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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*Unpublished August 1995 version of the potential.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



137

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



145

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.
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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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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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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
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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.



171

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.
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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




218

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.
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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.®-%
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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

238



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

244



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

249



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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