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Solid parahydrogen is an excellent matrix for matrix-isolation spectroscopy because of its high

spectral resolution. Here, we describe rovibrational structure and the nuclear spin conversion of CH,

embedded in parahydrogen crystals studied by infrared absorption spectroscopy. The vibration-rotation

absorptions of CH, exhibit time-dependent intensity changes at 4.8 K. These changes are interpreted to

be a result of the 7 =1 - I =2 nuclear spin conversion which accompanies the J =1 - J = 0 rotational

relaxation. The half-lifetime of the upper J = 1 rotational state is unchanged by the addition of up to 2%

orthohydrogen molecules, but decreases with more than 10% orthohydrogen molecules. The increase of

the decay rate at higher orthohydrogen concentration indicates that the magnetic field gradient across

CH, caused by orthohydrogen molecules mixes the nuclear spin states which accelerate the conversion.

PACS: 33.20.Ea, 33.70.—w, 82.20.Rp

1.Introduction

Matrix isolation spectroscopy at cryogenic tem-
peratures has grown to be a methodology for a
variety of applications in the field of molecular
spectroscopy. Its application to the study of unsta-
ble molecules has piloted gas-phase spectros-
copy [1]. Not only unstable but also stable mole-
cules in cryogenic matrices have been the subject of
studies for understanding the physics and chemistry
in condensed phase [2].

In the early works by Lewis in the 1940’s,
organic molecular solids were used as the isolation
matrices [3]. Rare gas matrices, which were intro-
duced by Pimentel and his co-workers [4], have
been widely used in recent studies because of their
chemically inert property and weak perturbations.
The interaction from the environment, however, is
not small due to the proximity of surrounding
atoms and molecules, which makes the spectral
linewidths of matrix isolated species broader than
those in the gas phase. The typical linewidth of
vibrational transitions in rare gas matrices is on the
order of 0.1—1 cm™'. Spectra in condensed phase
must contain many important information such as
intermolecular interactions and hindered motion of
molecules under perturbation of surrounding elec-
trostatic potentials. Unfortunately, the broadening
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of spectra wipes out most of the fine spectral
structures containing such information.

Recently, it was found that the spectra of mole-
cules in parahydrogen crystals are surprisingly
sharp as was initially noted by Oka and his co-
workers [5-7]. They have studied parahydrogen
crystals using high-resolution infrared and Raman
spectroscopy and showed that not only the parahy-
drogen itself but also isotopic impurities such as
orthohydrogen and deuterated hydrogen in parahy-
drogen crystals exhibit sharp absorption fea-
tures [8,9]. The sharpest transition so far observed
is the absorption of deuterated hydrogen, whose
width is only 4 MHz (full width at half of the
maximum, FWHM) [8]. The width is almost two
orders of magnitude narrower than that of Doppler
limited gas phase spectra.

The sharp linewidth indicates parahydrogen crys-
tals are a promising medium for high-resolution
matrix isolation spectroscopy [7,10]. Following the
work of the group in Chicago, the authors’ group in
Kyoto [11] and Fajardo’s group at Edwards Air
Force Base [12,13] have independently initiated
high-resolution spectroscopic studies of atoms and
molecules embedded in parahydrogen crystals. We
showed that most of the spectral width of molecules
in parahydrogen crystals are sharper than



0.01 cm™! at low temperatures [14]. The spectral
resolution of 0.01 em™ is high enough to discuss
intermolecular interactions and molecular motions
in the condensed phase in great detail [11].

In a series of papers, we have extensively studied
rotation-vibration transitions of methane molecules
embedded in parahydrogen crystals by high-resolu-
tion infrared absorption spectroscopy [14—19]. The
analysis of observed spectra reveals that the rota-
tional energy levels of the methane is fully quan-
tized, having the rotational quantum number J as a
good quantum number. Here, we again discuss
methane molecules in parahydrogen crystals, but we
focus on the nuclear spin conversion of methane.

In the case of CH, the four equivalent protons
can be coupled into three nuclear spin states,
I=0,1, and 2. The Pauli principle requires that
only certain nuclear spin wavefunction couples with
any particular electron-vibration-rotation wave-
functions [20,21]. As a result, the J = 0 rotational
state is associated with the I = 2 nuclear spin quin-
tet state and the J = 1 state is the I = 1 triplet state,
while the J =2 state is coupled with both the
I =1 triplet state and the I = 0 singlet state. Even
if the temperature is lowered sufficiently, the equi-
librium distribution cannot be achieved because
conversion among the different nuclear spin states is
forbidden [22]. Only weak nuclear spin-nuclear
spin magnetic interaction and spin-rotation interac-
tion may cause the conversion among different nu-
clear spin states in the gas phase [23-25]. In con-
densed phases, evidence for the triplet (I =1) -
quintet (I = 2) transition in solid methane has been
observed by proton magnetic resonance spectros-
copy [26—34]. The transition of methane in solid
argon and krypton were observed by infrared spec-
troscopy [35,36]. The conversion time of about
100 min has been reported in these condensed
phases, which is still a slow process compared with
other relaxations.

In a previous paper [16] we briefly reported the
fact that the J = 1 rotational level is populated in
spite of the null Boltzmann factor at the observed
temperature, and that the population of the J =1
rotational level decreases upon time which can be
attributed to a relaxation of rotational energy ac-
companying a nuclear spin conversion. The present
article presents additional data and arguments to
address that existence of impurity orthohydrogen in
parahydrogen crystal increases the conversion rate.

In Sec. 2, we briefly describe the properties of
parahydrogen crystals to manifest the usefulness of
parahydrogen matrix for isolation spectroscopy. Ex-
perimental details are given in Sec. 3. In Sec. 4,
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infrared absorption spectra of CH, embedded in
parahydrogen crystal and their analyses are briefly
overviewed. Analysis and discussion on the nuclear
spin conversion are given in Sec. 5.

2. Parahydrogen matrix

There are two kinds of hydrogen molecules exis-
ting in nature: para- and orthohydrogen. The para-
hydrogen molecule possesses a nuclear spin angular
momentum of I =0, while the orthohydrogen is
that of I =1. Because the total wavefunction of
H, has to be antisymmetric with respect to the
permutation of hydrogen atoms, the parahydrogen
in its ground electronic state is associated with the
rotational states of even quantum numbers, while
the orthohydrogen is associated with odd numbers.
Since the interconversion between [ =0 and I =1
nuclear spin states is very slow in the absence of an
external magnetic field, the parahydrogen and or-
thohydrogen can be considered to be different mole-
cules under normal conditions. Since the rotational
constants of hydrogen molecules is as large as
60 cm™' [37], the para- and orthohydrogen occupy
rotational quantum numbers of J =0 and J =1,
respectively, at liquid He temperatures. Herein, the
terms para- and orthohydrogen are used to signify
hydrogen molecules with J =0 and J =1, respec-
tively.

Since the parahydrogen with the rotational quan-
tum number J =0 has no permanent electric mo-
ments of any order, we consider the molecule to be
spherical, like rare gas atoms. Due to the spherical
nature of parahydrogen, the crystal of parahydrogen
provides a homogeneous environment for a guest
molecule. On the other hand, the orthohydrogen
with the rotational quantum number J =1 has a
permanent quadrupole moment [38]. Thus, the in-
teraction influenced by orthohydrogen is stronger
than that by parahydrogen. From the spectroscopic
point of view, the existence of orthohydrogen in the
crystal causes additional broadening due to the
quadrupolar interaction [8]. Therefore, it is desired
that the concentration of orthohydrogen be as low
as possible. The concentration of orthohydrogen can
be reduced to less than 0.05% by using an ortho-
para converter [11,13] operated at 13.8 K.

The crystal structure of pure parahydrogen is a
complete hexagonal close packed (hcp) as has been
proved spectroscopically [6]. The lattice constant of
solid hydrogen (3.78 A ) is considerably large com-
pared with that of Ne (3.16 A). The large lattice
constant of hydrogen results from large zero-point
lattice vibration due to the small mass of H, . The
large lattice constant of parahydrogen provides
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more free space for a guest molecule compared with
other matrices.

The importance of parahydrogen as the matrix
for infrared spectroscopy was first proposed by Oka
et al. [7,10], and has been proved by the authors’
group [11,16] and Fajardo’s group [12,13]. Inde-
pendently, Miyazaki et al. found that the parahy-
drogen matrix is useful for ESR spectroscopy be-
cause parahydrogen does not have any magnetic
moments which cause a broadening of ESR line-
widths [39].

Visible and UV spectroscopy of atoms in solid
hydrogen has been conducted by Fajardo et al. They
have studied the reactive dynamics of dopants in
solid hydrogen with the ultimate aim of finding
high-performance rocket propellant [40].

Infrared studies of rovibrational transitions of
molecules isolated in parahydrogen crystals have
been developed by the authors’ group and Fajardo’s
group, independently. Techniques for making para-
hydrogen crystals in two groups are different. In
Kyoto, we made crystal in an enclosed cell as is
described in the next section [11,16]. In the Ed-
wards Air Force Base research, Fajardo developed a
technique to grow transparent crystals on a cold
surface in an open vacuum. Due to the relatively
high vapor pressure of H, even at liquid He tem-
peratures [41], the standard deposition technique
which is usually employed for isolation spectros-
copy of rare gas matrices can not be applied
straightforwardly. Fajardo found a condition for
growing completely transparent crystals of millime-
ter-thickness by controlling the deposition rate and
the temperature of the substrate [13]. On the other
hand, our enclosed cell technique allows us to grow
crystals at a higher temperature which keeps the
equilibrium between gas and solid phases without
encountering the problem of vaporization of sam-
ples.

The two methods have their own advantages and
disadvantages. The advantage of growing crystal in
an enclosed cell is that the crystal structure sur-
rounding guest molecules becomes completely
hep [16]. Therefore the fine structure of the ob-
served spectra in an enclosed cell are the subject of
a quantitative analysis of molecular interaction and
molecular motions in condensed phase based on the
first principle. Crystals grown by Fajardo’s deposi-
tion technique are found to be a mixture of hcp and
fce structures [19]. The different environment sur-
rounding embedded molecules causes extra transi-
tions, which makes the quantitative analysis of the
spectra more difficult. On the other hand, one can
dope any molecules in solid hydrogen by the depo-
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sition technique, while a very limited number of
molecules can be isolated by our enclosed cell tech-
nique.

3. Experiments

Parahydrogen crystals were grown in a cylindri-
cal copper cell with both ends enclosed by BaF,
windows with indium gaskets. The pure parahydro-
gen gas containing orthohydrogen of less than
0.05% was obtained by passing high purity
(> 99.9995%) normal hydrogen gas through an
ortho-para converter at 14 K. A detail of the con-
verter is given in a previous review article [11].
About 10 ppm of methane was mixed with the
converted hydrogen gas at room temperature. Also
the concentration of orthohydrogen higher than
0.05% was controlled by adding normal hydrogen to
the converted parahydrogen gas. Then, the mixed
gas was continuously introduced into the copper
cell installed under the cold surface of a standard
Dewar-type liquid He cryostat. The temperature of
the cell was kept at 8 K during the crystal growth,
which takes about 2 hours. The typical flow rate of
the gas was 100 cm3 /min. The crystal, which was
completely transparent, was grown from the copper
wall toward the inside. The crystal thus grown was
a completely hexagonal close-packed structure as
proved by the stimulated Raman gain spectroscopy
of Q,(0) transition [6] and infrared absorption of
methane in the crystal [16,19]. The c-axis of the
crystal is along the direction of crystal growth.

Infrared absorption spectra were observed by a
Fourier transform infrared (FTIR) spectrometer
(Nicolet Magna 750) with a resolution of
0.25 cm™!. A globar source, KBr beam splitter and
a liquid N,, cooled HgCdTe (MCT) detector were
used for recordings. All the measurements were
done at 4.8 K.

In an experiment to determine the concentration
dependence of orthohydrogen impurity on the con-
version rate, orthohydrogen molecules were added
to the premixed gas in the concentrations of 0.05,
0.2, 2, 10, 20, 30 and 75%, while maintaining the
concentration of CH,. The conversion rate was
followed by observing the relative intensities of the
FTIR absorption of the lines arising from different
nuclear spin states. Several spectra were recorded
for each sample intermittently at reasonably sepa-
rated times. One recording took about 10 minutes.
During the interval of the recordings, the globar
source was turned off in order to avoid conversion
due to photoexcitation by the globar light.
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4. Observed spectra and rovibrational energy
levels of methane

Since the intermolecular distance of solid hydro-
gen of 3.78 A is significantly larger than the van
der Waals diameter of methane at about 3.24 A,
methane molecules can rotate almost freely in para-
hydrogen crystals [42]. In previous papers, we have
shown that the rotational quantum number J of the
methane is still a good quantum number in parahy-
drogen crystals and that the effective rotational
constant is only 10% smaller than that in free
space [15,16,18].

Figure 1 shows an FTIR spectrum of the v, band
of methane in a parahydrogen crystal. The orthohy-
drogen concentration is 0.05%. The large splitting
of about 9 cm™' is assigned to the rotational
branches of methane; transitions at around 3008
em™' are assigned to P(1), those at around
3017 cm™! to Q(1), those at around 3025 cm™ to
R(0), and those at higher than 3031 em™! to R(1).
Small splittings of 0.5 cm™ appearing in each rota-
tional branches are the splitting of M quantum
numbers of methane, which is the projection of the
rotational quantum number J along the crystal axis.

R(0)
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R(1)

pP(1) j\
NS S

[ e e T M
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Fig. 1. Infrared absorption spectrum of the v, transition of CH,
embedded in parahydrogen crystal. The orthohydrogen concen-
tration is 0.05%. The spectral resolution is 0.25 cm™.

The splitting of the M sublevels is caused by the
crystal field of solid parahydrogen.

All the transitions appearing in Fig. 1 can be
quantitatively interpreted by assuming that me-
thane occupies a substitutional site of the hcp crys-
tal structure of solid hydrogen, and the methane
having T, symmetry rotates freely under the crystal
field of D, symmetry. In this case, the first anisot-
ropic crystal field potential is found to be

1
V(Q) =, 5@35?’3(9) - DY) (@) + DY ,(Q) - D(_Z’,_3<Q)@=
=€ v6 [F 2 cos 2X cos 0 cos 3¢ + sin 2 O + cos® 80sin 3¢Usin O 1)
3¢ 4 [0 51 U U

where Q = (X, 6, ¢) is the Euler angle of methane
relative to the crystal axis and D(l) Q) is Wigner’s
rotation matrix [43]. The deflmtlon of the Euler
angles and of Wigner’s rotation matrix is the same
as employed by Hougen [44]. The symbol €, is a
crystal field parameter to be determined by analysis
of the observed spectra. Equation (1) can be easily
derived with the use of the extended group the-
ory [15,45].

The interaction potential V(Q) in Eq. (1) causes
the splittings of degenerate M-sublevels of the
spherical rotor in the free space. The rotational
energy levels in the ground vibrational state can be
calculated as the ejgenvalues of the matrix of
Hamiltonian H = B"J? + V(Q) where J is the rota-
tional angular momentum operator and B" is the
rotational constant of the ground state. The rota-
tional levels in the triply degenerate excited vibra-
tional states can be obtained by taking into account
the Coriolis interaction in addition to the rotational
Hamiltonian. In a previous paper, we have deter-
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mined molecular constants of methane and the crys-
tal field parameter, €, , by the least-squares fitting
of the observed transition wavenumbers with the
use of the crystal field potential given in
Eq. (1) [16]. Refer to our previous papers for a
complete analysis [15,16].

It should be noted that all the observed absorp-
tion lines can be assigned to the rotational branches
and thus the so-called rotationless transi-
tion [46,47] is absent in our spectrum. The rotation-
less transitions have been observed in the case of
water isolated in rare gas matrices [46,47]. Re-
cently, it was observed that H,O in solid parahy-
drogen also showed a rotationless transition [48].
The presence of rotationless transitions were inter-
preted as molecules are firmly trapped in interstitial
sites of the lattice. The absence of the rotationless
transition in the case of methane in parahydrogen
crystals confirms that methane occupies a substitu-
tional site of the crystal, but not any interstitial
sites.
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Fig. 2. A temporal behavior of the v, transition of CH, in para-
hydrogen crystals with orthohydrogen concentration of 0.05%
(@) and 10% (b). The solid line is the spectrum observed just
after crystal growth. The dotted line is the spectrum observed 2
hours after crystal growth. Sharp spikes are due to the absorp-
tion of moisture in the air.

Figure 2 represents a time dependent change of
spectral structure for the v, transition (spectra of
crystals with the ortho concentration of 0.05% and
10%, respectively). The solid line is the spectrum
observed immediately after the growth of the crys-
tal, while the dotted line is the spectrum observed
2 hours after crystal growth. It is clearly seen that
all the absorptions except those at around
3025 cm™! becomes weak after a few hours, while
the absorptions around 3025 cm™" becomes strong.

In Table 1 the observed integrated intensities of
the R(0) and Q(1) transitions at various times are
given for the crystals with orthohydrogen concen-
trations of 0.05, 0.2, 2.0, 10, 20, 30, and 75%,
respectively. Note that the time when we finished
making crystal was taken as the origin of time
(t =0) given in the second column. It is observed
that the integrated intensity of the R(0) transition
increases with time, while that of the Q(1) transi-
tion decreases. The time-dependent absorption
changes are due to the nuclear spin conversion of
methane. In the next section we discuss the conver-
sion in detail.
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Table 1

Time dependent absorption intensities of CH, in parahydrogen

crystals
ortho
concentration,| Time, min? |I[R(0)]° | I[O(1)]? | Sum® | c(t)?
%
0.05 50 0.104 0.041 | 0.223 | 0.467
85 0.113 0.038 | 0.223|0.506
175 0.137 0.031 | 0.227 | 0.604
205 0.140 0.030 | 0.227 | 0.617
270 0.152 0.027 | 0.230 | 0.660
340 0.161 0.024 | 0.231 |0.698
0.2 32 0.044 0.020 | 0.104 | 0.429
92 0.046 0.015 | 0.088 | 0.521
152 0.052 0.014 | 0.091 | 0.568
2.0 50 0.122 0.048 | 0.261 | 0.467
100 0.138 0.042 | 0.260 | 0.531
160 0.151 0.036 | 0.255|0.591
220 0.161 0.033 | 0.257 | 0.627
270 0.171 0.030 | 0.258 | 0.663
10 60 0.146 0.046 | 0.2790.523
115 0.172 0.040 | 0.288 | 0.597
160 0.184 0.034 | 0.283]0.651
220 0.199 0.029 |0.283 | 0.703
280 0.209 0.023 | 0.276 | 0.758
340 0.205 0.022 | 0.269 | 0.763
20 14 0.143 0.038 | 0.253 | 0.565
74 0.179 0.027 | 0.257 | 0.696
134 0.191 0.020 | 0.249 | 0.767
194 0.198 0.018 | 0.250 | 0.791
30 15 0.598 0.147 | 1.024 | 0.584
75 0.751 0.092 1.018 [ 0.738
135 0.795 0.074 | 1.010|0.787
195 0.809 0.067 | 1.003 | 0.806
255 0.813 0.065 | 1.002 | 0.812
75 6 0.439 0.052 | 0.590 | 0.744
36 0.472 0.045 | 0.603|0.783
66 0.476 0.043 | 0.601 [0.792
96 0.475 0.042 | 0.597 | 0.796

% The time when we finished making crystals was taken as the
origin of time (¢ = 0).
Integrated intensity of all M-sublevels of each transition.
®The value of I[R(0)] + 2.9I[Q(1)] which is supposed to be a
constant irrespective of time after the crystal growth (see
text). The absolute value of the sum varies depending on the
concentration of CH  in crystals.
The mole fraction of J = 0 methane defined in Eq. (2).
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5. Nuclear spin conversion

It is convenient to review the salient features of
the nuclear spin modification of the methane mole-
cule. The Pauli principle requires the total wave-
function of molecules to be antisymmetric to the
permutation of any identical nuclei. It follows the
fact that only certain nuclear spin wavefunction
couples with any particular electron-vibration-rota-
tion wavefunctions. The symmetry of the rotational

wavefunction of a CH, molecule is connected to the
symmetry of the nuclear spin wavefunction by the
requirement that the total wavefunction be anti-
symmetric with respect to the interchange of any
two protons. It was fully discussed by Wilson [20],
that the requirement is met if both rotation and spin
wavefunctions belong to the same representation in
the pure rotational tetrahedral (T) point group. The
two I = 0 states

197172 QBWBBD*' 2(BRaa - CBapl- [Paapl- Coppall- EBO(BO(EE,
47172 H:UBO‘BD*' [(Bapal- CopRal- EBGGB[E,

belong to the irreducible representation E, the nine I = 1 states

47172 M- thaBalk+ fuBaall- oo,

971/2 HﬁBO‘BD_ EBC(BC(EE,
4172 H:BBBO‘D" [BRap+ [RapRO- EUBBBEE ;

47172 Mo~ (haBal- (rBaal+ oo,

2712 TBBo- CRaaBlL,

4712 BB~ CBBapL- [RoBRLH+ AR ,

47172 MoaaBCH+ Cxapal- Caa- Baaall,

2712 [apRERRaal

4712 [IBppal+ [BRapCl- [Rapp- LappAL,

belong to the irreducible representation F, and five I = 2 states

Chooal,

4_1/2%HXGGBD+ (oo Coaalh+ [Baaal,

612 H]WBBDJ, [(BRoad+ [papl+ [Rapal+ EBaaBBEC(BBGEE,
4172 H:BBBO‘D+ [(BRopO+ [BappO+ WBBBEE:

[BRRRL,

belong to the irreducible representation A. There-
fore, the J =0 rotational state having A repre-
sentation in T is combined with I =2 (A) spin
states, the J = 1 rotational states having F repre-
sentation are combined with I =1 (F) spin states,
and the J =2 rotational states having F and F
representations are combined with 7 =0 (E) and
I =1 (F) spin states, respectively.
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The same coupling between rotation and nuclear
spin wavefunctions is required also for a CH, mole-
cule in crystals, since the symmetry of space does
not affect on the symmetry of the permutation of
nuclei within a molecule. In Table 2, the repre-
sentation of rotational wavefunction and the cou-
pled nuclear spin state are listed for J =0, 1, and 2
levels of the ground vibrational state. The first,
second, and third columns show the total rotational
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angular momentum J, the representation of the
rotational wavefunction in the extended group
G [15], and the total nuclear spin angular momen-
tum I, respectively. The J = 0 rotational state is
combined with I =2 spin states, the J =1 rota-
tional states are combined with I =1 spin states,
and the J = 2 rotational states are combined with
either I = 0 or I = 1 spin states. The fourth column
shows the statistical weight of each level [20].

Table 2

Energies and Boltzmann distribution of the vibrational ground
state of CH in parahydrogen crystals

Equilibrium
distribution
7 ra / Statistical | Term Valueb, at 5 K
rot weight em™!
without| after
NSC ¢|NscC ¢
2 EE 0 4 36.448 0.0 0.0
2 EF—2 1 6 31.426 0.0 0.0
2 A1f 0 2 29.527 0.01 | 0.0
2 EF—Z 1 6 28.828 0.0 0.0
2 AF, 1 3 27.789 0.0 0.0
2 EE 0 4 23.501 0.12 | 0.0
1 A2F—1 1 3 9.485 0.16 | 0.03
1 EF—Z 1 6 8.815 0.40 | 0.08
0 |AA | 2 5 0.000 0.31 | 0.89

@ Representation of the rotational wavefunction in the extended
5 group G = ’D'Sh 0 ’@. (See Ref. 15)

Calculated with the molecular parameters obtained in
Ref. 15.
¢ Population of each rotational level at 4.8 K if the nuclear
spin conversion is completely forbidden. The ratio of the
A, F, and E nuclear spin states i assumed to be 5:9:2 at
room temperature [22].
Population of each rotational level at 4.8 K without the
nuclear spin modification.

The fifth column of Table 2 shows the calculated
energies of the ground vibrational state of CH, in
parahydrogen crystals using the previously deter-
mined parameters of B =4.793cm™' and
€, = =258 em™!. Together with the statistical
weight in the fourth column, the population of each
state at any temperature can be calculated. The
equilibrium distribution at 4.8 K with and without
the nuclear spin conversion is given in the sixth and
seventh columns of Table 2. Without the nuclear
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spin modification, the equilibrium Boltzmann dis-
tribution of the ground rotational levels at 4.8 K
has to be 0.89, 0.08, and 0.03 for the J =0 level,
J=1, M=1level and J =1, M =0 level, respec-
tively. However, as is seen in Fig. 1, the spectral
intensity of the P(1), O(1), and R(1), all of which
are transitions from the J = 1 levels, are apparently
stronger than the intensity predicted from the equi-
librium distribution given in the seventh column in
Table 2. This indicates that there is an appreciable
population of the J =1 levels just after the crystal
growth contrary to the 4.8 K Boltzmann distribu-
tion. The non-Boltzmann distribution is due to the
nuclear spin modification.

It is to be noted that no absorption from the
J = 2 rotational states was observed at any time, as
is seen in Fig. 2, although the lowest rotational
state coupled with the I = 0 nuclear spin state is the
J = 2 state. There has to be an appreciable popula-
tion in the J = 2 levels just after the cooling of the
temperature of CH, as is seen in Table 2 [22], but
we have never observed transitions from the J =2
levels. The absence of the J = 2 population may be
explained by fast relaxation from theJ = 2 levels to
J = 1. The J = 2 rotational state is coupled not only
with the I = 0 nuclear spin state but also with the
I =1 nuclear spin states. Due to the proximity
between the I =0 and I = 1 in the J = 2 level, the
nuclear spin-rotation interaction could yield mixing
between the I =0 and I =1 nuclear spin states,
which results in the fast relaxation from the J=2
to J =1 rotational states. The relaxation might be
too fast to observe in our experimental time scale.
In the following, we consider only the conversion
from the J = 1 levels to J = 0.

In order to discuss the nuclear spin conversion
process quantitatively, we define the mole fraction
of the J = 0 state as

(&) =17 =01 A/ =01, +[J=11,) (2

where [J =0], represents the concentration of
J =0 molecules at time #. The mole fraction is
related to integrated absorption intensities as

() =1 [RO), /IRO)], + ATTO(N])  (3)

where I[R(0)], and ITQ(1)], are the integrated in-
tensities of the R(0) and Q(1) transitions, respec-
tively, and A is a constant which is equal to the
ratio of the transition probabilities of R0) and
O(1). Although we do not know the transition
probability exactly, we can estimate it by the fact
that the sum of [J =0], +[J =1],, which is pro-
portional to I[R(0)], + A ITO(1)], , should be con-
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Fig. 3. The time-dependent behavior of J =0 methane mole-
cules at various orthohydrogen concentrations. The solid lines
are the theoretical curves of Eq. (4).

stant at all times. We found that the value of
A =2.9 gives approximately constant values of
I[R(0)], + A ITO(1)], as is seen in the fifth column
of Table 1. Thus, we assume here that the R(0)
transition is 2.9 times stronger than the Q(1) transi-
tion for the v; mode of CH, in parahydrogen
crystals. With the assumption of A = 2.9, the mole
fraction at any given time is obtained as shown in
the last column of Table 1.

The change of the mole fraction upon time is
plotted in Fig. 3 for different orthohydrogen con-
centrations. If we treat the time-dependent change
for methane absorption spectra with first order
kinetics, time dependence of the mole fraction c(t)
may be written as

c(t) = [¢(0) = c(w)] exp (= kt) + () (4)

where % is the sum of the J =1 - J =0 rate and
the / =1 « J =0 rate. In Fig. 3 the best-fit func-
tions of the form of Eq. (4) are also drawn for each
concentration. Here, the value of ¢(») = 0.89, given
in Table 2 as the equilibrium distribution, was as-
sumed for the samples with low orthohydrogen
concentration ( < 10%). For higher orthohydrogen
concentration ( = 10%), we treated the c(w) as a
parameter of the fitting [49]. The conversion rate
k defined in Eq. (4) obtained from the least-squares
fitting method are plotted in Fig. 4 as a function of
the orthohydrogen concentration.

The first order kinetics in Eq. (4) gives accept-
able agreement with all the experimental time de-
pendence as is seen in Fig. 3. This indicates that the
simple first order kinetics is appropriate for the
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Fig. 4. The dependence of the conversion rate upon orthohydro-
gen concentration. The first order kinetics of Eq. (4) was as-
sumed to obtain the conversion rate.

nuclear spin conversion of methane in parahydrogen
crystals.

It is seen in Figs. 3 and 4 that the conversion rate
is unchanged by the addition of up to 2% orthohy-
drogen, but increases with more than 10% orthohy-
drogen. The fact that the conversion rate increases
with the increase of the orthohydrogen concentra-
tion indicates the nuclear spin conversion being
enhanced under the presence of orthohydrogen
molecules. Since the orthohydrogen has a magnetic
moment [38], the magnetic field from the orthohy-
drogen enforces the forbidden spin relaxation from
I=1tol=2.

In order to obtain a qualitative picture of the
effect of orthohydrogen concentration on the spin
conversion rate, it is necessary to know the number
and their distances of orthohydrogen from a me-
thane molecule. Here, we approximate the number
of orthohydrogen assuming the homogeneous distri-
bution of orthohydrogen and methane molecules in
the crystal. If we assume that the crystal structure
is a hexagonal close-packed whose nearest neighbor
distance is 3.783 A , it is roughly obtained that the
average distances between methane and orthohydro-
gen molecules are 9.8 A, 7.2 A, and 6.2 A for con-
centrations of 1, 2, and 5%, respectively. On the
other hand, always one orthohydrogen molecule
exists next to methane in the case of 8%, and two or
more orthohydrogen molecules exist next to me-
thane for more than 16%.

The fact that the conversion rate is unchanged
below 2% indicates that the magnetic field of ortho-
hydrogen is only effective when the orthohydrogen
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is next to methane. The basic interaction which
causes nuclear spin conversion is the intermolecular
magnetic dipole-dipole interaction between protons,
which has been discussed by Wigner for the case of
gas phase H,, spin conversion [50], by Motizuki and
Nagamiya for H, spin conversion in solid hydro-
gen [51], and by Nijman and Berlinsky for CH,
conversion in solid methane [52]. The distance de-
pendence of the conversion rate in condensed phase
caused by the intermolecular magnetic dipole-dipole
interaction has been found to be R™® or hig-
her [51,52]. Therefore, it is reasonable to consider
that the conversion by orthohydrogen is applicable
only for nearest neighbors in our case. Consequent-
ly, we can conclude that the increase of the conver-
sion rate of above 10% orthohydrogen is caused
by the magnetic dipole-dipole interaction between
methane and the nearest neighbor orthohydrogen
molecule(s), while the conversion at lower concen-
tration is caused by other mechanisms.

The mechanisms of the conversion at lower or-
thohydrogen concentrations are not yet clear. One
possibility is the conversion caused by a strong
paramagnetic impurity of O, molecules. Evidently,
trace O, could not be eliminated in our sample. We
guess that the concentration of O, molecules in our
crystal is 1078 or less. In order to clarify the role of
O, impurity, oxygen concentration dependence on
the conversion rate has to be observed. However,
we would like to note that the observed conversion
rate of 300073 min~! at low orthohydrogen concen-
tration is a half of the conversion rate of CH, in
solid Ar matrix of 601073 min~! [36]. The observed
6000~ min~! rate has been interpreted as due to the
spin-spin interaction within the molecule [36].
Therefore, we believe that the conversion rate of
30073 min~! in solid parahydrogen is likely to be
caused by other mechanisms rather than the impu-
rity of O,, molecules.

The data presented in this article is still prelimi-
nary. Further experiments are indispensable for a
quantitative discussion on the mechanisms of the
nuclear spin conversion of CH, . Since the rota-
tional energy levels of methane in parahydrogen
crystals are completely determined, we will be able
to discuss not only the basic mechanisms of the
conversion, but also more finer details such as
rotational M-sublevel dependence on the conver-
sion. Since the parahydrogen crystal has been cha-
racterized much better than any other crystal, the
observed nuclear spin conversion may play a prim-
ing role for a deeper understanding of the nuclear
spin conversion processes in condensed phase.
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