was found for the
HD-Ar calculations. The minimum points in the energy-dependence curves of the
off-diagonal opacities are located at very high energies (much higher than those
observed for the HD-Ar system). Within the cross section matrices of each parity
isomer, the value of the diagonal elements decrease with increasing j for a fixed
value of the total energy. This trend is, of course, interrupted in the resonance
ranges. The small windows in Figs. 4.18 and 4.19, which expand the resonance
ranges for typical elements of the cross section matrices, show that the effect of
orbiting resonances on the diagonal elements is significantly larger than that on the

off-diagonal elements. For each parity isomer the intensities of the resonance peaks



164

for the or cross section are gemerally larger than those for the ov cross section.
This could be seen also by comparing part (c) of Figs. 4.16 and 4.17. The changes
with 7 in the structure and intensity of the resonance peaks is much larger than
those found for the HD-Ar system (compare the resonance windows of Figs. 4.18
and 4.19 for D,—-Ar with Fig. 4.10 for HD-Ar).

The thermally-averaged cross section matrices <ory> and <o'r> are calculated
for 91 temperatures, ranging from 50 to 500 K in increments of 5K, from the energy-
dependent cross sections by using the CRAVE program. For each parity isomer a
special integration scheme was used for a width of (at least) 50 cm™! above the first
four rotational energy thresholds to cover the possible effects of orbiting resonances.
The results of the thermal averaging for the two parity isomers of the D,—Ar system
are presented together in Fig. 4.20. This figure shows that all elements of the two
cross section matrices are well-behaved functions of temperature, and show the same
behavior as observed for those for the HD~Ar system. However, the j-dependence
of the cross sections does not follow the same pattern observed for the HD-Ar
system. For example, compare part (b) of Figs. 4.20 and 4.11, especially for the
or(1,1) and or(2,2) cross sections. This behavior is not unexpected, since the two
parity isomers of D,—Ar are independent systems. For each parity isomer, however,
the expected j-dependence is followed normally.

From the figures and the analysis presented in this section it can be concluded
that the NMR cross section matrices calculated for the two parity isomers of the
D,—Ar system are high-quality results.
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4.5.2 Calculation of deuteron spin-lattice relaxation times
for D, in the D,—Ar system

Deuteron spin-lattice relaxation times for D; in the para-D,—-Ar and ortho-D,—Ar
systems have been calculated separately from their thermally-averaged ov and ot
cross section matrices via the equations for T} given in Sec. 4.1, Eq. (4.1)-(4.3). The
spin-rotation, dipolar, and quadrupolar coupling constants of Code and Ramsey!!?
for the 5 = 1 and the j = 2 rotational levels of D, have been used (for para-D.—
Ar and ortho-D,-Ar, respectively) in these calculations. The coupling constants
for the combined dipolar-quadrupolar interaction, wpq, for the two parity isomers
are obtained via Eqs. (4.7) and (4.8). In the present calculations it is assumed
that the coupling constants do not depend on the rotational levels of D,. It will
be shown in Sec. 5.5 that although this assumption is not quite valid, the errors
introduced by it are negligible for the temperature range involved in the present
study. The way in which the calculated deuteron relaxation times depend upon the
physical parameters of the system, including temperature, density and magnetic

field strength, will be discussed below.

Temperature-dependence

Temperature effects on the components and the overall relaxation times for the
deuteron of D; in the ortho-D,—Ar and pere-D,—Ar systems for p = 1 amagat and
By = 11.75 Tesla are illustrated in Fig. 4.21-(a). This figure shows that all com-
ponents, as well as the overall relaxation times, are well-behaved functions of tem-
perature. As expected, the dominant relaxation mechanism for both isomers over
the entire temperature range studied in the present work is the DQ interaction. As
can be seen from Fig. 4.21-(a), however, the contribution of the SR mechanism to

the overall relaxation time increases with temperature. Comparison between the
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two isomers shows that their SR relaxation curves have the same functional forms.
Also, their Tisg values are very close, especially at the higher temperatures. The
functional forms and the numerical values of the DQ relaxation times of the two
isomers are, however, significantly different, particularly at low temperatures. The
difference between the DQ relaxation times of the two isomers is a consequence of
two factors, whose effects will be discussed in detail below.

The first factor causing a difference between the DQ (and hence overall) relax-
ation times of the deuteron for the two parity isomers is the difference between
the ground rotational levels of the para-D; and ortho-D,; molecules. The ground
rotational level for the ortho isomer has zero rotational angular momentum (z.e.,
j = 0), so that the intra-molecular interaction with the nuclear spin vanishes. Thus,
molecules populating this level, which constitutes a significant fraction at low tem-
peratures, does not contribute to the deuteron relaxation of D, in the ortho-D,—-Ar.
By contrast, the ground level of the pare isomer has a non-zero rotational angular
momentum (%.e., j = 1), and contributes significantly to the deuteron relaxation of
D, in para-D,—Ar (to see this compare the (1,1) element with other elements of the
ov and o cross section matrices for the para-D,—Ar isomer in Fig. 4.20). Thus,
at low temperatures the deuteron relaxation times for pare-D,—Ar are significantly
shorter than those for ortho-D,—Ar. At those temperatures for which the popu-
lation of the higher rotational levels of the ortho isomer is negligible, the theory
predicts extremely long relaxation times for the deuteron in the ortho-D,—Ar sys-
tem. Under similar conditions, no significant change is predicted for the deuteron
relaxation times in the parae-D;—Ar system. However, at extremely low tempera-
tures, the decrease of temperature is expected to increase the deuteron relaxation
times for the para-D,—Ar isomer via the average relative velocity factor, &. The

average velocity equally affects the already very long relaxation times for the ortho-
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D2—Ar isomer at these temperatures. It is obvious that the effect of the first factor
decreases with increasing temperature, and becomes negligible at temperatures in
which the population of the j = 0 level is insignificant (e.g., above T' = 400 K), see
Fig. 4.24.

The difference in the DQ coupling constants of the two isomers is another factor
introducing a difference between the deuteron relaxation times for them. This factor
remains equally effective for all temperatures, so long as the the DQ interaction is
the dominant relaxation mechanism. At high temperatures, for which the effect of
the first factor becomes negligible, the ratio of the DQ relaxation times for the two
isomers, % is approximately equal to (%)2 = 133, see Eq. (4.3). In
this approximation the values of the matrix products in the Tipq equation for the
two isomers are assumed to be equal. Assuming a negligible SR contribution, one
obtains the same value for the ratio of the overall relaxation times, t.e., %: = 1.33.
At those temperatures for which the SR and the DQ relaxations are comparable,
the above assumption is not, however, valid. As can be seen from Fig.4.21-(a),
increasing the temperature increases the contribution of the SR relaxation for both
isomers. This increase does not affect the high temperature value of the %
ratio, but does decrease the %:_ra.tio. For very high temperatures, at which the
SR relaxation dominates the overall relaxation times for both isomers, the %:
ratio approaches %ﬁi‘g—:}g, which is given approximately by (%)2 = 1.063.
Here also, it is assumed that the matrix products in the Tisgr equation for the two
systems are equal. Note that the T sgr values for the two isomers are very close at
all temperatures, see Fig. 4.21-(a). Since the difference between the SR coupling
constants for the two systems is very small, it can be concluded that the difference
between the values of the matrix products in the Tysr equations for the two systems

is negligible. This justifies the above assumption.
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Non-rigidity of the D, molecule introduces an additional temperature depen-
dence to the relaxation times; its effects will be discussed in Sec. 5.5.

Density-dependence

The density-dependences of the components and the overall relaxation times
of the deuteron for the two parity isomers of D, in the D;—~Ar system at 300K
and 11.75 Tesla are shown in Fig. 4.21-(b). This figure shows that T)/p for each
component, as well as for the overall relaxation times for each isomer, are decreasing
functions of density. Figure 4.21 shows also that the DQ interaction is the dominant
relaxation mechanism at all densities. The contribution of the SR interaction is not,
however, negligible. Increasing the density slightly increases the SR contribution
to the overall relaxation time for each isomer. The rate of this increase is larger
for the ortho-D,—Ar system. The asymptotic contributions of the SR interaction
to the relaxation times for the ortho-D,—Ar and para-D,—Ar systems at 300 K and
11.75 Tesla are approximately 20% and 10%, respectively.

In comparison with the HD—Ar system, the rate at which the relaxation times
approach their asymptotic (linear-regime) values is significantly slower for both
parity isomers of the D,—Ar system. The density-dependence of the relaxation times
becomes linear at densities above 25 amagat for both isomers of the D,—Ar system.
The significant difference between the density-behaviors of the deuteron relaxation
times for the HD—Ar and D,-Ar systems is due to: a) the larger g-factor for the
D, molecule; b) the smaller average relative velocity, &; ¢) the significantly smaller
cross sections for the Dy—Ar system. These differences result in a significantly
larger contribution of the frequency-dependent term to the relaxation times. This
enhances the density-dependence of the relaxation times, and hence extends the

nonlinear-regime.
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Field-dependence

In addition to the extension of the nonlinear-regime discussed above, the rela-
tively large contributions of the field-dependent terms enhance the field-dependence
of the deuteron relaxation times for both parity isomers of the D;—Ar system.
The field-dependence of the components and the overall relaxation times for the
deuteron of D; in the ortho-D;—Ar and pare-D,—Ar systems at 300K and 1amagat
are shown in Fig. 4.22. This figure indicates a much stronger field-dependence of
the deuteron relaxation times for both systems than is observed for the HD-Ar
system, compare Figs 4.14 and 4.22. For extremely low field-strengths, i.e., below
0.1 Tesla, the relaxation times are, however, field-independent. The dominant re-
laxation mechanism is the DQ interaction for both systems over the entire range
of the field-strengths. Figure 4.22 shows also that changing the field-strength does
not significantly change the relative contributions of the SR and DQ relaxations.
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4.5.3 Relaxation of the total magnetization in mixtures
of ortho and para-D,—Ar systems

It has been pointed out in Sec. 3.3.2 that it is not possible to measure individual
relaxation times for the deuteron of ortho-D; and para-D; in a mixture of the two
isomers when the ratio of their deuteron relaxation times is very small.* Under
this condition the experimental data which can be obtained from a T} experiment
is limited to the inversion-recovery points for the total magnetization, and a decay
index found by fitting a single-exponential function to them. This decay index will
be called the effective relaxation time, and will be denoted by T}. Since no theoret-
ical method has been devised so far to calculate the inversion-recovery curve of the
total magnetization for a mixture of two parity isomers, this limitation has been
an obstacle for the evaluation of the theoretical results under the above-mentioned
condition. Consequently, in most of the NMR studies that have been carried out on
mixtures of ortho-D; and para-D, under this condition, this problem has been dealt
with either by neglecting the contribution of the para-D; isomer to the NMR signal ®
or by using ad hoc methods, e.g., writing the total relaxation rates as a weighted
sum of the individunal relaxation rates of the two isomers with adjustable param-
eters.’® In this section a simple theoretical method will be proposed to calculate
the inversion-recovery curve for the total magnetization. The calculated inversion-
recovery curve can be compared directly with the experimental inversion-recovery
points for the total magnetization. Once the theoretical inversion-recovery curve

for the total magnetization is at hand, a second comparison can be made between

tWhen the deuteron relaxation times for the two isomers are significantly different, say by a
factor of 5 or more, however, they can be measured separately by fitting a bi-exponential function,
similar to Eq. (3.8), to the inversion-recovery curve for the total magnetization. See, for example,
Refs. 24,114,115.
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the theoretical and experimental results by calculating the single-exponential de-
cay index for this curve (i.e., the effective relaxation time 7}'). Thus, a comparison
between the experimental and theoretical results for a mixture of the two parity iso-
mers is possible via two methods. These two methods are, however, correlated, and
cannot be regarded as independent methods. It should be noted also that neither
of these methods allows a detailed evaluation of the theoretical results obtained for

individual isomers.

a) The inversion-recovery curve for the total magnetization

The normalized total magnetization for a mixture of ortho-D2—Ar and para-D,-
Ar at each instant 7 in the inversion-recovery experiment can be calculated via
Eq. (3.7) using the relaxation times obtained for the individual components. For
equilibrium mixtures of the two parity isomers the fractions of the total magne-
tization produced by ortho and para isomers, f, and f,, appearing in Eq. (3.7),
are generally temperature-dependent due to the temperature dependence of the
fractional populations, see Eq. (3.5). Since the conversion rate between the two
parity isomers of D, is extremely slow,’” however, these fractions can be considered
constant during a series of typical variable temperature T} experiments. In other
words, a mixture consisting of certain mole fractions of the two parity isomers of D,
retains its original composition during a typical NMR experiment. Such a mixture
is called a frozen-out mixture. The fractions f, and f, for a frozen-out mixture are
determined by the temperature at which the mixture is prepared (or by the tem-
perature at which the prepared mixture is stored for a long period of time). The
temperature-dependence of the ratio %:: = ff, along with the rotational popula-
tions for equilibrium and high-temperature frozen-out mixtures of the two parity

isomers of D, are calculated, and are shown in Fig. 4.24-(b). It can be seen from
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this figure that the f:— ratio for the equilibrium mixture decreases with increasing
temperature and reaches its asymptotic value (i.e., 5) at approximately 160K. It
can be concluded that the chemical preparation of D, gas at any temperature above
160K results in a mixture with asymptotic fractional magnetizations for the two
parity isomers, which are f, = £ and f, = }, respectively.

The commercial D, gas used in the NMR experiments, is usually a room temper-
ature frozen-out mixture of the ortho and para parity isomers, for which, according
to the above discussion (see also Fig. 4.24), f, = £ and f, = . Thus, for practical
purposes it is useful to calculate and present the total magnetization for the room
temperature frozen-out mixture of the two parity isomers of the D,~Ar system.
Note that the results for equilibrium and room temperature frozen-out mixtures
are, however, the same for all temperatures above 160 K.

Figure 4.23-(a) shows the simulated inversion-recovery curves for the normalized
deuteron magnetization in the ortho-D;—Ar and pera-D,—Ar systems (calculated
by using Eq. (1.4) and the T} values for the individual systems) at 1amagat and
11.75 Tesla for the temperatures 100 and 500 K. The corresponding normalized total
deuteron magnetizations for a room temperature frozen-out mixture of the two
parity isomers are calculated point-wise for each value of 7 using Eq. (3.8), and
are shown in Fig. 4.23-(a). In the simulation of these inversion-recovery curves a
large number of 7 values has been used in order to cover completely the recovery
curves for the total magnetization. Figure 4.23-(a) shows that the behavior of the
recovery curves for the total magnetization is very similar to that for the ortho
isomer. This similarity increases as the temperature increases, due to the fact that
the difference in the relaxation times for the two parity isomers decreases with

increasing temperature, see Fig. 4.21.
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b) The effective relaxation time T}

The effective relaxation time, Ty, for each simulated inversion-recovery curve for
the total magnetization is calculated by fitting it into a single-exponential function
of the form of Eq. (3.1). Values of the function ln(ﬁ;‘_ﬁl:) calculated from the
simulated inversion-recovery points are plotted in Fig. 4.23-(a) in order to visualize
the quality of this fitting procedure. For a true single-exponential relaxation process
this function should be linear in 7, with a slope of T;!. As can be seen from
this figure, under the specified conditions the values of this function for the total
magnetization can be well characterized by a straight line for both temperatures.
This means that the relaxation of the total magnetization can be described by
a single-exponential decay function similar to that used for the recovery of the
magnetizations of the individual isomers. Fitting a single-exponential function to
the total magnetization points, which are generated originally from a bi-exponential
function, i.e., Eq. (3.1), introduces some error to the calculated effective relaxation
times in the form of standard deviation of the fit. The standard deviation obtained
for the single-exponential fitting procedures in this study was of the order of 1-3%
depending on the ratio of the relaxation times of the two parity isomers.

The values of the effective relaxation times T| obtained for the relaxation of
the total magnetization in a room temperature frozen-out mixture of the ortho-
D,—Ar and para-D,-Ar systems at 11.75 Tesla and at 1 and 10amagat densities
are plotted versus temperature in Fig. 4.23-(b). For both densities, and for the
entire temperature range shown in this figure, the condition that the value for the
ratio of the deuteron relaxation times for the two isomers be small is valid. It
can be seen from this figure that the values of the relaxation times for the total
magnetization and for the ortho system differ by 10-20%. This observation indicates

that neglecting the contribution of the paraisomer to the total magnetization results
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in errors several times larger than the typical errors for the experimental results.
Thus, neglecting the contribution of the pera isomer to the total magnetization
represents an incorrect evaluation of the theoretical results.

In conclusion, it can be said that the two new methods proposed in this section,
i.e., the method of inversion-recovery curves for the total magnetization and the
method of effective relaxation times, provide reliable means for evaluation of the
theoretical results. The advantage of the former method is that it does not introduce
any error to the evaluation process, whereas the assumption of a single-exponential
relaxation for the total magnetization in the latter method introduces some errors
to the final results (in the form of the standard deviation of the fitting procedure).
These errors, however, can be evaluated exactly, and can be taken into account in
the calculation process. As mentioned before, neither of these two methods can be

used, however, to evaluate theoretical results obtained for individual isomers.
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Figure 4.16: Typical J-dependence of the state-to-state Py(J; 7, 7’) opacity for the
para-Do—~Ar, (a) and (b), and ortho-D,—Ar systems, (c) and (d), for a series of total
energies in steps of 200cm™!. For simplicity only the two curves for the lowest and
highest total energies have been labeled. As can be seen, state-to-state Py (J; 7,5")
opacities at all energies show well-behaved J-dependences. The different behavior
observed for the 2—+2 element at the lowest energy is due to orbiting resonances
in the ortho-D;—Ar system, corresponding to the j = 2 resonance range. Note the
different scales used for different elements.
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Figure 4.17: Typical J-dependence of the state-to-state Pr(J; 7, j') opacity for the
para-Do—-Ar, (a) and (b), and ortho-D2—Ar systems, (c) and (d), for a series of total
energies in steps of 200 cm™!. For simplicity only the two curves for the lowest and
highest total energies have been labeled. As can be seen, state-to-state Pr(J; j,3)
opacities at all energies show well-behaved J-dependences. The different behavior
observed for the 2—2 element at the lowest energy is due to orbiting resonances
in the ortho-Do—Ar system, corresponding to the j = 2 resonance range. Note the
different scales used for different elements.
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Figure 4.18: Energy-dependence of some state-to-state ¥ (j,5') (a) and o2(j,5')
(b) cross sections for the ortho-D,-Ar system. Note the significant effect of orbiting
resonances on the diagonal elements of each cross section. The small window in each
part expands the resonance range above the j = 4 rotational level. Calculations of
the cross sections for the resonance range of each rotational level have been carried
out with a fine mesh of 0.5 cm™! starting from a few wavenumbers below, up to at
least 50 wavenumbers above the rotational threshold energy. Note the similarities
and differences between the two cross sections in the resonance range. Note also
the small effects of orbiting resonances on the off-diagonal elements.
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Figure 4.19: Energy-dependence of some state-to-state o%(3j,j') (a) and o%(3, ;')
(b) cross sections for the para-D;—Ar system. Note the significant effect of orbiting
resonances on the diagonal elements of each cross section. The small window in
each part expands the resonance range above the j = 3 rotational level, and shows
that the effects of the orbiting resonances on the off-diagonal elements is very small.
Note the similarities and differences between the two cross sections in the resonance
range.
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Figure 4.20: Temperature-dependence of the thermally-averaged state-to-state
ov(j,3') (a) and o1(7,7’) (b) cross sections for the D,—Ar system. Note the differ-
ent scales used for the two sets of elements. Calculations have been carried out for

temperatures between 50 and 500K in increments of 5 K.
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Figure 4.21: (a) Temperature- and (b) density-dependence of the different com-
ponents of the spin-lattice relaxation time for the deuteron of the two parity
isomers of D, in the D;—Ar system. The T)/p values in (a) are calculated for
By = 11.75 Tesla and p = 1amagat, while the T;/p values in (b) have been ob-
tained for By = 11.75 Tesla and T = 300K. The letters o and p in the brackets
denote the corresponding components for the ortho and para isomers, respectively.
The dashed line-pattern has been used for the corresponding relaxation times of
the pere isomer. The straight lines in (b) show the corresponding linear-regime
relaxation times. The small window in (b) shows the density-dependence of the
relaxation times at higher densities. Note the different scales used for the various
components.
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Figure 4.22: Field-dependence of the components of the spin-lattice relaxation time
for the deuteron of D, in the D,—Ar system ac p = 1 amagat and T = 300K. The
letters o and p in the brackets denote the corresponding components for the ortho
and para isomers, respectively. The dashed line-pattern has been used for the
corresponding relaxation times of the para isomer. The straight lines show the
corresponding linear-regime relaxation times. The open circles show the relaxation
times at By = 11.75T, which is the field strength used in the experimental part of
the present research. Note that the relaxation times are field-dependent for field
strengths as low as 0.1Tesla. Note also the different scales used for the various
components.
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Figure 4.23: (a) Simulated inversion-recovery curves and (b) the temperature-
dependences of the relaxation times for ortho-D,-Ar, T}, (dotted curves), para-
D,-Ar, T, (dashed curves), and the total magnetization in a room temperature
frozen-out mixture of ortho-D,—Ar and para-D,—Ar, T] (solid curves) at 1amagat
and 11.75 Tesla. Numbers in (a) represent the temperatures of the mixture. The
straight lines in (a) show the values of the recovery function In (M—f‘:’h:), their
slopes are equal to the Ty ! values. The linearity of the recovery function obtained
for the total magnetization justifies a single-exponential fit to the corresponding
experimental inversion-recovery curves under these conditions, see Sec.3.3.2. The
values of the deuteron relaxation times obtained for ortho, para and the frozen-out
mixture are 2.27, 15.28 and 11.65 for T = 100K, and 2.79, 4.97 and 4.49 msec for
T =500K.
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Figure 4.24: Temperature dependences of the relative populations of the rotational
states for (a) HD and (b) D,. The dotted and solid curves in (b) show, respec-
tively, the corresponding populations of the equilibrium and the frozen-out room
temperature ortho-para mixtures. Since the I = 0 modification of the ortho isomer
is not NMR. active, only the I = 2 modification of the ortho isomer is included
in the calculation of these populations. The curves labeled y. and yy in (b) show
the temperature-dependences of the y = -—N L ratio for the equilibrium and
frozen-out room temperature mixtures of ortho- and para-D,, respectively.



Chapter 5

Comparison of Experimental
and Theoretical Results;

Discussion and Conclusion

In this chapter, experimental and theoretical results are compared with one an-
other and the results of this comparison are discussed. The general considerations
for converting the theoretical and experimental data to comparable quantities will
be discussed in Sec. 5.1. These conversions and the comparisons between the two
data sets for the HD-Ar and D;~Ar mixtures will be presented in Secs. 5.2 and
5.3, respectively. Based on the results obtained in these sections, the XC(fit) po-
tential for the hydrogen-argon system used in the calculations of this study will be
evaluated in Sec. 5.4. Discussions on the calculations and experiments, including
possible sources of error and their effects on the final results, will be discussed in
Secs. 5.5 and 5.6, respectively. Finally, the chapter will be concluded by an overall
evaluation of the experimental and theoretical results.

184
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5.1 Conversion of experimental and theoretical
results into comparable quantities;
General considerations.

The experimental spin-lattice relaxation times obtained for the HD—Ar and D,-Ar
systems presented in Ch. 3 are raw data, and cannot be compared directly with
the theoretical results. In order to process the experimental data and convert them
into quantities directly comparable to the theoretical results, it is necessary to re-
view both the assumptions made in the derivation of the T) equations and the
experimental conditions. The major assumptions used in the formulations of the
T\ equations, Eqs. (4.1)-(4.3), are: (a} isolated atom-diatom binary collisions and
(b) uncorrelated successive collisions. From the experimental point of view the
former assumption is critical since the experimental conditions should be set such
that only atom-diatom binary collisions contribute to the relaxation of the nuclet
under study. As pointed out in Sec. 3.1, this assumption is satisfied only for mix-
tures with hydrogen (or the diatom, in general) at infinite dilution, for which direct
NMR measurements are not possible, because of S/N ratio considerations. It was
mentioned also in Sec. 3.1 that such a study can be carried out indirectly by extrap-
olation of the results obtained for mixtures with small concentrations of the diatom
to infinite dilution. Experiments on mixtures with different mole fractions of the
diatom should be carried out under the same conditions, including the temperature
and total density. It is not uncommon that for practical reasons the same sets of
experimental conditions are not reproduced exactly for mixtures with different mole
fractions. The experimental data obtained in such cases should be normalized, or

corrected, to produce corresponding results for the required conditions.
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Under certain experimental conditions the collision atom-diatom pair form a
relatively long-lived Van der Waals complex. The formation of such long-lived
complexes may have large effects on the measured spin-lattice relaxation times.™
It is obvious that the inclusion of the data obtained under such conditions may
introduce significant errors into the extrapolated results due to the fact that the
concentrations and life-times of these complexes, and hence their contributions to
the measured relaxation times, depend strongly upon the mole fraction.

At intermediate and high densities, the major unwanted contributions to the
NMR relaxation times arise from collisions between two diatomic molecules. These
collisions, which will be called self-collisions, induce NMR relaxation via the same
mechanisms as atom-diatom collisions (i.e., non-self collisions) do. The contribu-
tion of the self-collisions to the relaxation times depends upon the intermolecular
potential between the diatomic molecules. Once the formulation of the relaxation
times for the self-collisions is known, and a reliable potential is available, it is also
possible to calculate the contributions from these collisions. Thus, it would be pos-
sible to calculate directly the relaxation times for the finite dilution mixtures, and
compare them with the experimental results. The atom-diatom results obtained us-
ing such a method would clearly be equivalent to the infinite dilution results. The
computer time needed for such theoretical calculations is much longer than that
needed for the calculations for the atom-diatom system, because of the additional
variables introduced by the diatomic collision partner (e.g., the rotational states of
the second diatom). This makes the proposed method uneconomical at present.

Another alternative method to deal with the problem of the self-collisions is
to run a set of experiments on the pure diatomic gas. These experiments should
be carried out under conditions such that the frequency of self-collisions in the

pure gas is the same as that in the mixture. The condition of the equal collision
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frequencies is met if the number density of the diatomic gas is the same in the
two sets of experiments. Subtraction of the relaxation rate measured for the pure
diatomic gas from that obtained for the mixture should give the pure contribution of
the desired non-self (atom-diatom) collisions. The results obtained via this simple
subtraction of the relaxation rates is valid only if the self and non-self collisions are
not correlated (i.e., assumption (b) above). With this assumption, the relaxation
of the nuclear magnetization can be described as a set of two parallel first-order
process, which justifies the subtraction.

16 oven in the absence of correlations

According to Gordon?® and Jameson,
between the two sets of collisions, the separate contributions of the self and non-
self collisions are additive only at the level of the collision frequencies, and not at the
level of relaxation rates (see also Ref. 117). However, a simple algebraic analysis
of the T) equations shows that at the limits of low densities and high magnetic
field strengths, the two methods give precisely the same results. Also, when the
mole fraction of the diatomic gas, z, in the mixture is small, e.g., z = 0.05, the
difference in the results obtained for the contribution of the self-collisions from the
two methods is of the order of 1002%. Such small differences introduce negligible
or relatively small errors into the evaluation of the contribution of the non-self
collisions via the subtraction method.

One important disadvantage of this method is the enhanced contribution of wall-
collisions to relaxation of the nuclei in the pure diatomic gas. It can be shown that
the contribution of wall-collisions to the relaxation times of the nuclei in the pure
diatomic gas is larger than that in the mixture by a factor of 222. The enhanced
contribution of wall collisions becomes more important at lower total densities and
when the relaxation times of the nuclei are long. The wall-collision contribution

to the relaxation process is inversely proportional to the cross section and to the
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number density of the collision partner. For a given mixture at a constant density,
the contribution of the wall-collisions increases with the ratio #, in which 4 and V'
are the area of the internal surface and volume of the cell. This ratio is inversely
proportional to the dimensions of the cell. Thus, for small sample cells, such as the
one used in the experimental part of the present study, the contribution of wall-
collisions might be significant in the relaxation of the nuclei in the pure diatomic
gas at low densities.

From the above discussion it can be concluded that the most reliable method
for derivation of the isolated contribution of the atom-diatom collisions to the re-
laxation times is the method of extrapolation to infinite dilution. Experimental
points corresponding to the region of complex formation should be excluded from
the extrapolation process, however.

In the method of extrapolation to infinite dilution used in the present study,
the problem of reproducibility of the temperatures has been dealt with by using
interpolation or extrapolation of the data in order to measure the corresponding
relaxation times at the required (common) temperatures. The maximum distance
between the actual and interpolated points on the temperature scale in this study
is less than 10K. Generally, therg are two methods for the interpolation or extrap-
olation within a data set. In the first method the lever rule is used to calculate
the relaxation time at the desired point. This is equivalent to finding the relax-
ation times by locating the desired temperature on the line-segment connecting
the two surrounding points (or the first two adjacent points when extrapolating).
The minimum errors in the interpolated relaxation times can be evaluated from
the errors in the temperature measurements and the relaxation times at these two
points. The actual errors, which cannot be evaluated, can be quite large when

the temperature dependences of the relaxation times are non-linear, especially if
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larger temperature steps have been used. In the second method, the interpolation
process is based on the best-fit curve for the entire data set. The advantage of
this latter method is that the assumption of a linear temperature dependence is
not necessary. Further, the actual errors can be evaluated, since the precise func-
tional forms of the relaxation times are mapped out by the entire data set. The
actual errors introduced into the interpolated results in this method is the sum of
the minimum errors calculated in the first method and the corresponding errors of
the fitted curves (e.g., 35D, in which SD is the standard deviation of the fit).
This means that all of the points in a data set contribute to the values and errors
of the interpolated relaxation times. The accuracy of this method is independent
of the actual functional forms of the relaxation times. Using the fitted curves in
the interpolation processes introduces experimentally unrealistic smoothness into
the infinite dilution results. This unrealistic smoothness is, however, compensated
by the additional realistic errors introduced by the curve-fitting processes (in the
form of standard deviations). The smoother results may, however, better represent
the actual temperature behavior of the relaxation times. When the temperature
dependence of the relaxation times is non-linear, which is the case for the present
study, this method is the only logical choice.

The adjustment of the results for all mixtures to a common set of total densi-
ties, when required, is carried out by assuming a linear dependence on density for
the relaxation times over the narrow interval between the actual and the desired
densities. The maximum difference between the actual and desired density for the
experimental part of the present work is about 2.5%. The errors introduced into the
adjusted data by assuming a linear dependence on density over such a small interval
are negligible, even if the measurements have been made in a non-linear regime.

Obviously, such an assumption has absolutely no effect on the adjusted data in a
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linear-regime, e.g., for the deuteron relaxation times in the HD~Ar system at all
densities above 3 amagat. When the agreement between theory and experiment is
reasonably good, a more reliable estimate for the correction factor for the density
adjustment can be extracted from the corresponding theoretical data points. Both
of these methods fail to give reasonable results in the nonlinear regime when the
difference between the desired and actual densities is large, e.g., of the order of
10%. In these cases the problem of reproducibility should be solved by carrying out
experiments for additional densities, and using a curve-fitting method, such as that
described above for the temperature adjustment. The total errors introduced by the
density adjustments and temperature interpolations for a reasonable experimental
data set should not be larger than 1-2%.

The infinite dilution results are obtained simply by linear extrapolation of the
relaxation times for the mixtures with two different small mole fractions. The errors
introduced into the infinite dilution results in the extrapolation step can be quite
large. Using geometric relations, it can be shown readily that for a two-point linear

extrapolation the maximum error bar of the extrapolated result is given by

_aly +bA,

Bo=—"o

(5.1)

in which a and b are the mole fractions of the two mixtures, and A, is the error bar
of the relaxation time at mole fraction z. In the derivation of this formula it has
been assumed that errors in the mole fractions are negligible. When these errors
are significant, they contribute an amount Ay to the error bar of the extrapolated
results, which is given by

' an + b‘ia z 2|T1(a) — Tl(b)l + (Ac + Ab)

Bo = 2la —b] 4 2|a — b| £ (8 + ) ’ (5:2)
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with 4, being the error bar associated with mole fraction z, and Ti(a), Ty(b) the
measured relaxation times at mole fractions a and b, respectively. Equations (5.1)
and (5.2) show that the extrapolation errors increase rapidly with increasing mole
fractions of the diatomic gas. Also, when the two mole fractions are very close,
these equations predict large errors.

For all of the experimental data obtained in the present study Aj is very small,
and can be neglected in comparison with Ag. Thus, the error bars reported herein
consist solely of Aq values. It can be seen from comparing the error bars of the ex-
trapolated and finite dilution results, that the contribution of the extrapolation pro-
cedure to the error bars of the final results are relatively large, and non-negligible.

Many experimental results are reported with error bars for the extrapolated
data estimated to be equal to those for the data point with the minimum abscissa.
The two equations above show that this assumption is valid only when a (or d) is
very close tc zero and the errors in the mole fraction are negligible. Equations (5.1)
and (5.2) show that under these conditions A, approaches A, (or A;), and A
vanishes.

To suppress the effect of the linear density factor on the relaxation times they
are divided by density, and are thus converted to T} /p values. The T} /p values are
more suitable for comparing the temperature dependence of the relaxation times
for different densil;ies at the same time. Also, the approach of the relaxation times
towards the linear regime can be visualized more clearly in T)/p versus p and T/p
versus By diagrams. It was for this reason that the demonstrations of the theoretical

results throughout Ch. 4 were based on the T;/p values.
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5.2 Comparison of theoretical and experimental

results for the HD-Ar System

Spin-lattice relaxation times

Temperature interpolations have been necessary for HD-Ar mixtures prior to
extrapolation of the relaxation times to finite dilution, because different temper-
atures have been used for different mixtures. The outlier points of each data set,
which do not represent the pure collisional relaxation processes, were not included
in the curve-fitting procedure required for the interpolation. The total numbers of
outliers for the proton and deuteron data sets are 4 and 8, respectively. Except for
the deuteron data set for the mixture with 0.86% HD at 8.74 amagat, the standard
deviations of the best-fit curves were very small. The proton and deuteron relax-
ation times have been interpolated for 13 values of temperatures between 180K
and 420K with a step-size of 20K.

The pairs of data sets used for extrapolation, and their common densities for
which the data sets have been adjusted are as follows (see Table 3.1 for specifications
of the mixtures); mixtures 1 and 5 at 8.54 amagat, mixtures 2 and 6 at 4.67 amagat,
and mixtures 4 and 7 at 15.26 amagat. A linear dependence on density has been
assumed for the adjustments of the relaxation times to a common density for each
pair of data sets. The maximum adjustment of the densities corresponds to the
pair of mixtures 2 and 6, and is about 2.5%. The above assumption for such small
adjustments introduces no error into the final results for the deuteron, since its
relaxation times are in the linear-regime at all three densities. This is true also
for the proton at 15.26 amagat. The proton relaxation times at the other densities
are not in the linear-regime, but are still far from the minimum of their T versus

density curves. However, the errors introduced by using a linear interpolation over
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such small intervals are so small that they can be neglected.

The proton data set for the mixture with 0.86% HD at 0.96 amagat cannot be
used in the extrapolation process, since no experiments have been made for the
other mixtures at the same density (see Sec. 3.2.2). However, this data set will be
treated as infinite dilution data, and will be included in the comparison with the
theoretical results. Since the theory predicts a non-linear behavior for the relaxation
of the proton of HD in the HD-Ar mixture at 0.96 amagat, it would be useful to
use this experimental data set as a check point for the low density behavior of the
relaxation times predicted by theory. However, in the comparison process it should
be kept in mind that the contributions from the self-collisions to the relaxation
times have not been corrected for this data set.

The infinite dilution relaxation time at each temperature has been obtained
by linear extrapolation of the corresponding pair of the adjusted relaxation times
to zero mole fraction of HD. The extrapolation error for each data point has been
calculated via Eq. (5.1), neglecting the contributions from the relatively small errors
in the mole fractions. The infinite dilution (i.e., extrapolated) results for the proton
and deuteron are compared with the theoretical results in part (a) of Figs. 5.1
and 5.2, respectively. As can be seen from these figures, and has been discussed
generally in the previous section, the errors introduced in the extrapolation step are
significant when compared with the original experimental errors (compare the error
bars in these figures with those in Figs. 3.6 and 3.7, respectively). A comparison
between the experimental (infinite dilution) and theoretical values of T/p for the
proton and deuteron are given in part (b) of Figs. 5.1 and 5.2, respectively.

Figure 5.1 shows that the experimental and theoretical results obtained for
the proton spin-lattice relaxation times in the HD-Ar mixtures are in excellent
agreement. Even for the data set corresponding to 0.96 amagat, which has not been
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corrected for self-collisions (i.e., it is a finite dilution data set), the experimental
and theoretical results are in relatively good agreement (:.e., within a few percent).
The differences between the experimental and theoretical results for this density
are due mainly to the contribution of self-collisions to the relaxation processes.

The agreement between the experimental and theoretical results for the deuteron
is relatively good, but not as much as it is for the proton. Figure 5.2 shows that
the experimental spin-lattice relaxation times for the deuteron are generally shorter
than those predicted by theory. Assuming ideal experimental conditions, the pro-
cesses responsible for the systematically shorter experimental relaxation times ob-
tained for the deuteron are possibly diffusion of the HD molecules into and out of
the effective volume of the rf coil, contributions from wall-collisions, and J-coupling
to the fast relaxing proton. All of these processes, which result in a faster decay
of the nuclear magnetization, become more effective when the relaxation time is
longer. In the first look, Fig. 5.2-(b) suggests that the experimental T} /p values for
the deuteron at the densities used in the experiments are in a nonlinear regime, as
opposed to the theoretical results which predict linear-regime relaxation times for
the same densities. But, the order of the experimental T)/p values for the three
densities is not consistent with theory. Also, the displacements of the experimental
data points with respect to the density of the mixtures is much smaller than the
error bars. These observations mitigate against the possibility of a systematic non-
linear dependence on the density for the experimental relaxation times obtained for
the deuteron.

A comparison between the T and T/p plots for the proton and deuteron shows
that the agreement between experiment and theory for the deuteron is better at
the two extreme temperatures, while for the proton agreement is better at the

intermediate temperatures. A closer look at the plots shows that both observations
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arise from the fact that at all densities the curvatures of the theoretical curves are
slightly smaller than those of the experimental curves. A similar behavior can be
observed in the results reported previously for the HD-He system.*

In comparison with the HD-He system, the agreement between the experimen-
tal and theoretical results obtained in the present work for the HD—Ar system is
the same for the proton but significantly better for the deuteron. The error bars
reported for the HD-He system are, however, significantly smaller: this is because
they were not evaluated properly, in the sense that Eq. (5.1) has not been used.
The relative values of T;/p for both nuclei are generally larger in the HD-Ar sys-
tem than in the HD-He system. A minimum in the T}/p versus temperature curve
could not be observed for the deuteron in the HD-Ar system over the temperature
range used in the present work; this contrasts with the observation of a minimum
in the HD-He case, and is due to the higher magnetic field strength employed in
the present experiments. The minima of the T1/p curves for the proton occur at
significantly higher temperatures for both systems, due to the larger magnetogyric
ratio of the proton. It should be noted here that a direct comparison between the
functional forms of the T1/p curves reported for the proton and deuteron in the
HD-He system is not valid due to the different field strengths used for the two
nuclei.

The effects of the extrapolation to infinite dilution on the final error bars can be
visualized clearly by comparing Figs. 5.1 and 5.2 with Figs. 3.6 and 3.7, respectively.
As could be predicted by Eq. (5.1), these effects are quite significant.
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NOE enhancements

Because of relatively large errors associated with the NOE measurements, an
extrapolation to infinite dilution leads to uneven curves for the temperature depen-
dence of the NOE enhancements, which are in poor agreement with the theoretical
results. The finite dilution NOE enhancements are, however, comparable with the
theoretical results. For this comparison only the experimental data for the mixture
with 5.03% HD at 8.38 and 4.55 amagat densities, which show the best (:.e., the
smoothest) temperature behavior have been chosen, (see Fig. 3.10). The theoretical
values of the NOE enhancements for the proton and deuteron have been calculated
for these two densities using Eq. (3.2), and are compared with the experimental
results in Fig. 5.3-(a) and (b), respectively. It can be seen from this figure that the
agreement between the theoretical and experimental results within the typical error
bars of the NOE measurements, are relatively good, especially for the proton. Fig-
ure 5.3 shows also that the theoretical NOE enhancements are generally larger for
both nuclei. The temperature dependence of the theoretical and experimental NOE
enhancement for the deuteron are relatively in good agreement. The agreement for
proton is better, even though the temperature dependence for the experimental
results cannot be distinguished from the error bars. It has been pointed out above
that the spin-lattice relaxation times for the proton is in a nonlinear regime at
8.38 and 4.55 amagat densities. This means that the NOE values for the proton at
these densities are not the maximum NOE values. Thus, the proton NOE enhance-
ments calculated via Eq. (3.2) do not correspond to the measured values. Since the
correlation times for the different mechanisms are not the same in the gas phase,
the NOE values under non-extreme-narrowing condition cannot be evaluated from
the NOE formulations for the liquid phase. It was mentioned in Sec. 4.4.2 that
the formulation of the NOE for the gas phas_e is not available at present. How-
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ever, based on the distance of the relaxation times from their linear-regime values,
Fig. 5.1-(b), it can be said that the differences between the calculated and the
actual NOE enhancements are relatively small. For the deuteron, however, the
calculated NOE enhancements from Eq. (3.2) correspond to the measured values
due to deuteron relaxation times being in the linear regime. From the comparison
presented here it can be said that the NOE enhancements provide an independent
ground for checking the theoretical results at the qualitative level. An accurate
(quantitative) evaluation of the theoretical results is not, however, possible due to
the typically large error bars associated with the measured NOE enhancements.
Once the NOE effect in the gas phase is formulated, and more accurate measure-
ments are made, the NOE enhancements can be used to evaluate the theoretical

results for the components of the relaxation times separately, which is ideal.
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Figure 5.1: Comparison between experimental and theoretical results obtained for
the infinite dilution proton spin-lattice relaxation times in the HD-Ar system. The
same line patterns and symbols have been used in (a) and (b). The numbers in (a)
and (b) denote the amagat densities of the mixtures. Note the different scale used
for the proton T;/p at 0.96 amagat. The considerably different values of T} /p for
this mixture shows that the proton relaxation time in this mixture is significantly far
from the linear-regime. The horizontal error bars associated with the experimental
data points at all temperatures are about +1K.
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Figure 5.2: Comparison between experimental and theoretical results obtained for
the infinite dilution deuteron spin-lattice relaxation times in the HD-Ar system.
The numbers in (a) and (b) denote the amagat densities of the mixtures. The same
line patterns and symbols have been used in (a) and (b). All of the theoretical T /p
curves for the deuteron overlap due to being in the linear-regime at the specified
densities in an 11.75 Tesla magnetic field, see Sec. 4.5.2. The horizontal error bars
associated with the experimental data points at all temperatures are about +1K.



0.15 (a)
g"‘i 0.10 Proton A 8.38 amagat
& o 4.55 amagat
§ 0.05
& e A 4
00.00““‘4 ZE a4 & o & o
% S o o ° o o o o
o
£ -0.05 ) o
D
g -0.10
2
.0‘15 L 5 1 Lo P
200 250 300 350 400
0.40 b
[ ( ) A 8.38 amagat
T 035} Deuteron o 4.55amagat
S
= 030
[+ 2
% 0.25 »T—\\\
Q i o A
E’ E‘ % a : s ¢ A 4 o
& 0‘20:’ o a ° o o a A
w - o
X A o o
g 0.15:-
0-10=—%06 250 300 350 00
Temperature (K)

200

Figure 5.3: Comparison between experimental and theoretical NOE enhancements
for (a) the proton and (b) the deuteron of HD in the HD-Ar system. Triangles and
circles in (a) and (b) show the experimental results for the HD~Ar mixture with
5.03% HD at 8.38 and 4.55 amagat, respectively. For both nuclei the theoretical
values of the NOE enhancements at the two densities are so close that they cannot
be distinguished within the scales used in this figure. Note the different scales used
in (a) and (b). Note also the similar temperature behaviors of the experimental
and theoretical results. Typical error bars for the experimental values of the NOE
enhancement are approximately 0.05. The horizontal error bars associated with the
experimental data points at all temperatures are about +1K.
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5.3 Comparison of theoretical and experimental

results for the D;—Ar System

In the comparison of the theoretical and experimental results for the D,-Ar sys-
tem, the method of effective relaxation times has been used, because this method
provides us with a numerical measure of the agreement (or disagreement) between
the two sets of results. The deuteron spin-lattice relaxation times for the ortho-D,~
Ar and para-Do—Ar systems have been calculated separately for the three densities
for which the experimental results have been adjusted, over a temperature range
extending from 150 K to 450 K. The effective relaxation times for the room tempera-
ture frozen-out mixture of the two parity isomers under the same sets of conditions
have been calculated using the method described in Sec. 4.5.3. The calculated
relaxation times for the individual isomers and the effective relaxation times for
the frozen-out mixture are plotted versus temperature in Fig. 5.4. It can be seen
from this figure that the %: ratio increases with decreasing temperature. The
minimum and maximum values of this ratio over the temperature range used in
the experimental part of the present study are 1.8 and 3.9, corresponding respec-
tively to 420K and 180K at 13.91amagat. These results explain why, in spite of
larger S/N ratios, and the smoother recovery curves, the standard deviations of the
single-exponential fits used for derivation of the T} values are systematically larger
at lower temperature. According to what was discussed in Sec. 4.5.3 these values
for the %-: ratio are not large enough to allow accurate separation of the recovery
curves for the two parity isomers or to fit bi-exponential decay functions to them.
The simulated inversion-recovery curves, which have not been presented here for
brevity, attest to this conclusion.

The deuteron spin-lattice relaxation times measured for the Da—Ar mixtures
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with 1.97% D, at 3.55, 7.07 and 13.84 amagat, and 3.77% D, at 3.58, 7.27 and
13.99 amagat have been adjusted for 3.57, 7.17 and 13.91 amagat, respectively; with
a maximum of 1.4% adjustment in the densities. In these adjustments it has been
assumed that the relaxation times are linearly dependent on density over the narrow
intervals limited to the actual and desired densities. No temperature interpolation
has been necessary prior to extrapolation to zero mole fraction, since the same
set of temperatures have been used for all D;—Ar mixtures. At each temperature,
a linear extrapolation has been used to find the corresponding infinite dilution
relaxation times. The error bars due to extrapolation process have been calculated
using Eq. (5.1). The infinite dilution relaxation times have been compared with the
theoretical results in Fig. 5.5. This figure shows that the experimental relaxation
times are significantly larger than the theoretical results. The agreement between
the two sets of results is, however, better at higher temperatures. It can be seen
from part (b) of Fig. 5.5 that both the theoretical and experimental relaxation
times for the deuteron in the D;—Ar mixtures are in a nonlinear regime. At a few
low temperatures, the experimental Ty /p values obtained for the D,—Ar mixture at
3.57 amagat is not, however, consistent with theory. This inconsistency is due only
to unexpectedly shorter experimental relaxation times obtained at temperatures
below 215 K.

A detailed comparison between the results obtained for the D,—Ar system in
this study and those reported for the D;—He system® is not possible, because too
few data points have been reported for the D,~He system. However, a comparison
with the available data for the Dy-He system shows that the experimental Ty /p
values for the two systems are relatively close to one another. As opposed to the
D,-He system the experimental relaxation times obtained in the present study for

the deuteron of D, in the D,~Ar system are in a nonlinear regime. In comparison
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with the D;—He system, the minima in the theoretical T;/p curves for both parity
isomers of the D;—Ar system occur at significantly higher temperatures. This is
due partly to the higher magnetic field used in the present study. Based on the T}
values estimated for the D,—He system from the reported relaxation times for its
two parity isomers (Fig. 2 of Ref. 6), it can be said that for both the D,—He and
D2—Ar systems the experimental values obtained for the effective relaxation times
are larger than those predicted by theory. Also, the agreement between theory and
experiment is better for the D;—He system. The linearity of the density dependence
of the calculated relaxation times for the two systems cannot be compared, since
in the study of the D,—He system the theoretical calculations are based on linear-
regime formulae.

A comparison between the infinite dilution spin-lattice relaxation times for the
HD-Ar and D,-Ar systems indicates the effect of the curve-fitting procedure used
in the temperature interpolation step for the HD-Ar system on the smoothness of
the extrapolated data points.
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Figure 5.4: Deuteron spin-lattice relaxation times for ortho-D,~Ar, T, (dotted
curves), para-D,—Ar, Ty, (dashed curves), and room temperature frozen-out mix-
tures of ortho-D;—Ar and pare-D,-Ar, T7 (solid curves) corresponding to the con-
ditions used in the experimental study of the D;—Ar mixtures. The numbers in
this figure represent the total amagat densities. Note that only the T} curves for
the para-Ds—Ar at 3.57 and 7.16 amagat show a minimum in the temperature win-
dow shown in this figure. The minimum and maximum values of the ratio of the
relaxation times for the two parity isomers, which both belong to the mixture at
13.91 amagat and correspond to 450K and 150K temperatures, are 1.7 and 4.7,
respectively.
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Figure 5.5: Comparison between experimental and theoretical results obtained for
the infinite dilution deuteron spin-lattice relaxation times in the room-temperature
frozen-out mixtures of ortho and para isomers of the D;—Ar system. The numbers
in (a) and (b) denote the amagat densities of the mixtures. The theoretical results
for Ty /p show that the deuteron relaxation time is in the non-linear regime at
the specified densities in an 11.75 Tesla magnetic field. The horizontal error bars
associated with the experimental data points at all temperatures are about +1K.
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5.4 Evaluation of the XC(fit) PES
for hydrogen-argon system

From comparisons of theoretical and experimental spin-lattice relaxation times pre-
sented in the previous two sections it can be said that the XC(fit) PES represents
the interaction between the HD molecule and Ar atom in the HD—Ar system fairly
accurately, while the same PES shows poor quality for the D;—Ar system. Since
the interaction potential for the HD-Ar system has been derived from the same
PES which has been used directly for the D,-Ar system, these results seem, at
first, to be inconsistent with one another. Assuming the same accuracy for the
experimental results obtained for the two systems, and correct formulations for the
relaxation times, the different behaviors of the XC(fit) PES for homonuclear and
heteronuclear hydrogen isotopomers can be attributed only to the transformation
of the potential. In the following it will be explained how the transformation of the
potential from the homonuclear to heteronuclear system may change the quality of
the potential.

In the numerical method used for the transformation of the XC(fit) PES from the
homonuclear isotopomer to the heteronuclear isotopomer (see Sec.4.3), the individ-
ual Legendre components of the transformed potential cannot be traced. However,
it is obvious that this transformation mixes all components of the homonuclear
potential. For numerical evaluation of the contributions of each Legendre compo-
nent of the homonuclear potential to the values of the individual components of the
transformed potential the integration of Eq. (4.11) should be carried out piecewise
for each contributing term of the homonuclear potential. This evaluation will not
be carried out here. Instead, the results of the analytical method of Kreek and
LeRoy!!® will be used to present a descriptive discussion. This discussion will be
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focussed only on the Vi and V; terms of the heteronuclear potential, as they are
the leading terms of the anisotropic part of the potential which determines NMR
relaxation. Figure 4.4 shows that these two terms have very similar values on the
attractive part of the potential. This figure shows also that the value of the V] term
at short range, below the potential minimum, is significantly larger than the value
of the V; term.

Thus, it can be concluded that at low temperatures these two terms contribute
about equally to the NMR relaxation in the heteronuclear system, while at higher
temperatures the NMR relaxation is dominated by the V) term of the PES. The
sum of the contributions of all other anisotropic terms to the potential, and hence
to the NMR relaxation times, is at least one order of magnitude smaller than the
contribution of either of these two terms. The accuracy of the NMR relaxation times
calculated for the heteronuclear HD—Ar system is thus determined predominantly
by the accuracies of the V; and V2 components.

Kreek and Le Roy!'!® have shown that, except for a very narrow range of inter-
molecular distances on the repulsive wall, the V; term of the homonuclear potential
contributes to the value of the V] term of the heteronuclear potential dominantly,
and is the second contributor to the V2 term.* This means that the accuracy of the
theoretical NMR. relaxation times for the HD-Ar system depends strongly upon
the accuracy of the V; term of the homonuclear potential; this behavior should
be compared with that for the D,~Ar system, for which the accuracy of the V;
term of the homonuclear potential determines the accuracy of the calculated NMR

* As a nice example, consider a totally isotropic potential for the homonuclear system, for which
V> and all higher terms are zero. Equations (A1) and (A2) of Ref. 118, give expressions for the ¥}
and V> terms of the heteronuclear potential, which depend totally on the V5 term of the isotropic
potential for the homonuclear system. In other words, the anisotropic part of the potential for
the heteronuclear system is generated entirely from the isotropic potential for the homonuclear
system in this example.
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relaxation times. Thus it can be concluded that the calculated relaxation times
obtained for the HD-Ar and D,;—Ar systems would have the same accuracy if and
only if the V5 and V> terms evaluated for the homonuclear potential (from the
relevant experimental data) had the same accuracy. In principle, the uncertainty in
the values of the anisotropic terms evaluated from the spectroscopic data is much
higher than that of the isotropic term. Further, many of the experimental data
used to refine the potential are not particularly sensitive to the anisotropic com-
ponents of the potential. It can then be expected that the overall uncertainties in
the values of the V; and higher terms of the homonuclear potential are much higher
than the uncertainty in the value of the V; term. This leads to the final conclu-
sion that the anisotropic part of the interaction potential for the HD-Ar system
is much more accurate than is for the D,—Ar system. Consequently, it is expected
that the uncertainties in the calculated spin-lattice relaxation times obtained for
the D,-Ar will be much larger than those for the HD—Ar system. This conclusion
can be tested if NMR. T} measurements could be made at temperatures low enough
for the contributions of the V; and V2 terms to the NMR relaxation times to be
comparable. For such temperatures it can be anticipated that the agreement be-
tween experimental and calculated spin-lattice relaxation times for the D,—Ar and
HD-Ar systems would be comparable.

In conclusion, it can be said that the difference in the agreement between experi-
mental and calculated relaxation times obtained for the D;—Ar and HD-Ar systems
is due to uncertainties in the V; term of the homonuclear PES. Based on this con-
clusion it is predicted that the same level of agreement should also be observed
between experiment and theory for the remaining homonuclear systems H,~Ar and
T,—Ar. A comparison between the theoretical relaxation times calculated for the
proton of H; in the Hy-Ar system, using an older version of the XC(fit) PES!!?
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(see Figs. 4.2 and 4.4), and the experimental results of Lemaire and Armstrong,%®
which shows relatively poor agreement between theory and experiment, supports
this prediction.

5.5 Discussions on the calculations

Sensitivity of the NMR cross sections
Although NMR spin-lattice relaxation times cannot be used to analyze the detail
of the functional forms and parameters of the PES’s, they are, however, the most
sensitive physical properties to the overall anisotropy of the PES’s. This sensi-
tivity has already been used to distinguish between different PES’s suggested for
a system.* Since the higher quality of the XC(fit) PES is evident at the level of
other physical properties,® the results of a comparative NMR study of the XC(fit)
and other PES’s suggested for the hydrogen-argon system are obvious, and such a
study might appear not to be necessary. Rather, a comparison of the two different
versions of the XC(fit) PES at the final stage of the refinements of the potential
will be provided to show the sensitivity of the NMR spin-lattice relaxation times
to subtle changes in the PES. This comparison is based on the elements of the
thermally averaged NMR cross section matrices, oy and o, calculated from the
two versions of the potential using the same method that was described in Ch.4.
Figure 5.6-(a) shows the typical sensitivity of the NMR cross sections to subtle
changes in the anisotropy of the XC(fit) potential for elements of the oy cross
section matrix for the ortho-D;—Ar system. As can be seen from this figure, the
effects of an improvement of the anisotropic components of the XC(fit) potential
of the magnitude shown in Fig.4.2, as small as they are, are quite visible. The
differences between values of the diagonal elements of the cross sections calculated
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from the two versions of the potential are very small at intermediate temperatures
and increases for higher and lower temperatures. For off-diagonal elements of the
cross sections the differences are small at low temperatures and increase with in-
creasing temperature. The difference in the comparative behaviors of the diagonal
and off-diagonal elements at low temperatures is due to the higher sensitivity of the
orbiting resonances, which have significantly larger contributions to the values of
the diagonal elements, to the changes in the potential. These typical changes in the
values of the cross section elements lead to approximately similar changes in the
values of the relaxation times, with a maximum change of about 1.5%. Although
such changes are smaller than the typical error bars associated with the exper-
imental values of spin-lattice relaxation times, they are significantly larger than
the changes observed for other properties calculated from the two versions of the
potential %8 Similar changes with almost the same magnitude, have been observed
for the o1 cross sections. The NMR cross sections for the pare-D,~Ar and HD-Ar

systems also show similar sensitivity.

Contribution of the resonance ranges
As pointed out in Sec. 4.1, and shown in Secs. 4.4 and 4.5, the distribution
.of the total energy values becomes important for systems which exhibit orbiting
resonances. To show this importance explicitly, the contribution of the resonance
ranges to the thermally averaged NMR cross sections for the ortho-Dj;—Ar system
have been calculated, and are plotted versus temperature in Fig. 5.6-(b). It can be
seen from this figure that these contributions are significantly larger at low temper-
atures, and decrease rapidly with increasing temperature. Figure 5.6-(b) shows also
that the resonance contributions for off-diagonal elements are significantly smaller,

and vanish at lower temperatures (see also the discussion on Figs. 4.11 and 4.20).
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The contributions of the resonance ranges to the calculated spin-lattice relaxation
times are almost the same as those to the cross sections. The contributions of the
resonance ranges to the NMR cross sections have been found to be slightly larger
for the HD-Ar system. It should be noted here that for systems with no orbiting
resonances a less careful selection of the total energy values can still lead to incor-
rect values for the thermally averaged cross sections if the narrow ranges above the
rotational thresholds are not covered properly. This is due ‘to the near-threshold
behavior of the energy-dependent cross sections. The contribution of the near-
threshold behavior is, however, rather small, and rapidly vanishes with increasing
temperature.

From the results obtained here it can be concluded that, because of its sensi-
tivity, NMR relaxation time measurements at low temperatures may provide an

excellent probe for the study of orbiting resonances.

j-dependence of the coupling constants

The spin-rotation, dipolar and quadrupolar coupling constants are proportional
respectively to (r2)7, 72 and gq,,,'%12° where r is the bond length, and ¢, is
the electric field gradient along the direction of the magnetic field. All of these
quantities, and hence the coupling constants, depend implicitly upon the rotational
quantum number j. When the coupling constants are functions of j, they should be
replaced with their thermally-averaged values in the T) equations, Eqs. (4.1)-(4.3).
This introduces small changes as well as additional temperature dependences to the
spin-lattice relaxation times, since the average values of the coupling constants are
temperature-dependent. As will be shown below, the magnitudes of these changes

are small for low temperatures, and increase with increasing temperature. It should

be noted here that if the diatom was rigid, all expectation values of the r-dependent
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functions remain independent of temperature, and all of the j-dependences vanishes.
Thus, j-dependence of the coupling constants is valid only for non-rigid diatoms.
As for any other physical property, the average values of the coupling constants
can be calculated from their values at each rotational level by using the fractional
populations of the rotational levels. The values of the quadrupolar coupling con-
stants for the deuteron of D; and of HD in different rotational levels have been
calculated by Vojtik et al.'?*:122 Moreover, the values of spin-rotation and dipolar
coupling constants for the lowest rotational level (5 = 1 or 2) have been measured for
D, and for HD by Code and Ramsey.!!® The corresponding values of the coupling
constants for higher rotational levels have been calculated using the expectation
values rZ and r—3, which are calculated by the program LEVEL.%*® Table 5.1 lists
the j-dependent values of the coupling constants for HD, ortho-D; and pare-D,. It
can be seen from this table that the dipolar and quadrupolar coupling constants are
decreasing functions of j, while the spin-rotation coupling constant is an increas-
ing function of j. It can thus be anticipated that the overall relaxation time for
the proton of HD in the HD-Ar system, which is dominated by the spin-rotation
interaction, decreases with increasing temperature, while those for the deuteron in
the HD-Ar system and in the D,—Ar system increase with temperature, due to
their domination by the quadrupolar interaction. When the contributions of the
spin-rotation and quadrupolar interactions are comparable, the overall tempera-
ture dependence of the relaxation times due to the j-dependence of the coupling
constants lies between these two extreme behaviors. Table 5.2 shows the typical
effects of the j-dependences of the coupling constants on the calculated relaxation
times for the HD—Ar system and the two parity isomers of the D,—Ar system. This
table shows that at 450K and 11.75 Tesla the j-dependences of the coupling con-

stants change the overall relaxation times for the proton and deuteron of HD in the
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HD-Ar system at 15.26 amagat by —0.6% and +2.3%, respectively. The changes
for the deuteron in the ortho-D2—Ar and pare-D;—Ar systems under the same con-
ditions, but at 13.91 amagat, are +1.9% and +2.6%, respectively. These changes
results in a +2.0% change in the deuteron Ty in a frozen-out room temperature
mixture of the two systems. As pointed out above, these effects are smaller for
lower temperatures.

It should be mentioned here that the actual j-dependence of the spin-rotation
coupling constants is complicated,'?® and its study is beyond the scope of this
work. What has been reported here is based only on the direct dependence of the
spin-rotation coupling constant on the bondlength of the diatomic molecule.

Possible sources of error in the calculations

Other than possible inaccuracies and uncertainties in the derivation of the XC(fit)
potential, the number of sources of error in the calculations are very limited. The
most important source of error in the present calculations has been found to be
associated with the evaluation of the thermally averaged cross sections. As has been
pointed out in Sec. 4.1, when the system exhibits orbiting resonances the functional
forms of the cross sections in the resonance ranges become complicated. In such
cases a special integration scheme is required to handle the integration accurately.
Such a scheme should use a variety of standard functional forms observed for the
resonance peaks in order to evaluate the integrals more accurately. The thermal-
averaging program used for the calculation of the relaxation times in this study,
is not equipped with such a scheme. In the present study a large number of total
energies have been used to overcome this limitation of the program. However,
the program has resulted in some outliers, as well as some small ridges, in the

temperature-dependent curves of the thermally-averaged cross sections. The sizes
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of the ridges are, however, very small, and cannot be seen easily within the scales
used in the T} versus temperature diagrams presented in Ch.4.
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Figure 5.6: (a) Typical sensitivity of the NMR cross sections to subtle changes
in the anisotropy of the XC(fit) potential. The solid and dashed curves in (a)
show the corresponding cross section elements calculated from the older and the
newer versions of the potential, respectively. Figure 4.2 compares the two versions
of the XC(fit) potential. Note the different scales used for the diagonal and off-
diagonal cross section elements. (b) Contributions of the resonance ranges to the
NMR cross sections for the ortho-D,~Ar system. In this figure oes and o,¢ denote
the contribution of the resonance range (a width of 50 cm™! above each threshold)
and the total cross section, respectively. This figure emphasizes the importance of
proper selection of the values and distribution of the total energies used for the
calculation of the cross sections.
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Table 5.1: j-dependence of the coupling constants for HD, ortho-D, and pere-D,.
The wq values have been taken from Refs. 121,122. The values of wsg and wp
have been calculated respectively using the expectation values r2 and =3 for each
rotational level. The wBQ values for ortho-D; and para-D, have been calculated
via Eq. (4.8) and (4.7), respectively. All coupling constants are angular frequencies
given in s~1.

HD: j /1068 wB/10° wp®/107 wB/107
1 0.5377 0.8242 0.1674 0.2112
2 0.5390 0.8279 0.1651 0.2089
3 0.5408 0.8334 0.1617 0.2055
4 0.5432 0.8408 0.1573 0.2011
5 0.5461 0.8500 0.1521 0.1957
6 0.5497 0.8611 0.1461 0.1894
7 0.5538 0.8740 0.1396 0.1825
8 0.5583 0.8888 0.1325 0.1749
9 0.5636 0.9053 0.1252 0.1668
10  0.5693 0.9237 0.1176 0.1584
11 0.5755 0.9440 0.1100 0.1489
o-Dy: j wiR/10° wB /108 wg /107 wPgo/107
2 0.5481 ~ 0.1284 0.2100 0.2058
4 0.5510 0.1264 0.2048 0.2006
6 0.5554 0.1233 0.1967 0.1928
8 0.5614 0.1192 0.1872 0.1836
10  0.5690 0.1145 0.1743 0.1709
12 0.5780 0.1091 0.1649 0.1618
14  0.5883 0.1033 0.1508 0.1479
pD2: j wBg /10° wh /108 wa /107 whq/107
1 0.5509 0.1290 0.2117 ~0.2374
3 0.5530 0.1275 0.2078 —0.2330
5 0.5567 0.1249 0.2010 ~0.2253
7 0.5620 0.1213 0.1919 ~0.2147
9 0.5688 0.1169 0.1805 ~0.2017
11 0.5771 0.1118 0.1695 ~0.1890
13 0.5869 0.1062 0.1602 ~0.1777
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Table 5.2: Typical effects of the j-dependence of the coupling constants on the
calculated relaxation times. The relaxation times for the proton and deuteron of
HD in the HD-Ar system, and for the deuteron of D, in the D,~Ar system have
been calculated for 450K and 11.75 Tesla, and 15.26 and 13.91 amagat, respec-
tively. Rigid and non-rigid terms have been used here to denote, respectively, the
J-independent and j-dependent coupling constants. The changes in the relaxation
times due to the j-dependence of the coupling constants decreases rapidly with
decreasing temperature. All relaxation times are given in msec.

HD-Ar: Proton Deuteron
Tisr Tip T, Tisr Tip Tiq Ty
Rigid 9.770 456.3 9.566 3814 1128 118.1 83.48
Non-rigid 9.707 465.5 9.509 378.9 1151 121.9 85.36
% Diff. -0.7 +2.0 —0.6 -0.7 +2.0 +3.2 +2.3
D,-Ar: ortho para
Tisr Tipq Ty, Tisr Tipq Ty, I7
Rigid 54.70 20.14 14.72 53.67 9.945 8.390 13.35

Non-rigid 54.43 20.71 15.00 53.33 10.27 8.613 13.62
% Diff. —0.5 +2.8 +1.9 —-0.6 +3.3 +2.6 +2.0
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5.6 Discussions on the experiments

Mole fractions

From comparisons of the measured spin-lattice relaxation times for mixtures at
different mole fractions under the same conditions, it can be seen that the contri-
butions of the self-collisions to the relaxation times depend upon temperature and
density, and become significant at specific temperatures and densities. The results
for the HD—Ar system show that these contributions do not depend linearly upon
the mole fraction of HD, in spite of the fact that the mole fractions used in the
experiments are rather small. Such a non-linear dependence on the mole fraction
would give rise to incorrect infinite dilution relaxation times if higher mole fractions
had been used in the experiments. For example, extrapolation of the results at the
lower densities for the two HD~Ar mixtures with higher mole fractions, to infinite
dilution changes the final results by factors up to about 5%, depending upon the
temperature. The magnitude of such changes would be significantly larger had
larger mole fractions been used in the experiments. Large effects are not expected
for the higher densities, such as the highest density used for the HD—Ar mixtures,
for which the individual contributions of both self- and nonself-collisions are in the
linear regime. It can be shown analytically that if the contributions of inelastic col-
lisions can be neglected, only in the linear regime, and when either the spin-rotation
or the combined dipolar-quadrupolar interaction dominates, the relaxation times
depend linearly upon the mole fraction of the diatomic hydrogen.*! When the sys-
tem is in an extreme nonlinear regime, i.e., at very high magnetic field strength
and/or very low density, the relaxation rates, T} ™!, become linear functions of mole
fractions, so that an extrapolation to zero mole fractions should be carried out for

the relaxation rates rather than the relaxation times. For intermediate conditions
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the dependences both of relaxation times and of relaxation rates on the mole frac-
tion are weaker. The solution to this problem is to carry out experiments for a larger
number of low mole fraction mixtures, and map out precisely the actual functional
forms of the mole fraction dependences of the relaxation times. An extrapolation
of the relaxation times based on these functional forms would give accurate infinite
dilution results. This solution is, of course, not economical.

For the D,—Ar system an additional complexity arises because of possibly differ-
ent mole fraction dependences of the deuteron relaxation times for the two parity
isomers.

The above discussion has been presented here to complement similar discussions
presented in the relevant contexts of Chs.3 and 4, and to stress the importance of
the mole fractions of the diatomic component in such studies. Fortunately, the
mole fractions used in the experimental part of the present study are small enough

to neglect the problems discussed briefly above.

Contributions of impurities

In the analysis of the one-dimensional spectra obtained for the HD-Ar and D,-
Ar mixtures it was shown that the contributions of the impurities to the signal are
negligible. This, however, does not necessarily require that the contributions of
the impurities to the relaxation times should be neglected. Rather, the evaluation
of such contributions should be based on the effectiveness and the fraction of the
collisions with the impurity molecules. In general, contributions of the impurities of
the hydrogen gases (HD and D;) to the measured relaxation times are smaller than
those of the Ar gas by a factor of z=1, where z is the mole fraction of hydrogen in the
mixture. The isotopic impurities of the hydrogen gas contribute to the measured
relaxation times by changing the fraction of self-collisions (to impurity nonself-
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collisions) with the same interaction potential, but with different reduced masses of
the collision complexes. Considering the very low concentrations of the hydrogenic
impurities (i.e., 3% for HD and 0.4% for D, ), such changes can be neglected. The
direct contributions of the hydrogenic impurities to the NMR signal appear as a
very small increase in the standard deviation of the measured relaxation times. The
total concentration of the non-hydrogenic impurities is less than 10 ppm for both
HD and D, gases.

In contrast to the role of impurities from the hydrogen gas, impurities from the
argon gas are considerably more important, as the argon molecules constitute a
major fraction of the collision partners for diatomic hydrogen. For this reason an
UHP (ultra-high purity) grade argon gas has been used in the present experiments.
The stated total concentrations of the impurities in the UHP grade argon gas
is less than 20 ppm. Obviously, the contributions of this small concentration of
the impurities can safely be neglected. While the contribution of (paramagnetic)
oxygen, which constitutes 10% of the non-hydrogenic impurities, might seem to be
a real concern. The number of collisions between diatomic hydrogen and oxygen
molecules is at least five orders of magnitude less than that between diatomic
hydrogen molecules and argon atoms. Furthermore, this trace amount of oxygen
is usually adsorbed at the active surfaces of the gas handling system, e.g., the
copper tubes. Oxygen impurity is the major problem with the isotopic hydrogen
gases prepared locally via chemical or electrochemical reactions. The UHP argon
gas may contain a trace of the 3%Ar isotope, which can also be regarded as an
impurity. The actual concentration of this isotopic impurity in the UHP argon
gas is much smaller than the natural abundance of the 3¢Ar isotope (i.e., 0.34%
), due to the method by which UHP argon gas is prepared. Further, within the
Born-Oppenheimer approximation the differences between the contributions to bulk
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mixture properties of hydrogen-**Ar and hydrogen-*®Ar collisions are entirely due
to the difference between their reduced masses, which is very small (e.g., for the
D,-Ar system this difference is less than 1%). Moreover, as the isotopic impurity of
the argon gas is negligible, its contribution to the measured NMR relaxation times
can be neglected safely.

In conclusion, it can be said that the contributions of the impurities to the

measured relaxation times in the present study are very small.

Possible sources of error in the experiments

In the gas phase NMR experiments, except for closed sample cells with dimensions
confined to the effective volume of the rf coil, diffusion of gases into and out of this
volume is usually one of the most important sources of error in the measured values
of the relaxation times. When the sample cell is open and is connected to a large
reservoir (GHS) by a capillary, such as that used in the present study, diffusion!
of the molecules from the effective volume of the rf coil through the capillary gives
rise to an additional decay of the nuclear magnetization. The rate constant of this
decay, which is equivalent to an inverse relaxation time, is proportional to T:A./V,
with V the volume of the sample cell and A, the capillary cross section. In order
to minimize the contribution of diffusion to the measured values of the relaxation
times, this factor should be kept as small as possible. This means that a larger
sample cell and a narrower capillary are preferred. It was argued in Secs. 3.2.1 and
3.3.1 that diffusion does not play an important role under the conditions used in
the present study. However, for higher temperatures at which molecular diffusion
rates are larger, significant contributions from diffusion may be expected. For such
temperatures a closed sample cell should be used in order to confine the molecules

'In this case effusion may be a more suitable terminology?!
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within the effective volume of the rf coil. The trivial solution of using a larger
sample cell at such temperatures is not practical due to cell size and increased
difficulty in shimming of the probe (see Ch. 2). When the magnetic field is not
homogeneous, diffusion of molecules both inside the sample cell and into and out
of the sample cell becomes another source of decay in the magnetization, and thus
contributes to the measured relaxation time.

Another problem associated with an open sample cell is that large amounts
of gases are needed to prepare the desired mixture in the sample cell, which has
a maximum volume of 1cm®. This can be a real disadvantage, especially when
studying expensive gases. Further, changes in the density of the reservoir (due to
variation of its temperature) affect the total density of gases in the sample cell. On
the plus side, however, an open sample cell allows one to probe the pressure of the
gases instantaneously and continuously to check for possible leaks.

Temperature instability and inhomogeneity over the sample cell, which depend
on the temperature control unit and the design of the probe, are other important
sources of error in gas phase T} measurements. Besides increasing the standard
deviation of the measured relaxation time, temperature inhomogeneity and insta-
bility can lead to convection (a homogeneous diffusion) in the gas mixture in the
sample cell, the capillary and the connecting tubes to the gas handling system.
This introduces yet another source of error.'** The convection of gases in a closed
sample cell has no effect on the measured relaxation time when the magnetic field
is homogeneous.

Contribution of wall-collisions to the decay of nuclear magnetization, as dis-
cussed briefly in Sec. 5.1, is another source of error which becomes important only
for nuclei with extremely long relaxation times (e.g., at very low temperatures), for

dilute gases,'® and/or for small sample cells.
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Formation of Van der Waals complexes may not always be detected easily, es-
pecially when it occurs at the limits of the temperature range. The temperature
range over which these complexes are formed, and the magnitudes of their effects
on the relaxation times of the nuclei depend upon the physical properties of both
the atom and the diatom making up the complex, the most important of which is
their interaction PES.” These effects on the T versus temperature curves may be
so smooth that they cannot be distinguished from the general temperature behavior
of the relaxation times. In such cases, comparison between experiment and theory
could result in incorrect conclusions being drawn. A T) measurement study of the
atomic component of the mixture (when it is NMR active) can be used to map out
the regions in which these complexes are formed. The effects of the formation of
Van der Waals complexes on the relaxation times of the atomic species are dra-
matic, because they introduce much more effective interactions (i.e, intramolecular
interactions) to the relaxation of the nuclear magnetizations in atoms, which other-
wise relax via the much weaker intermolecular interactions.!* !¢ Unfortunately, the
Ar nucleus is not NMR. active, and thus does not allow such a study to be carried
out for the HD-Ar and D,-Ar systems.

The low S/N ratios usually obtained for the gaseous samples generally decrease
the accuracy of the T} measurements. For heteronuclear diatomic samples, such as
HD in the HD-Ar system, when observation of the structure of the peaks are not
of interest, decoupling of the other nucleus during the acquisition time can be used

to increase the S/N.



224

5.7 Conclusion

A reliable gas handling system and a sample cell have been designed to fit the
standard solution probes of a commercial NMR instrument, and they have been
used successfully in the NMR study of HD-Ar and D,—Ar gas mixtures.

For the first time, NMR one-dimensional and spin-lattice relaxation time studies
for HD—-Ar and D,-Ar gas mixtures have been carried out over a wide range of tem-
peratures at several mole fractions and densities. Analysis of the one-dimensional
spectra for both the HD-Ar and D;—Ar mixtures showed that diffusion of molecules,
which might be an important source of error in 7} measurements with an open sam-
ple cell, is not significant for the conditions used in this study. However, it should be
noted here that the open sample cell setup should not be used at very high temper-
atures, as diffusion of molecules at these temperatures will contribute significantly
to the relaxation times. The chemical shifts of the peaks in the one-dimensional
spectra showed well-behaved temperature dependences. The contribution of the
j-dependence of the intramolecular interactions to the temperature dependence of
the deuteron chemical shifts in the D,—Ar system (i.e., through rovibrational av-
eraging) was calculated using ab initio methods. The results of these calculations
showed that the intramolecular interactions cannot be responsible for the large tem-
perature dependences of the chemical shifts observed in the D;~Ar system, and it
thus appears that intermolecular interactions are likely responsible for the observed
relatively strong temperature dependences. The deuteron linewidths obtained for
the Dy—Ar mixtures illustrate the high quality of the experimental data obtained in
these studies. The theoretical results suggest that the difference between the mea-
sured values of T} and T for the deuteron of D; in D,—~Ar mixtures is due partially

to the deuteron relaxation times for the two parity isomers under the experimental
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conditions used in this study being in the non-linear regime in which T is shorter
than T).citemccourtl

Close-coupled S-matrix elements, opacities, and the oy and o't cross sections
have been calculated for both systems. The quality of the results of each step of the
calculations have been tested in detail. A turning-point energy has been observed
for the maximum in the J-dependent opacities. Such a turning-point has not been
reported previously for similar systems. The turning-point energies for the D,—Ar
system occur at significantly higher energies in comparison with those for the HD-
Ar system. It has been shown that the main source of error in the results of the
calculations arises from the thermal-averaging step. It has been suggested that a
better technique should be used in the resonance ranges, in which a known lineshape
function is employed in the curve-fitting step of the integrations over these ranges.
Such an improvement in the thermal averaging routine is not moot, since it has
been shown that the contributions of orbiting resonances to the relaxation times
are not negligible for the HD-Ar and D,—Ar systems, and become quite significant
at low temperatures. Thus, a careful selection of the total energies is required for
systems exhibiting such resonances. It is also clear that NMR T, measurements at
low temperatures can be used to study the contribution of orbiting resonances to
such phenomena.

Two general methods have been proposed to provide means for comparison of
the experimental and theoretical spin-lattice relaxation times for ortho-pare mix-
tures of a homonuclear diatomic gas when the relaxation times of the two parity
isomers are so close that they cannot be measured separately. Under such condi-
tions, an accurate and quantitative comparison of the theoretical and experimental
results is not, otherwise, possible. One of these methods, the method of effective

relaxation times, has been employed successfully for the study of the D,—Ar sys-
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tem, after all efforts to obtain separate measurements of the relaxation times of the
deuteron in the the para-Ds~Ar and ortho-D;—Ar systems failed. The theoretical
results confirmed that such separate measurements are not possible, because the
values of the relaxation times of these two parity isomers are indeed very close.

The theoretical spin-lattice relaxation times for the HD-Ar system show excel-
lent agreement with the experimental results for all conditions, while for the D,—Ar
system relatively good agreement could be obtained only at higher temperatures.
The source of the difference between the theoretical results for the two systems
has been attributed to possible inaccuracies in the anisotropic components of the
XC(fit) PES for the homonuclear hydrogen-argon systems. It was concluded that
the anisotropic parts of the transformed PES, and hence the NMR relaxation times,
for the heteronuclear hydrogen-argon systems are predominantly determined by the
isotropic part of the homonuclear PES. For the HD-Ar system the agreement be-
tween experimental and theoretical results for the deuteron was not as good as that
for the proton. This can be due to experimental errors and/or possible involvement
of other mechanisms in the relaxation of the deuteron magnetization. The com-
parative results for different isotopic hydrogen-helium® systems reported previously,
cannot be generalized to hydrogen-argon systems. Also, any potential-related prob-
lems, such as inaccuracies in the transformation of the PES from the homonuclear
to heteronuclear system mentioned by Armstrong et al..® should lead to the same
level of agreement (or disagreement) for both nuclei of the heteronuclear system
(assuming the same accuracies for all coupling constants). Thus, attribution of the
difference in the agreements between theory and experiment reported for the proton
and deuteron spin-lattice relaxation times in the HD-He system does not seem to
be justified.

Both the experimental and the theoretical results showed that the relaxation
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times for the proton of HD in the HD-Ar system, and of the deuteron of D; in
the D2—Ar system lie in a non-linear regime. These results are a consequence of
the strong magnetic field employed in this study. Based on these results, it is
recommended that the use of the linear-regime formulae for the relaxation times
should be based on the exact evaluation of the numerical values of the relevant
frequencies, rather than on the assumptions. This will be especially important in
future when even higher magnetic field strengths may be used in such studies.

Although it has been a long time since double resonance techniques have been
employed in gas phase NMR studies,!?* no NOE measurement has previously been
reported in the literature for gaseous samples. For the first time, the possibility of
NOE measurements in gas phase samples has been examined in the present study.
It has been shown also that the the results of the NOE measurements can be used
as an independent source for the evaluation of the theoretical results. In the present
study, the NOE measurements have been carried out for both the proton and the
deuteron of HD in HD-Ar mixtures. The theoretical values of the NOE enhance-
ments have also been calculated using the NOE formulae developed originally for
the liquid phase.®!'*® Within the typical error bars of the NOE measurements, the
experimental and theoretical NOE enhancements showed good qualitative agree-
ments. However, the large error bars of the NOE enhancements did not allow a
quantitative comparison between the theoretical and experimental results. A proper
formulation of the NOE phenomena should be derived directly using kinetic theory
arguments, but this has still to be done.

Sensitivity of the gas phase NMR relaxation cross sections to the PES has been
examined for two different versions of the XC(fit) potential. While the two versions
of the PES gave essentially the same results for all other physical properties of
the system, they resulted in slightly different values for the NMR relaxation cross
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sections.

NMR spin-lattice relaxation times and the NOE measurements provide a pow-
erful tool for the study of intermolecular potential energy surfaces. Sensitivity of
these physical properties to the anisotropic part of the PES’s is a unique tool for
further refinements of these PES’s, which will lead eventually to a better under-
standing of the nature of interactions between atoms and molecules. It is proposed
that a NMR quality test, if feasible, should be a must for the final ranking of any
proposed PES for atom-diatom systems.



Chapter 6

Future Studies

Some plans for future studies will be presented in this chapter. In Sec. 6.1 some
other possible experiments whose results will complement the results obtained in
this study are discussed. A miniature gas handling system that has been designed,
built, and tested, and has already been used in some preliminary experiments on
HD-Ar mixtures, will be introduced in Sec. 6.2.

6.1 Other experiments and other systems

Further study of the HD-Ar mixtures

As a final step in the study of the HD~Ar system, it would be useful to investigate
the possible effects of saturation (decoupling) of the proton on the spin-lattice
relaxation times of the deuteron. This study will aim, especially, to determine the
effects of the formation of Van der Waals complexes on the relaxation processes with
and without decoupling of the other nucleus. It will also allow the investigation of

possible interferences between different relaxation mechanisms.®-%

229
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Pure ortho-D;—Ar and pere-D;—Ar mixtures

It is obvious that the problems associated with the study of the ortho-para mix-
tures of the Dy—Ar system, i.e., difficulties in obtaining separate measurements of
the spin-lattice relaxation times for the individual ortho-D;—Ar and pare-D;—Ar
systems, will not arise if pure gases of the two parity isomers of D, are employed
in the preparation of the D,—Ar gas mixtures. Thus, NMR spin-lattice relaxation
time studies of pure para-D,—Ar and ortho-D,~Ar mixtures will provide data which
can be used directly in the evaluation of the theoretical results. Since pure ortho-D,
and pare-D, gases are not commercially available, they should be prepared locally.
The ortho-para conversion rate for D, is extremely slow in the absence of catalysts
or magnetic materials,5” and therefore it can be neglected safely if appropriate cau-
tions are taken. The results of such studies under conditions in which the deuteron
relaxation times for the two pure systems are close to one another can be used
to verify the two methods proposed in this thesis for the study of the ortho-pare

mixtures of the D;—Ar system.

Collisional chemical shift

Analysis of the one-dimensional spectra obtained for HD-Ar and D;~Ar mixtures
showed that the measured chemical shifts are well-behaved functions of tempera-
ture. For the D,—Ar mixtures it has been established that the intra-molecular pro-
cesses can account for only 10-15% of the observed temperature-dependence of the
deuteron chemical shift. In order to study the contribution of the inter-molecular
processes (i.e., the collisional or dynamical chemical shift) accurately, contributions
from experimental problems, such as instability and temperature dependence of the
carrier frequency of the LC-circuit, should be excluded from the measured chemical
shifts. To accomplish this an oscilloscope should be employed as a standard fre-
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quency reference during the experiments. This would allow the contribution of the
inter-molecular interactions to the measured temperature dependence of the chem-
ical shifts to be determined. Development of the formalism linking the dynamical
chemical shift to the PES of the system, starting from Eq. (1.18), would provide
another NMR-based method for the evaluation of the PES. Such a method requires
shorter experimental times than does the measurement of the NMR relaxation times

themselves.

HT-Ar mixture

The conclusions drawn for the XC(fit) PES based on comparisons of the theoret-
ical and experimental results obtained for the HD-Ar and D;-Ar systems can be
further examined by studying the HT-Ar system. If the transformation of the PES
from the homonuclear to a heteronuclear system improves the anisotropic part of
the potential, the agreement between the theoretical and experimental results for
the HT-Ar system should be of the same quality as that for the HD-Ar system. A
study of the HT-Ar system has also a number of advantages to be discussed below.
The tritium nucleus (or triton) has the highest magnetogyric ratio of any known
nucleus; it is over 6.7% higher than that of proton, i.e., yr = 28.5336 T~1s~1.%6
This means that the S/N ratio for the triton peak will be even higher than that for
the proton peak. Thus, it is possible to study mixtures with mole fractions much
lower than those used in the current study of the HD-Ar and D,-Ar mixtures.
Consequently, problems associated with extrapolation to infinite dilution will be

alleviated considerably.
The relaxation mechanisms for the proton and triton of HT in the HT-Ar
system are the same (i.e., spin-rotation and dipolar interactions). This allows

a cleaner study to be made of sources of possible differences in the agreement
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between theoretical and experimental results for the two nuclei, if they are found.
It also has the potential of leading to an understanding of the observed differences
in the agreement between the theoretical and experimental results for the proton
and deuteron of HD in the HD-Ar system.

The values of the NOE enhancements for the proton and triton of HT in the
HT-Ar system should be close to one another, because the magnetogyric ratios of
the two nuclei are very close. Further, the contribution of the dipolar interaction to
the relaxation times of the nuclei of HT in the HT-Ar system is comparable with
that of the spin-rotation interaction (the dipolar interaction between the nuclei of
HT is about 7 times larger than that of HD). Thus, an NOE study of the HT-Ar
system, especially at low temperatures, for which the contribution of the dipolar
interaction to the relaxation times is larger, would provide further experimental
results for evaluation of the NOE formulae to be derived for the gas phase. The
HT molecule in the gas phase is indeed the simplest and neatest system for which
the validity of the NOE formulation can be tested.

Another unique feature of the HT-Ar.system is that it should be possible to
measure values of the oy and ot cross sections from the measured values of the
spin-lattice relaxation times for the proton and triton at temperatures sufficiently
low that only the j = 0 and j = 1 rotational levels of the HT molecule are occupied.
When this happens, the NMR cross section matrices are reduced to scalar quanti-
ties. Should such temperatures not be attainable, a set of multi-field experiments
would allow evaluation of the elements of the cross section matrices from experi-
mental results. No other isotopomer of hydrogen has this feature. The number of
magnetic field strengths required for such a study is given by Nt = jmax(Jmax +1),
where jpax is the rotational quantum number for the highest significantly occupied

level. For example, when jn., = 2, three field strengths are needed to measure
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values of all cross section elements.

Radioactivity of the tritium nucleus requires some health and environmental
precautions. No special setup is needed for a triton NMR study, except that the
probe should be equipped with a LC circuit which can resonate at the triton Larmor
frequency. A tritium NMR study is nowadays a routine experiment.!?%12% Also the
half-life of the triton is sufficiently long that the effects of the radioactive decay
of the triton on the chemical composition, temperature and electronics of the LC
circuit of the probe can be safely neglected.” The required HT gas can be prepared
from lithium tritide (LiT) in a substitution reaction with H;0. The lithium tritide
compound can be obtained from the U.S. National Tritium Facility.'?®

The only problem with the above proposed study of the HT-Ar system is that
HT gas is exceedingly expensive, so that the gas handling system used in the study
of the HD-Ar and D,~Ar mixtures cannot be used, since such a gas handling system
requires large amount of the constituent gases. The solution to this problem is the
use of a closed sample cell. In the following section a miniature gas handling
system will be introduced which can be used as a sample cell for the study of HT-
Ar mixtures. With this special sample cell, a maximum amount of 50 mg of HT gas
would be sufficient to carry out a complete set of T; measurements, such as that

has been carried out for HD-Ar mixtures in this study.

*The tritium nucleus undergoes a 0.0186 MeV 3 decay with a half-life of 12.6 years. The
average diffusion length of the generated @ particles in the gas phase at 1 atm pressure is about
1cm. The electric current produced by the 8 particles, if all can be collected before being absorbed
by the 3He* and H* ions produced in the radioactive decay, is of the order of 5pA for a 1cm?
sample of 1% HT in Ar at latm. The chemical composition of the gas mixture after a 10-day
experiment, for example, will change only by 0.15%, with non-interfering and clean 3He and H;
impurities.
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6.2 A miniature gas handling system for gas phase
NMR experiments

It was pointed out in Ch. 5 that the gas handling system (GHS) and sample cell
setup employed in the study of HD-Ar and D,-Ar mixtures cannot be used in
NMR studies at high temperatures due to the increased contribution of diffusion to
the measured relaxation times. It was also mentioned that temperature gradients
along the probe and magnet bore and variation of the temperature in the spectrom-
eter room introduce errors into the measured values of the relaxation times. The
requirement of large amounts of gases is also another disadvantage of this setup,
especially for expensive gases. Different existing closed sample cells (as alternative
solutions) and their advantages and disadvantages have been reviewed in Ch. 2,
where it was also indicated that none of these sample cells is a good choice for
hydrogen-containing gas mixtures.

A new set of detachable compact coaxial valves (DCCV) has been designed to
be used with special glass tubes for gas phase measurements, and to fit the standard
solution probes used in commercial NMR instruments. The role of the DCCV is to
connect the sample cell to the GHS in which the gas mixtures are prepared, and
to seal it. Multiple seals, minimal dead volume and piston effects (associated with
all valves), convenient connection to and disconnection from the GHS, easy access
to all parts for inspection, repair or replacement when required, and reliability are
features of this new set of valves. The assembly of the DCCV and the glass tube
can be regarded as a miniature GHS, which can be used to store and even to carry
gas mixtures safely from one laboratory to another. Figure 6.1 shows an axial cross
section of this miniature GHS, which has a weight of ~400g, a length of ~40cm

and a maximum diameter of 2.4 cm. This GHS can hold pressures up to 50 atm over
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a temperature range of 250-350 K. A trial version of this GHS has been made by
the Science Shop at the University of Waterloo, and has passed a 24-hour pressure
test with helium gas at 80atm. This GHS has also been used successfully in NMR.
test experiments on H,~Ar and HD-Ar gas mixtures. More details of the DCCV
will appear in a technical report soon.

The miniature GHS described above will be used primarily in the study of HT-
Ar mixtures. This GHS will also allow T; measurements, which require closed cells,
on some hydrogen-argon mixtures under specified conditions. The results of the T>
measurements can be used in the same way that 77 measurements have been used
to obtain further information about the relaxation processes and the interaction
PES in these systems. The miniature GHS introduced here can also be used for
other types of spectroscopic techniques.
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Figure 6.1: DCCV (detachable compact coaxial valve), a miniature gas handling
system designed for the NMR study of gases at high pressures. This gas handling

system, which is used as a sample cell, can hold pressures up to 50 atm over a
temperature range of 250-350 K



Appendix A

Experimental Data

As discussed in Ch. 5, the raw relaxation times for each series of measurements at
different temperatures are adjusted to a single pressure corresponding to the probe
temperature 273.15 K. To extrapolate to infinite dilution for each temperature, the
relaxation times for mixtures at different mole fractions are adjusted to a single
density. The header of each table in this appendix identifies the mole fraction of
the hydrogen component (D; or HD), the amagat density of the gas mixture at tem-
perature 273.15K, pi1, to which the raw relaxation times for each series are adjusted,
and the amagat density p,, to which the relaxation times of the corresponding series
at different mole fractions are adjusted in order to extrapolate to infinite dilution.
Columns of the tables from left to right include probe temperatures T', mixture to-
tal pressure P, raw relaxation times Tl(o), pressure-adjusted relaxation times Tl(l),
density-adjusted relaxation times T{>, and the percent standard deviation of the
relaxation times SD. All temperatures are given in Kelvin, pressures in atmosphere
and relaxation times in msec. The last table in each section lists the values of the

infinite dilution relaxation times and their error bars (both in msec) derived from

the raw data using the procedures discussed in detail in Ch.5.
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A.1 Proton relaxation times for HD

in HD-Ar mixtures

zgp = 0.86% p1 = 8.74 amagat p2 = 8.54 amagat

T P T® ™ T $D
185.46 8.56 31.86 32.28 31.78 0.219
194.93 8.58 28.61 28.92 28.47 0.125
204.70 8.59 22.06 22.27 21.93 0.315
215.01 8.60 19.89 20.06 19.75 0.143
225.90 8.61 20.30 20.45 20.13 0.170
237.30 8.62 18.16 18.28 18.00 0.069
249.10 8.65 16.83 16.88 16.62 0.126
261.18 8.67 15.59 15.61 15.36 0.125
273.46 8.68 14.23 14.21 13.99 0.107
285.89 8.73 13.33 13.25 13.04 0.137
298.45 8.77 12.38 12.25 12.06 0.066
311.13 8.77 11.42 11.29 11.11 0.135
323.95 8.78 10.59 10.47 10.30 0.451
336.88 8.78 10.00 9.88 9.73 0.254
349.84 8.78 9.53 941 9.27 0.282
362.72 8.78 8.97 8.86 8.72 0.149
375.33 8.78 8.56 8.45 8.32 0.219
387.40 8.78 8.05 7.96 7.83 0.147
398.65 8.79 1.79 7.69 7.57 0.265
408.74 8.79 7.56 7.46 7.35 0.247
417.41 8.79 7.26 7.16 7.05 0.241
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proton of HD in HD-Ar mixtures

zgp = 0.86% p1 = 4.78 amagat  p, = 4.67 amagat
T P T T T SD
185.46 471  18.03  18.21 17.86 0.126
19493 472 1711 1728 16.94 0.040
204.70 473 1531 1541 15.11 0.038
21501 474 13.84  13.90 13.63 0.066
22590 4.75 1248 1252 12.27 0.079
237.30 475 1154  1L57 11.35 0.062
249.10 476  10.67  10.68 10.47 0.046
261.18  4.77  9.89 9.88 9.69 0.055
279.65  4.76  8.97 8.97 8.80 0.061
298.45 477  8.21 8.20 8.04 0.051
317.53 477 755 7.54 7.39 0.041
336.88 477  7.00 6.98 6.84 0.055
356.30 4.78  6.51 6.49 6.36 0.071
37533 479  6.09 6.06 5.94 0.108
393.15 4.80  5.75 5.71 5.59 0.112
408.74 481 545 5.40 5.29 0.071
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proton of HD in HD-Ar mixtures

zagp = 0.86% p1 = 0.96 amagat p2 = 0.96 amagat

T P T TV T® SD
22590 096  10.32 10.32 10.32 0.103
249.10 0.96  9.84 9.81 9.81 0.130
27346  0.96  9.36 9.36 9.36 0.076
29845 0.96  9.28 9.31 9.32 0.264
317.53 0.96  8.89 8.89 8.90 0.229
336.88 097  8.79 8.73 8.74 0.228
356.30  0.97  8.54 8.48 8.48 0.153
375.33  0.96  8.43 8.40 8.40 0.236
39865 097  8.35 8.30 8.30 0.284
41741 097  8.17 8.09 8.09 0.266
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proton of HD in HD—-Ar mixtures

zap = 2.80% p1 = 15.03 amagat p2 = 15.26 amagat

T P T T T SD
180.67 14.69 60.62 61.25 62.98 0.040
194.93 14.69 49.56 50.05 51.47 0.071
209.78 14.74 41.72 42.00 43.19 0.159
225.90 14.77 36.16 36.34 37.37 0.161
243.16 14.79 30.19 30.30 31.16 0.184
261.18 14.80 25.70 25.76 26.49 0.101
279.65 14.85 22.95 22.94 23.59 0.064
298.45 14.87 17.92 17.88 18.39 0.065
323.95 14.90 16.91 16.84 17.32 0.158
349.84 14.94 15.04 14.94 15.37 0.079
375.33 14.95 13.65 13.55 13.93 0.494
398.65 14.97 12.11 12.00 12.34 0.102
417.41 15.00 10.92 10.81 11.11 0.107
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proton of HD in HD-Ar mixtures

zup = 2.80% p1 = 8.34 amagat p2 = 8.54 amagat
T P O ™ T SD
180.67  8.20 33.62 33.93 34.99 0.045
194.93 8.22 27.00 27.20 28.06 0.084
209.78 8.23 23.50 23.63 24.38 0.132
225.90 8.25 20.90 20.97 21.63 0.158
243.16 8.26 17.65 17.70 18.25 0.145
261.18 8.26 15.59 15.63 16.12 0.630
279.65 8.27 13.50 13.52 13.95 0.107
298.45 8.32 11.72 11.66 12.03 0.193
323.95 8.32 10.12 10.07 10.38 0.130
349.84 8.33 9.07 9.01 9.30 0.166
375.33 8.35 8.14 8.07 8.33 0.143
398.65 8.34 7.37 7.32 7.55 0.190
417.41 8.33 6.84 6.80 7.01 0.114
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proton of HD in HD-Ar mixtures

zgp = 2.80% p1 = 4.55 amagat  p; = 4.67 amagat
T P T© T® T SD
180.67 4.47 19.31 19.58 20.17 0.074
194.93 4.49 16.23 16.40 16.89 0.051
209.78 4.50 14.47 14.58 15.02 0.131
225.90 451 12.82 12.88 13.26 0.217
243.16 4.52 10.90 10.94 11.27 0.119
261.18 4.52 9.79 9.81 10.11 0.150
279.65 4.55 8.87 8.84 9.11 0.201
298.45 4.56 8.02 7.98 8.22 0.026
323.95 4.57 7.21 7.16 7.37 0.083
349.84 4.59 6.58 6.50 6.69 0.138
375.33 4.59 6.01 5.94 6.12 0.114
398.65 4.60 5.57 5.49 5.65 0.113
41741 4.60 5.24 5.16 5.32 0.127
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proton of HD in HD—Ar mixtures

————

zup = 5.03% p1 = 15.50 amagat  p; = 15.26 amagat

T P T M T® SD
180.67 1514  55.40 56.00 55.85 0.049
19493 1516  47.22 47.65 47.52 0.088
209.78  15.19  40.33 40.63 40.52 0.072
22590 1525  34.44 34.56 34.47 0.047
24316 1526  30.20 30.30 30.21 0.056
261.18 1529  26.51 26.53 26.46 0.078
279.65 1531  23.52 23.50 23.43 0.076
298.45 1530  21.35 21.35 21.29 0.127
31753 1531  18.83 18.83 18.78 0.157
336.88 1534  17.15 17.11 17.06 0.096
356.30  15.34  15.68 15.64 15.60 0.136
375.33 1535  14.44 14.39 14.35 0.064
393.15  15.39  13.28 13.20 13.17 0.098
408.74 1539  12.30 12.23 12.20 0.061
42250 1540  11.39 11.32 11.29 0.117
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proton of HD in HD-Ar mixtures

zgp = 5.03% p1 = 8.38 amagat  p; = 8.54 amagat
T P T TV T® SD
180.67 8.26 26.25 26.47 27.15 0.057
194.93 8.27 22.90 23.06 23.66 0.059
209.78 8.29 19.83 19.92 20.43 0.079
225.90 8.30 17.33 17.39 17.84 0.048
243.16 8.31 15.36 15.39 15.79 0.073
261.18 8.32 13.62 13.63 13.98 0.059
279.65 8.33 12.24 12.24 12.55 0.070
298.45 8.34 11.19 11.17 11.45 0.178
317.53 8.34 10.15 10.14 10.40 0.094
336.88 8.34 9.32 9.30 9.54 0.051
356.30 8.35 8.62 8.59 8.81 0.049
375.33 8.37 7.98 7.94 8.15 0.038
393.15 8.39 7.46 7.40 7.59 0.042
408.74 8.40 7.00 6.93 7.11 0.044
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proton of HD in HD-Ar mixtures

zap = 5.03% p1 = 4.55 amagat pz = 4.67 amagat
T P T T T SD
180.67 4.52 15.85 15.88 16.36 0.061
194.93 4.53 13.89 13.91 14.33 0.136
209.78 4.53 12.29 12.29 12.66 0.143
225.90 4.54 10.98 10.97 11.30 0.163
243.16 4.52 9.97 9.99 10.29 0.160
261.18 4.53 8.89 8.90 9.17 0.069
279.65 4.54 8.15 8.14 8.39 0.048
298.45 4.57 7.60 7.54 .77 0.032
317.53 4.57 7.05 7.00 7.21 0.082
336.88 4.57 6.60 6.35 6.74 0.074
356.30 4.57 6.20 6.15 6.33 0.062
375.33 4.58 5.84 5.78 9.96 0.032
393.15 4.57 5.55 5.50 5.67 0.072
408.74 4.58 5.28 5.23 5.39 0.067
422.50 4.58 5.03 4.98 9.13 0.059
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Infinite dilution relaxation times
for the proton of HD in HD-Ar mixtures

4.67 amagat 8.54 amagat 15.26 amagat
T(K) I AT, T AT, Ty ATy
180.0 20.256 0.119 35.266 0.246 56.347 0.307
200.0 16.291 0.221 26.769 0.452 44.836 0917
220.0 13.663 0.205 22.214 0.308 36.642 0.552
240.0 11.743 0.093 19.061 0.273 30.833 0.421
260.0 10.239 0.081 16.324 0.485 26.633 0.263
280.0 9.045 0.049 13.869 0.249 23.452 0.703
300.0 8.128 0.098 11.878 0.262 20.891 0.717
320.0 7.452 0.050 10.492 0.168 18.721 0.455
340.0 6.945 0.085 9.634 0.185 16.853 0.482
360.0 6.504 0.090 9.005 0.150 15.271 0.643
380.0 6.042 0.103 8.262 0.198 13.962 0.342
400.0 5.572 0.092 7.368 0.139 12.805 0.231
420.0 5.332 0.034 7.119 0.057 11.461 0.227
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A.2 Deuteron relaxation times for HD

in HD—-Ar mixtures

zgp = 0.86% p1 = 8.74 amagat p2 = 8.54 amagat
T P T T T® SD

185.46 8.56 103.50 104.85 103.23 0.491
194.93 8.58 95.27 96.29 94.80 0.544
204.70 8.59 89.24 90.09 88.70 0.749
215.01 8.60 84.27 84.98 83.66 0.673
225.90 8.61 80.13 80.74 79.49 0.443
237.30 8.62 76.96 77.46 76.26 0.558
249.10 8.65 68.64 68.82 67.75 0.465
261.18 8.67 69.24 69.29 68.22 0.708
273.46 8.68 67.28 67.21 66.17 0.962
285.89 8.73 67.59 67.16 66.12 1.302
298.45 8.77 58.92 58.27 57.37 0.555
311.13 8.77 56.58 55.94 55.07 0.883
323.95 8.78 93.08 52.46 51.65 1.095
336.88 8.78 52.93 52.32 51.51 1.006
349.84 8.78 50.59 49.98 49.21 0.541
362.72 8.78 48.04 4747 46.73 1.192
375.33 8.78 48.30 47.70 46.96 1.002
387.40 8.78 49.04 48.43 47.68 0.973
398.65 8.79 49.84 49.21 48.45 1.209
408.74 8.79 55.96 55.22 54.37 0.695
41741 8.79 58.86 58.09 57.19 0.187
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deuteron of HD in HD-Ar mixtures

zpp = 0.86% p1 = 4.78 amagat  p, = 4.67 amagat
T P T TV T3 SD

185.46 4.71 56.08 56.67 55.56 0.603
194.93 4.72 51.69 52.19 51.17 0.352
204.70 4.73 48.76 49.09 48.13 0.461
215.01 4.74 47.68 47.88 46.95 0.305
225.90 4.75 44.55 44.67 43.80 0.683
237.30 4.75 42.35 42.47 41.63 0.748
249.10 4.76 39.25 39.27 38.51 0.549
261.18 4.77 37.71 37.69 36.95 0.871
279.65 4.76 36.03 36.03 35.33 0.999
298.45 4.77 33.99 33.94 33.28 0.688
317.53 4.77 32.34 32.30 31.67 0.683
336.88 4.77 31.57 31.50 30.88 0.522
356.30 4.78 29.99 29.89 29.30 0.832
375.33 4.79 27.75 27.58 27.04 1.514
393.15 4.80 26.56 26.34 25.83 1.289
408.74 4.81 25.73 25.50 25.00 1.220

/1 = 0.96 amagat p2 = 0.96 amagat

ZHD = 086%

No acceptable data due to poor §/N ratio
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deuteron of HD in HD~Ar mixtures

zup = 2.80% p1 = 15.03 amagat  p; = 15.26 amagat

T P T T™ T SD
180.67 14.69 191.18 193.15 198.63 0.872
194.93 14.69 176.79 178.54 183.60 0.736
209.78 14.74 165.73 166.84 171.58 0.547
225.90 14.77 152.77 153.52 157.88 0.536
243.16 14.79 133.19 133.67 137.46 0.348
261.18 14.80 122.14 122.44 125.92 0.606
279.65 14.85 125.27 125.21 128.77 0.323
298.45 14.87 92.69 92.50 95.13 0.529
323.95 14.90 96.71 96.31 99.04 0.633
349.84 14.94 91.53 90.90 93.48 0.618
375.33 14.95 87.32 86.67 89.13 0.786
398.65 14.97 82.43 81.69 84.00 0.492
417.41 15.00 80.81 79.96 82.23 2.037
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deuteron of HD in HD-Ar mixtures

zup = 2.80% p1 = 8.34 amagat  p; = 8.54 amagat
T P T ™ s SD

180.67  8.20 105.82 106.79 110.15 0.244
194.93 8.22 93.99 94.70 97.68 0.222
209.78 8.23 88.01 88.50 91.28 0.262
225.90 8.25 81.87 82.13 84.71 0.228
243.16 8.26 74.80 74.98 77.34 0.286
261.18 8.26 68.85 69.01 71.18 0.289
279.65 8.27 64.45 64.55 66.58 0.212
298.45 8.32 55.25 54.99 56.72 0.420
323.95 8.32 51.63 51.36 52.98 0.640
349.84 8.33 51.94 51.62 53.24 0.581
375.33 8.35 49.39 48.98 50.52 0.818
398.65 8.34 48.19 47.86 49.37 1.079
417.41 8.33 44.85 44.58 45.98 0.777
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deuteron of HD in HD-Ar mixtures

zap = 2.80% p1 = 4.55 amagat p2 = 4.67 amagat

T P T M T? SD
180.67 4.47 56.88 57.67 59.42 0.316
194.93 4.49 51.08 51.60 93.16 0.247
209.78 4.50 47.73 48.08 49.53 0.289
225.90 4.51 44.70 44.89 46.25 0.366
243.16 4.52 40.28 40.43 41.65 0.329
261.18 4.52 37.62 37.70 38.84 0.302
279.65 4.55 36.20 36.10 37.19 0.728
298.45 4.56 34.65 34.47 35.52 0.656
323.95 4.57 31.34 31.09 32.03 0.419
349.84 4.59 30.37 29.97 30.88 0.792
375.33 4.59 28.49 28.12 28.97 0.734
398.65 4.60 26.97 26.58 27.39 0.367
417.41 4.60 26.42 26.04 26.83 0.474
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deuteron of HD in HD-Ar mixtures

zap = 5.03% p1 = 15.50 amagat p2 = 15.26 amagat

T P T TV T® SD
180.67 1514 19343 19553  194.99 0.338
19493 1516 17452 17611  175.62 0.619
209.78 1519  163.24  164.44  163.98 0.590
225.90 1525  148.73  149.27  148.86 0.465
243.16 1526 14202 14245  142.05 0.508
261.18 1529  134.01 13413  133.75 0.675
279.65 1531  123.66 12358  123.23 0.499
298.45 1530  114.98  114.98  114.66 0.561
31753 1531 10583 10581  105.52 1.113
336.88  15.34 10144  101.20  100.92 0.546
356.30 1534  97.38 97.15 96.88 0.616
375.33 1535  93.25 92.95 92.69 1.268
393.15 1539  90.42 89.88 89.63 0.800
408.74 1539  88.81 88.30 88.06 0.861
42250 1540  85.21 84.64 84.41 0.511
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deuteron of HD in HD—Ar mixtures

zpp = 5.03% p1 = 8.38 amagat  p, = 8.54 amagat
T P T T T SD
180.67 8.26 87.34 88.07 90.34 0.172
194.93 8.27 82.14 82.73 84.86 0.210
209.78 8.29 76.34 76.67 78.65 0.192
225.90 8.30 70.06 70.28 72.09 0.165
243.16 8.31 66.08 66.22 67.92 0.188
261.18 8.32 62.49 62.50 64.11 0.172
279.65 8.33 99.21 99.19 60.71 0.174
298.45 8.34 56.27 56.16 57.61 0.176
317.53 8.34 53.53 53.47 54.84 0.121
336.88 8.34 91.64 51.53 52.86 0.106
356.30 8.35 49.73 49.60 50.87 0.171
375.33 8.37 47.59 47.35 48.57 0.155
393.15 8.39 45.88 45.52 46.70 0.170
408.74 8.40 44.52 44.12 45.26 0.207
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deuteron of HD in HD-Ar mixtures

zgp = 5.03% p1 = 4.55 amagat p2 = 4.67 amagat
T P T T™ T SD
180.67  4.52 47.28 47.39 48.82 0.318
194.93 453 43.96 44.03 45.36 0.262
209.78 453 40.92 40.92 42.16 0.235
225.90 4.54 38.70 38.67 39.84 0.214
243.16  4.52 36.38 36.46 37.56 0.198
261.18 4.53 34.06 34.11 35.14 0.205
279.65  4.54 32.30 32.28 33.25 0.223
298.45  4.57 30.71 30.49 31.41 0.281
317.53  4.57 29.72 29.51 30.40 0.306
336.88 4.57 28.38 28.15 29.00 0.225
356.30 4.57 27.62 27.38 28.21 0.126
375.33  4.58 25.98 25.73 26.51 0.139
393.15 4.57 25.13 24.91 25.66 0.260
408.74  4.58 24.16 23.93 24.66 0.210
422.50  4.58 23.41 23.18 23.88 0.243
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Infinite dilution relaxation times
for the deuteron of HD in HD—Ar mixtures

4.67 amagat 8.54 amagat 15.26 amagat
T(K) T AT, T, AT, T ATy
180.0 59.533 1.679 110.852 2.660 196.204 11.762
200.0 52.088 1.906 95.145 3.716 170.619 20.659
220.0 46.802 1.971 86.741 2.406 155.015 12.680
240.0 42.765 1.585 79.543 2.465 143.445 9.345
260.0 39.527 1.087 71.836 1.742 133.093 9.828
280.0 36.884 2.992 64.201 4.667 123.146 21.123
300.0 34.730 2.807 57.930 5.852 113.873 24.983
320.0 32.958 1.506 53.954 3.061 105.906 13.502
340.0 31.431 2.876 52.262 3.696 99.724 18.327
360.0 30.003 3.199 51.840 5.426 95.335 24.361
380.0 28.599 2.574 51.106 7.543 92.174 22.569
400.0 27.358 1.222 48.849 2.292 89.186 16.596
420.0 26.827 0.955 45.678 1.651 85.128 10.611
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A.3 Single-exponential relaxation times for

the deuteron of D; in D,—Ar mixtures

zp, = 1.97% p1 = 13.84 amagat p2 = 13.91 amagat

T P T ™ T® SD
180.67 13.63 47.29 47.42 48.24 1.320
194.93 13.64 41.49 41.58 42.30 1.506
209.78 13.65 37.20 37.27 3791 1.112
225.90 1364  33.15 33.23 33.80 1.004
243.16 13.65 29.59 29.64 30.16 0.778
261.18 13.66 27.26 27.28 27.75 0.654
279.65 13.68 24.80 24.78 25.21 0.581
298.45 13.61 21.95 22.05 22.43 0.732
317.53 13.63 21.58 21.66 22.03 0.428
336.88 13.65 20.26 20.29 20.64 0.499
356.30 13.66 19.27 19.30 19.63 0.420
375.33 13.66 18.57 18.59 18.91 0.360
393.15 13.69 17.22 17.20 17.50 0.385
408.74 13.72 16.42 16.37 16.65 0.340

422.50 13.73 15.56 15.50 15.76 0.325




deuteron of D; in D,—Ar mixtures

zp, = 1.97% p1 = 7.07 amagat p2 = 7.16 amagat
T P T TV T SD
180.67 6.98 25.89 26.05 26.55 1.207
194.93 6.98 22.60 22.73 23.17 0.951
209.78 6.99 20.10 20.20 20.59 0.742
225.90 7.00 18.12 18.19 18.54 0.602
243.16 7.00 16.33 16.39 16.70 0.488
261.18 7.01 15.04 15.07 15.36 0.624
279.65 7.02 13.74 13.75 14.01 0.812
298.45 7.01 12.61 12.63 12.87 0.463
317.53 7.00 12.19 12.23 12.46 0.402
336.88 6.98 11.24 11.31 11.53 0.534
356.30 6.98 10.76 10.83 11.04 0.413
375.33 6.99 10.37 10.43 10.63 0.518
393.15 6.99 9.67 9.72 9.90 0.886
408.74 6.99 9.44 9.49 9.67 0.736
422.50 6.99 8.83 8.88 9.05 0.845
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deuteron of D2 in D,—Ar mixtures

zp, = 1.97% pr = 3.55 amagat  p = 3.57 amagat

T P T ™ T SD
180.67 3.51 11.83 11.94 12.03 0.881
194.93 3.52 11.25 11.32 11.41 1.171
209.78 3.53 10.51 10.56 10.64 0.833
225.90 3.53 9.65 9.69 9.76 0.757
243.16 3.53 9.00 9.03 9.10 1.036
261.18 3.54 8.46 8.47 8.54 0.777
279.65 3.95 8.07 8.06 8.12 1.020
298.45 3.55 7.59 7.57 7.63 0.686
317.53 3.9 1.24 7.23 7.28 0.578
336.88 3.55 7.30 7.28 7.34 1.192
356.30 3.55 6.82 6.80 6.85 0.843
375.33 3.56 6.38 6.36 6.41 1.131
393.15 3.55 5.99 5.97 6.02 0.946
408.74 3.55 6.37 6.36 6.41 1.595
422.50 3.55 5.99 5.98 6.02 0.964
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deuteron of D; in D;—Ar mixtures

zp, = 3.77% g = 13.99 amagat  p, = 13.91 amagat

T P T T T SD
180.67 13.77 53.47 53.71 954.03 0.901
194.93 13.80 46.94 47.04 47.31 0.822
209.78 13.82 40.55 40.57 40.81 0.798
225.90 13.83 35.45 35.45 35.65 0.712
243.16 13.84 30.77 30.75 30.93 0.605
261.18 13.83 28.70 28.70 28.87 0.644
279.65 13.82 25.88 25.89 26.04 0.487
298.45 14.01 23.99 23.69 23.82 0.425
317.53 13.97 22.47 22.24 2237 0.414
336.88 13.94 21.01 20.84 20.96 0.359
356.30 13.90 19.97 19.86 19.97 0.306
375.33 13.90 19.09 19.00 19.11 0.290
393.15 13.92 18.30 18.18 18.29 0.333
408.74 13.93 17.53 17.41 17.51 0.283
422.50 13.93 17.04 16.91 17.01 0.203
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deuteron of D; in D2—-Ar mixtures

zp, = 3.717% p,1 = 7.26 amagat p2 = 7.16 amagat

T P T ™ T SD
180.67 714 2741 27.70 27.46 0.888
19493 716  23.19 23.38 23.19 0.701
209.78 7.19  20.80 20.90 20.72 0.713
22590 720  18.81 18.86 18.70 0.591
243.16 7.21  17.10 17.13 16.98 0.521
261.18 722  15.84 15.84 15.71 0.538
279.65 7.23  14.92 14.90 14.78 0.506
298.45 7.23  13.73 13.70 13.59 0.601
317.53 724 1268 12.65 12.54 0.365
336.88 7.26  11.89 11.84 11.74 0.417
356.30 7.25  11.44 11.39 11.29 0.452
375.33 725  10.73 10.69 10.60 0.328
393.15 726  10.10 10.04 9.96 0.452
408.74 726  10.00 9.94 9.86 0.469
42250 7.31  10.12 10.01 9.92 0.438
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deuteron of D; in D3—Ar mixtures

zp, = 3.77% p1 = 3.58 amagat  p; = 3.57 amagat

T P T ™ T SD
180.67 358 1413 1410 1411  0.835
19493 358 1261 1259 1259  0.696
209.78 358 1132 1130 1130  0.717
22590 358 1039  10.37 1037  0.626
24316 357 945 9.44 9.44 0499
261.18 357  8.38 8.38 838  0.649
279.65 357  7.86 7.86 786  0.845
20845 357 1.6l 7.61 761  0.585
31753 356 1.7 7.19 7.19 0.395
33688 355 686  6.90 6.90 0.843
356.30 353  6.66 6.73 6.73 0.425
37533 352 6.3 6.42 642  0.657
39315 349  6.21 6.36 6.36  0.542
40874 346  6.18 6.37 6.37 1.070
42250 344 622 6.46 6.46 0.716
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Infinite dilution single-exponential relaxation times
for the deuteron of Dy in Ds—Ar mixtures
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——
————

3.57 amagat 7.16 amagat 13.91 amagat
T(K) T, AT, v ATy Ty ATy
180.669 9.772 1.0781 25.546 2.5426  41.948 5.0544
194.932 10.120 0.9790 23.144 1.7188 36.845 4.4555
209.785 9.930 0.7934 20.442 14151 34.752 3.3770
225.903 9.090 0.6454 18.357 1.0521 31.793 2.6655
243.158 8.721 0.5991 16.384 0.8185 29.310 1.9167
261.177 8.717 0.5550 14.972 0.8394  26.540 1.7382
279.655 8.406 0.6843 13.176 0.8369 24.299 1.2585
298.446 7.649 0.4485 12.088 0.7074  20.919 1.1625
317.529 7.377 03137 12.378 0.4499 21.654 0.8841
336.877 7.817 0.6462 11.303 0.5065 20.288 0.8024
356.302 6.972 0.3647 10.754 0.4683 19.252 0.6466
375.327 6.401 0.4962 10.651 0.3957 18.699 0.5646
393.149 5.653 0.3956 9.836 0.5652 16.639 0.5986
408.740 6.448 0.7456 9.468 0.5201 15.717 0.4926

422.500 5.540 0.4673 8.104 0.5209 14.406 0.3814
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