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(ABSTRACT)

The energy states are calculated for an
oxygen molecule in a crystal field of cubic symmetry
such as would be éppropriate for a sﬁbstitutional
site in solid methaﬁe. "The resulting heat capacity
is also calculated and discussedvin_relation'to
data for oxygen-doped methane. The catalytic
effect of oxygen on the spin-species conversion of
methane is treated by consideration of the dipole-
dipole interaction of the electron spin of oxygen
with the proton spin of methane. The matrix elements
are caiculated for fhe low-energy states of'methang
énd of oxygen. It is found that oxygen should be
an effective catalyst for spin-species conversion
above.abbut 0.3°K but that‘its effeétiveneés,may-v<

decrease rapidly below that temperature.



~I. Introduction

The addition of a small amount of paramagnetic substance
such as okygen has been found to facilitate the conversion of
nucléar-spin species. Early studies on the kinetics of the
ortho-para hydrogen conversion process noted fhat oxygen and
other paramagnetic molecules greatly enhanced the conversion
rate.1 |

The phenomenon of-nuclear-sﬁinjspecies conversion in
solid methane has been observed in the low-tempecrature phasc
(1-20°K) using a variety of techniques including nuclear
magnetic resonance, level-crossing experiments, and heat
capacity measurements.2 The Pauli principle allows the
existence of only certain nuclecar spin states with a given
rotational state to preserve the overallvsymmetry of the
-total wave fuﬁction. In solid methane above the transition
near 20.4°K all of the molecules undergo somewhat restricted
rotation.3 Below this transition,4 however, three-foufths
of the molecules are rather strongly oriented in a cog?whcel
manner 1in sites.of ch1 symmetry while the remaining onq-fourth

of the molecules rotate rather freely in sites of O, symmectry.

h
The molecular centers lie on a face-centered cubic lattice
both above and below 20.4°K.

While various methane-methane interactions, e.g., spin-
spin and spin-rotation, induce interspeccies conversion, thesc
processes are very slow at very low temperaturcs. In an
effort to reduce relaxation times in low-temperature studiecs

of methane, small quantities of oxygen were often introduced

into the lattice to obtain more rapid equilibrium.
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Vogt and Pitzer '8 have recently reported low tempera-
ture heat capacity studies of methanc containing approximately
0.8% oxygen. An anomaly observed in the region about 1°K is
“attributed to spin-species conversion. The present theoretical
work5 was undertaken to further interpfet these and other
experimental_studies of oxygen-doped methane.

In Section II calculations are presented concerning the
properties of oxygen in a cubic lattice such as methane.
Included are calculations of the heat capacity for various
cubic fields as well as for freely rotating molecules. These
results indicate that corrections to the heat capacity of
typical oxygen-doped methane samples will be sméll and that
values from the freely rdtating model will be a good approxi-
mation for cubic fields of moderate strength.

Section III treats the problem of'spin—spccies conversion
of methane by interaction with oxygen. The results are
discussed in Section IV with particular reference to con-

version rates below 1°K.



II. Pfoperties of 02 in a Cubic Llattice

As oxygen-methane samples are solidified, it is likely
that oxygen will occupy a methane site in the lattice structurc.
The carbon atoms of the methane lattice form a face—ceﬁtered_'
cubic structure. Since oxygen is smaller than a methane
leecule; it may be rather freely rotating in the methane
lattice, and we choése as our model that of a rotating oxygen
molecule perturbed by a crystal fie{d of cubic symmetry.

The spectrum of the ground electronic state of gaseoué
- oxygen (3Zé) shows a fine structure splitting of the rotational
levels.6 Kramers7 has shown that thé dipole-dipole interaction
between the two unpaired electron spins, when averagéd over
the rotation, removes the degeneracy of fhe rotational levels
in the observed manner. There is also a weaker Hund's case (b)6
coupling of the spin with the total angular momentum apart‘
from spin, but this term is negligible for our purposes.

" Our total Hamiltonian for oxygen in methane includes the
contributions from rotation, crystal field, ahd spin-spin

interactions.

“total - xrot * xcryst field * “ﬁs‘v (1)

The spin-spin coupling arising from the interaction of

the two magnetic-dipole moments 1is of the form

(2)

(i 3’(21'2)(22%))
S\ |z Ix]°
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where [r| is the relative distance between the two dipoles
Xy and K- This spin-spin interaction may be expressed in

the form8

- 2 1 oteieet | 2 »
oo = AM(S, - 7 (885+55 )) (3cos 6-1)

sin® cosG[(SéS++S+Sz) e 10 +'(SZS—+S_SZ) ei¢l (3)

oj W

v 2 sinfo[(s*)? e 120 4 (57)% 126y,

where A is a constant measuring theWStrength of the intcraction.
Here the spin-spin Hamiltonian is expressed in terms of the
total spin § = $;

coordinates refer to the orientation of the vector from spin

. + . .
+ §2 wlth S™ = Sx + 1Sy and the polar

1 to spin 2.

The basis |KmeS> proves to be convenient where K is the
rotational quantum number and my and mg are phe components
of K and S on the z-axis, respectively. The kinetic encrgy'
yields only the familiar diagonal contributions BOK(K¥1).

The spin term xss yields non-zero matrix elements only between
states where my; = mp + mg = constant. Thése have been
evaluated by_others7’9 and were Verified.5

If the cubic-crystal-field poteﬂtial is cxpressed.és an
expansion in spherical harmonics, the mafrix elements
<K'mkm;|V|Kme;> can easily be calculated. The first non-
constant set of spherical harmonics (ng) which yield lincar
combinations totally symmctric (Al) iﬁ an octahedral field
are the £ = 4 states. The appropriate linear combinatjonlo

is given by



V(o,0) = %0, (FEI0)(+7 Y4p(0,8) + T 1y (8,8) + Y, 0,0)])

where.XOh i1s a measure of the strength of the field.

Devonshire,11

the first to consider the rotation of
.diatomic molecules in fields of octahedral symmetry,'éon-
structed a potential equivalent to that in Eq. (4). For a
bpositive potential constant there are six equivalént C4v

minima and eight équivalent C3V maxima. For a face-centered
cubic lattice one would expect less fepulsive interaction

for an oxygen pointing along the diagonal of the cube. This
implies a negative value for the constant XOh andvyields
eight equivalent C3V potential minima for an oxygen occupying
a methane site.

The crystal field contributions were readily evaluated

using the relationship of spherical harmonics

(221+1) (22+1) (21.+1) ]1/2
4

! L 2\/2'" L 2\
Condo od) o
-m' M m/\0O 0 0

-m'
<2'm'|YLM|Zm> = (-1) [

where the 3-j symbols

have been tabulated by Rotenberg et al.lz and are also avail-
able in computer subroutines. One notes that the crystal

field does not affect the spin states. Hence, <K'm'm;lV|Km

K K

vanishes unless mé = m.

Jm_ >
s

(4)



With the methods described, the Hamiltonian matrix was

constructed and diagonalized to obtain the energy eigenvalucs

1

and eigenfunctions. The Values6 BO = 1.437777 cm ~ and

A= 3/2 A= 1.984-cm_1 were used in calculating the énergy
levels.for various values of the potential parameter XO

Only odd values of K are allowed for 1602, the dominant

h°

isotopic species.

Table I summarizes the resulting energies relativé to the
ground state. Figure 1 shows the fine structure splitting
calculated for oxyéen in the gas phase (XOh = 0), and the
additional splitting which arises in a weak octahedral field.

| The calculations were made using a basié set with a
maximum rotational value of K = 7. The 3(2K+1) states for
each K value yielded a total of 108 basis functions. This
was a'sufficiently large basis set to give an accurate
description of the behavidr of the levels which are populated
at low temperatures.

The heat capacity for oxygen in a cubic field was
calculated for various values of XOh, uéihg thé usual
statistical mechanical equations, and is shown in Fig. 2.

In interpreting these results it is useful to note that the
maximum difference in potential for molecular rotation is

1/3 lXOhI. For negative values of this constant the lowest
potential barrier between minima is |X0h|/12. Thus an XOp
value of -100 cm-l implies a barrier between minima of

8.3 cm *



TABLE I. Energy levels of oxygen in a cubic field for the rotational levels K = 1,3

Energy (cm—l)

xoh(cm' ) = 10.0 0.0 - -10.0 -20.0 -100;0 -500.0
K= 1 | 0.00(1)" 0.00(1) 0.00(1) 0.00 (1) 0.00(1) 0.00(1)
1.97(2) 2.11(5) 2.02(3) 1.94(3) 1.52(3) 0.75(3)

2.20(3) - 2.24(2) 2.35(2) ©2.94(2) 3.50(2)

| 3.97(3) 3.97(3) 3.97(3) 3.96(3)  3.88(3) 3.73(3)
K =3 16.09 (1) 16.24(5) 15.94(3) 15.43(3) 11.95(3) 5.50(3)
| 16.09(2) 16.19(2) 16.11(2) 16.65(2) 29.16(2)
16.22(3) 16.43(9) 16.27(3) 16.25(3) ~  16.97(3) - 29.61(3)

16.26(3) 16.63(3) v16.82(3) 18.21(3) 31.27(3)

16.54(2) | 16.66(2) . 17.04(2) 18.91(1) 31.71(1)

16.76(3) . 16.85(1) 17.34(1) - 21.77(2) 41.00(1)

18.34(3)'  18.35(7) 18.25(1) 18.20(1) 22.47(1) 41.20(3)

18.49(1) | 18.46(3) 18.69(3) 23.02(3) 41.24(2)

18.55(3) . 18.48(3) 18.83(3) 23.65(3)  41.46(3)

The degeneracy of each level is denoted in parentheses. The constants B0 =
1.43777 cm_l, A = 1.984 cm ! were used in the calculation. '
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Also included in Fig. 2 is the heat capacity curve for
an infinite potential barrier which reﬁresents the case whefe
the molecular rotation is reduced to torsional yibration of
small amplitude. - This is essentiélly the situation found
2 and CO.
Heat capacity measureménts by Buford andbGraham13 for these

for O2 in lattices of diatomic molecules such as N

syétems show a broad maximum in the oxygen contribution near
2°K with a shape very similar to thét shown for +« in Fig. 2.
In the diatomic-molecule lattices thére is undoubtedly an
elongated.cavity which yields a single lowest level and a
doubly degenerate level at 2) = 3.57 cm—lw With the infinite
cubic field one obtains the same pattern but with degeneracies
4 and 8 for large negative Xogior 3 and 6 for large poéitive
XOh corresponding to the number of potential minima for a
symmetrical linear molecule. The approach to this’pattern
can be seen in the column for X0, = -500 em L in Table 1.

In EPR studies of 0, in an N, matrix at 4,2°K, Simoneau,
Harvey, and Gi‘ahaml4 confirmed an axial substitutional site
for 02. In preliminary experiments with O2 in a CO iattice, ,

they found results almost identical to those in a N, lattice.

2
Samples were also prepared with argon and CD4 matrices;
however, these data 'showed no distinctive features and were
not amenable to analysis.'" Hence, Simoneau et al. concluded
there was no evidence here of an axial site about the O2
molecule. This result 1s consistent with our choice of a

cubic field for O, in methane, but unfortunately it gives

2

only a vague upper limit to the constant for the cubic field.
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While it is not possible to set a quantitative value
for the field strength, it is apparent from Fig. 1 that the
»heét Capacity contribution from a small percentage of oxygen
will not be large and that the value for freely rotating
molecules will set an upper 1limit near 1°K. Since the peak

observed by Vogt and PitzerZf

'8 for methane containing 0.8%
Oz'occurs essentially at 1°K, as shown in Fig. 3; their use
of the ffee—rotation heat capacity for the.small contribution
from oxygen seems justified.

In view of the particular interest 1in this anomaly in
methane near 1°K, we have calculated the population of oxygen

in each of several low—energy states. These results are

given in Table II.



C (cal/deg-mole)
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Temperature (°K) 560533
Figure 3. The heat capacity of methdne

catalyzed for spin specics conversion.

From Vogt and Pitzer.
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TABLE II. Relative population of the first six levels at
T = 1°K for various field strengths '

1

XOh(cm )
K J Degen. 0 - 20 100 500
1 0 (1) 800 .793 726 .488
1 2 (3) 145 245 . 499
.192 -
1 2 (2) .054 021 .006
1 1 (3) .008 .008 008 007
32 (3) » 5x107°  7x10%  5x107t
3 x 10 10 |
10 6 x 10711 6 x 10719

3 2 (2) : 1 x 10




ITI. Mechanism for Oxygen-Catalyzed Spin Conversion in Methane

Bloembergen15 first considered the theory of nuclear
spin relaxation via paramégnetic ion impurities.. It was
poStulated that nucleér spins within a certain radius Ré of
the_impurity relaxed rapidly via a nuclear-spin-dipole inter-
acting with an impurity electronic spin dipole. Then distant
spins are relaxed by'spin diffusion. This picture has becen
refined® but not éhanged basiCaliy. |

Motizuki and Nagamiya17 have de;cribed the theory of
oxygen-induced spin conversion in solid ortho-para hydrogén.
The description of oxygen-catalyzed spin conversion in methane
is formally the same. However, the‘interaction with oxygen>
involves four protons in methane and must be averaged over
the more complex rotational motion of methane.

In géneral the spin change fér prdtons in methane hay
be induced by an oscillating magnetic field. ‘The unpairéd
electron spins of oxygen yield an inhomogeneous magnetic
field. Oscillations in this field at any given'proton can
arise from rotation of either the methane or oxygen or
oscillation in the distance between them. Since we seek only
a qualitative picture of.the convérsidn process we have nét
investigated ali of these aspects. Rather we follow Motizuki
and Nagamiya17 and consider only the rotation of the methane
together with the energy requirements including phonons. Pre-.
sumably the detailed consideration of oxygen rotation and

lattice vibration would enhance the rate.

15
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.AlsO‘the rotation of both oxygen and methane molecules
is preSumably restricted somewhat in the lattice. A restricted
‘rotational wave function can be expressed in a series where the
leaaing term is the function for free rotation of the.apprqpriate
symmetry, etc. While é quantitative evaluation of the‘rate'
of cohvefSion would require use of the functions for restricted
rotétion, the QualitatiVe pattern should be correctly given
by use of the leading terms alone.and we use this approximation
throughout this section. |

While our treatment will apply to all states at moderate
energy, we have worked out the details 6nly for the low-energy
states which are populated near 1°K and are important in |

spin-species conversion of methane on D 4 sites. We will be

2
particularly interested in the catalytic effectiveness of
‘oxygen in the ground state with J = 0 since this is a non-
degenerate state of zero total angular momentum.

Before considering the nature of the Hamiltonian in.

detail, a description of the methane molecule is necessary.
A. The Methane Wave Functions

Wilson18 described the spin statistics for methane
using the methods of grdup theory. The four profon spins
couple to yield 24 = 16 possible spin functions for‘the CH4
molecule. These 16 wave functions belohg to one of the three
irreducible representations of the T group. There are five
A states which correspond to nuclear spin I = 2, thrce sets

of T states (I = 1) and one set of E states (I = 0). The
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rotational wave functions |JKM> of methane are those of a
spherical top molecule. Since the product of rotational and
spin functions must have symmetry A, oﬁly certain spin-species
are allowed for a given rotational level.

More detéiled definitions of the rotationai and spin wave
functions for methane have bcén given by several authors.lg'21
Since we are interested in behavior at very low tecmperature,

we give primary attention to the states with J = 0 and 1 of
spin symmetry A and T, respectively." |

The rotational function for J = 0 is just 1/2mw and’the

spin functions are the totally symmetric__functions20 with

I =2andm =2,1, 0, -1, and -2 which we write as |AmI>;

The product for w(J,mJ,mI) is then |
p(00my) = (1/2m) lAmI>. (6)

For the nine states with J = 1 and spin symmetry T the
situation is hore complex. It 1s convenient toAchoose both
the spin and rotation funétions in forms that transform as.
the Cartesian coordinates in‘the molecule-fixed frame shown
in Fig. 4. The spin functions ITx,mI>, etc., are given
explicitly in Table 111. 20

The rotational wave functions of a spherical-top mpleculc

may be expressed in terms of the normalized D function521’22

_ L1111/2
Joxm> = o) (fagyd), - [%lfll]
i n

where the Euler angles {oBy} describe the molecular orienta-

tion with respect to a space-fixed reference axis. We adopt

D(J)[{aﬂy}]K M (7)

17
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TABLE III. The CH4 spin functions of symmetry T

|T, 1> = %{(aaaB + aBaa) - (aoBa

. + Baaa)]
|, 0> ='/% (aBaB - BaBa)

IT,-15 = 2[(aBBB + BBaB) - (BuBB + BBEa)]
|T, 1> = %[(aaa8_+‘§aaa) - (adBa + aBao)]
V2
|T,-1> = Z[(BaBE + BBa)

(BaaB - aBfa)

(aBBB + BBBa)]

|T. 1> = %[(aaas + aaBa) - (oBaa + Booa)]

T, 0> - /% (aaBB - BRoa) | |
T,-1> = L[(aBBB + BuBB) - (BBaB + BBEw)]




20

the convention of Edmonds23 for defining'the D function iﬁ
Eq. (7). | | |

Yamamoto and Katakoa21 have shown that the appropriate
linear combinations of |JKM> which transform as x, y and z

for J = 1 are

o8 - oy | (52
oy =
R o
where
-—-[—-—-—-11 PR Bl oo
lp(J) [(2J+1) DS{&' | (9b)

M can take on the values 1, 0, -1, for J =‘1, yielding nine
rotational wave functions, three sets which transform as.
either x, y, or z.

of J =1 which are

of overall A symmetry would transform as x2 + y2v¥ z2 or {or

The product wave functions, wrotwspih

w(lmeI) = 3 / (w(l) ]T my> + w(l) ITymI>

5121 [T mg>). | (10)

Since my = M and independently m, may take on values -1, 0,

1
or 1, there are 9 states in all.



B. The Methane-Oxygen Dipoie-Dipolé Interaction

The interaction between two dipoles has been described
in Eq. (2). The magnetic moment My is that of the oxygen |
molecule which interacts with the proton spin magnetic moment
uz_of a CH4 molecule. The proton magnetic moment My 1s
proportional to the nuclear spin moment I. While the O

2
magnetic moment has contributions from both the unpaired

LY

electron-spin angular momentum and the rotational.angular
momentum, the dominant term is the electron-spin magnetic
moment which is proportional to the electron spih angular
momentum S.

The interaction between an 0, and CH, molecule is the

sum of the interactions between the oxygen electron-spin and

each of the four protons as labeled in Fig. 4.
4
#(0,-CH,) = hzl 1(S,1_) . (11)

If we recast Eq. (3) in Cartesian coordinatesg’17 we can

write the oxygen interaction with the nth proton as

0(S,1.) = s1. -t +stt E;;EE;
(5,1,) = "8.BELBy (S, z,n % n n)] RO
n
[ (X_-iY. )z (X_+iY )z
3 + n n - - n n n
-7 (81 ,n+SzIn) RO + (S Iz,n+SzIn) RS
n ’
[ (X_-iv )2 (x_+1Y )2
i % S+I; n n + S In n n (12)
R RO
i n n




where geB§ and ngNl are the electron and proton magnetic
moments and the coordinates are for the relative distance
'ffom_the n-th protbn to the electron spin centered on the
oxygen.-

As we proceed to evaluate this expreésion for the
oxygen-methane interéction, let us consider the oxygen

transitions which can occur in the process.

“

C. Spin-Allowed Transition for Oxygen

The allowed oxygen-induced methane transitions are those

non-vanishing matrix elements
<¢i|K(02-CH4)|¢j> f 0. (13)

The wave functions for the system are a product of oxygen

and methane wave functions

22

Usystem " V(0z) Vot lpspin(cnzl)'v o (14)

.'The appropriate methane wave funttions‘have been described
above.‘ The . oxygen wave functions are those obtained'from
diagonalizing the Hamiltonian for oxygen as discussed in
"Section II. We now consider only free rotation and give 1in
Table IV the results for K =1, J =0, i.v Note that the

complete function is designated by |J m.> whereas the terms

J

on ﬁhg right are lmeS>.
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TABLE IV. Oxygen wave functions for the K=1
rotational level with J=0 and 1

I my> |mymg>

100> = 37 /2 1-1> + Joo> - |-115)
111> = 27221105 - J01>)
110> = 27/2(j1-1> 1 |-115)

11-1> = 27Y2(Jo-1> - |-105)

Only the spin part of the interaction Hamiltonian
(Eq. 12) will affect the oxygen wave functioﬁ since we have
assumed okygen is fixed relative to the rotating methanec.
We seek the oxygen ''spin-allowed" transitions which are
- permitted by the S(OZ)-operator where S operafes only on

The S, s* and S~ operators yield

the spin projection Mg .

S, [my mg> = mg |myme> | (15a)

1/2

+ . L : v
S ImK me> [S(S+1) - mS(mS+1)] |meS+1> (15b)
1/2

S~|mK mg+1> = [S(S+1) - ms(msfl)] ]meS> -~ (15c)

P A . +
Thus we find non-vanishing matrix elements for S~ if

AmS = +1 and for SZ if Ams

of the wave functions given in Table 111, we find that the

= 0 but mg # 0. On substitution

following transitions arc allowed between the |00> and IJmI>

states



24

’<1olsz|00> = (2/3)1/2, Amg = 0 - (16a)
<11ys*joos = 273172, bmg = 1 (16b)
<1-1|s 00> = 27312, amg = -1 (16¢)

Results for some states with higher J are given elsewhere. >

In general the selection rule for the states of O, is AJ = *1,

2
0 but with J = 0 toJ = 0 forbidden.

For a state with J = 0 the total angular momentum, spin +
rotation, add to zero and would seem“"spherical". However,
the oxygen molecule's coupling with a methane proton is.
essentially via its electron-spin magnetic dipéie which 1is
“much stronger than its rotation-induced dipole. The individual
components of the J = 0 state; spin and rotation, are not
zero, and héncé this "weighted" interaction provides a
mechanism for catalyzing conversion. Thus the J = 0 ground
state may participate in a dipole-dipole interactipon inducing

methane spin conversions but requires a simultaneous transition

to aJ =1 level.
D. Spin-Rotation Transitions for Methane

Our baéic assumption that the oxygen molecule was
stationary for the time of an oxygen-methane transition
allowed us to consider in detail just the spin factor for 02.
This is not possible for methane; rather we must consider in
detaill both the spin‘and rotation functions. An appropriate

coordinate system is adopted, consistent with Fig. 4, and

the corresponding transformations are made for the coordinatcs
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of each of the four protons. The details of this'lengthy
procedure will not be given here but are outlinedbin the
Appendix and described in greater detail elsewhere.5 The
results are presented in Table V fof‘theiallowed transitions
between J = 0 and J = 1 levels of methane. |
Ianéb1¢_V the factor ar;sing froﬁ the oxygen is given
as <S>, <S>, or <§7> which are abbreviations for the
expressions in Eq. (16a, b, c). The factor A arises from

the methane functions and 1is

1/2

A =6 gengBN r/R4 ’ E (17)

where r is the C-H distance in methane, 1.1 R, énd R is the
distance from the methane to the oxygen molecule.

Our treatment is incomplete in that we havc ignored the
phonon absorption or‘emission and the.oscillatioﬁs in R and
possibly other coordinates which would be involved. The
phonon energies required for these low-level transitions are
well within the elastic orracoustic band for solid methane;z4
hence, the transitions will remain allowed, bui the quanti-
tative transition prdbabilities will be affected. Also it

is necessary to consider the phonon population at a given

temperature when phonons are absorbed.



TABLE V. Oxygen-induced transitions for methane
between the J=0 and J=1 levels

Initial Final Transition
State State " Matrix
J=0 _ J=1 Element
mI ) mJ mI
.
+2 0 +1 +A<S™ >
+2 +1 +1 21/2 A<S >
+1 0 +1 - 2A<SZ>
1 0 0 +27 12 pogts
+1 +1 +1 12712 pcsts
+1 +1 0 A<SZ>
1 i1 1 +2 12 pcgts
0 0 0 (a/3/2y A<S >
0 0 +1 16712 pcsts
0 +1 0 +(2/3)1 2 acs™s
0 1 i 371/2

+ K /\<SZ>
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IV. Conclusions and Discussion

We are now in a position to consider'thé actual spin-
species transformation in oxygen-doped solid methane at low
temperature. The structure of methane below 20.4°K was
described in’fhe Introduction. We consider first the methane

molecules on D,4 sites as the temperature is lowered near

1°K. The important features for_CH4 and O2 are shown in

Fig. 5; a phonon must also be abs;rbed or emitted to conéérve
energy. From Table II it is seen that there are appreciable
populations of all of the éiygen states arising from XK =1
at 1°K. Thus the methane transition from T to A spin-species
(J from 1 to 0) can arise from several differcent oxygen
transitions with appropriate phonon absorption or emission.
As the temperature drops eve? lower, at about 0.3°K,
however, fﬁis process wbuld become much slower. Now the
oxygen molecules are almost entirély in the J=O state with
only 0.02% in the J=2 states at 2.1 cm_l'and only one part
in 108 in the J=1 states at 4 cm_l. Phonons of these energiés
are comparably rare. Thus processes starting with oxygen 1in
the J=1 state will become very slow.  Processes startinngith
oxygen in the J=2 state will be slowed less, but the popu-
lation in this state is only 0.02%? Processeé starting with
oxygen in tﬁe J=0 state'require-absofption of a phonon of
energy 4-1.3 = 2.7 cm-l'and the population of such phonons
will be shall. |

While our calculations allow only qualitative conclusions

it is apparent that all of the conversion processcs considered

27
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J=1(T)
lLch" ,
J=0 (A) S -0

CH, (Dpy) | 0,

Fig. 5



above will become markedly slower as the temperature decreaées
below 0.3°K. Thus it seems likely that on a laboratory time
scale the spin-species population of methane would be ffozen
at a level in the range 0.1 to 0.3°K even if cooled further
in the presence of oxygen. If conversion continued in this
temperature range it would have to be by a mechaniém dif-
fefent‘than the one here considered. Above about 0.3°K,
however, a reasonéble conversion rate is expected as
explainéd above.

For the molecules on Oh sites the diagram of Fig. 5 1s
- modified by increasing-the energy change for methane to about
9 cm-1 instead of 1.3. The thermal excitation of these

molecules in Oh sites occurs at higher temperatures where

the necessary phonon energy will be available. Hence, oxygen .

catalysis should be effective for the conversion of these
molecules.

Our_results‘shouldibe useful in consideting other
properties of oxygen—doped‘methane at low temperatdres but we

will not carry the discussion further.
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APPENDIX
Spin-Rotation Transitions in Methane

Sincé the relative distances change as methane rotates
and must be taken into account in the evaluation of the
transition matrix elements, it is more convenient to express
the relatife coordinates (Xn, Yn’ Zn) in terms of the center
of mass coordinates (0,0,R) and the internal coordinates
(xn, Y zn) which describe CH4 rétagion. For simplicity we
have assumed the center of the CH4 molecule remains a fixed

distance R apart along the z above the oxygen molecule.

axis

If a proton initially positioned at (xn » Y, 0 Zp ) at
o 0 o

FEuler angle (0, 0, 0) (Fig. 4) is rotated through the Euler

angles (o, B, Y), the final position of the n-th proton
(xn, Yo zn) can be related to its initial coordinates via
the rotational transformation matrices which describe the
rotation through the angles (a, 8, y). Using Egqs. 7 and 8
we find that the reiative coordinates (Xn + iYn) and Zn nay

be expressed in terms of the 1initial proton coordinates and

the methane rotational wave functions
(X + iY) =-T-§'_'n_xb ¥ +y ll) +'z V]
n - n /3\ 0, xX,t1 n y,*l - “n z,+1

_ 2nv2
Iy = R * /3 (Xno l‘bx,o * Yn wy,o oz 'wz,o)

In addition we assume as a first approximation Rn = R where

it appears in the denominator in Lq. (12).
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To evaluate the allowed A «+» T spin transition hatrix
elements, let us look at the allowed transition from a J=0
|A2> spin state of CH, due to the Hamiltonian term in Eqs.
(11, 12) " | .

4 [R2-322 e e
gefeyfy ) (s ) (5,1, /4 (TSI (A3)
n

Oniy the I; term allows |A2> - T transitions. Using the

~

above expression for Zn (Eq. A2)

2 _ 2 4nv/2
Zn = R” + 73 (xno wx,o + yn

v vz
o }’,O Ill0 Z,O)

_ 2
2nv/2
V3 (xno ?x,0.+ n

o+

: 2
o wy,o +.Zn0 l,)Z,O) | (A4)

When thié expression is substituted in Eq.'(AS) theiRZ-term
will allow only A «» A tranéitions. In fact, only thg second
term will allow a J=0 > J=1 trénsition. This may bé seen as
fdllows: | | |

Recall that.the J=1 pfoduct fuﬁctions are of the_fbrm

given in Eq. (10). In evaluating the matrix element

<lprot(J=1) wspin(TmI)] g (Xno lpx,o'+ Yn

Y t oz v, o
o YO n_ “z,0

* Ll ¥poe(9=0) v

spin (AZ)?

as we perform the sum, the spin term <TmI|I;|A2> requires
that the resultant mi=1. The orthogonality of the rotational
wave functions requires m,=0. The value of the transition

]

matrix element is <wé |S+|qvO >(A) where A was. given in Lq. (]7).
2 2 ,



The third term in the expansion of’Zﬁ will not contribute

to a J=1 transition. If one expands the third term in Eq. (A4)
2 -

we find no A <+ T contributions are allowed for the ) X, I
‘ n 0
terms and similarly for the Yn 2 and 2N 2 terms. Using the
: o o
definitions in Eqs. (7-9) the cross terms (xn Yo » Xn Zp o
0 o} o 0

Yo Zn ) yield integrals of the product of threec D functions,
0 o _

Using various properties of the 3-j symbols23 the cross terms
are also seen to vanish. .

The other allowed A » T transitions (Table V) are
evaluated in similar fashion. In fact all of the spin allowed

transitions <wspin(T)[In|w (A)> follow a similar pattern,

spiln
and any of the allowed methane transitions from a J=0 to a
J=1 rotational level can be readily described in terms of

one of three different categories.
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- FIGURE CAPTIONS

The fine stfucture splittihg of oxygen in a

~cubic field. Degeneracies are given in

parentheses.
The heat éapacity of oxygen in a cubic field.

The heat capacity of methdne catalyzed for
spin species conversion. From Vogt and

'Pitzer.Zf

The orientation of-a methane molecule reactive
to the molecule-fixed frame. The carbon atom

at the origin is not shown.

Enefgy levels for molecules in solid methane

with allowed spin conversion processes.
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