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Solid parahydrogen is an excellent matrix for matrix-isolation spectroscopy because of its high
spectral resolution. Here we describe the rovibrational structure and nuclear spin

conversion of CHHembedded in parahydrogen crystals studied by infrared absorption spectroscopy.
The vibration—rotation absorptions of Gldxhibit time-dependent intensity changes at 4.8

K. These changes are interpreted to be a result of the—1=2 nuclear spin conversion that
accompanies thé=1—J=0 rotational relaxation. The half-lifetime of the uppk&r 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 acrqsdu€hb the
orthohydrogen molecules mixes the nuclear spin states, which accelerates the convers2600 ©
American Institute of Physic§S1063-777X00)00609-3

1. INTRODUCTION The sharp linewidth indicates that parahydrogen crystals

Matrix isolation spectroscopy at cryogenic temperaturesare a prom'i‘?g med'“.’“ for high-resolution matrlx.|solat.|on

has grown to be a methodology for a variety of appIicationsSpeCtrOSCOpy" F?IIOW|ng_the v(;/ltci)rk of th_e gro,up in Chi-

in the field of molecular spectroscopy. Its application to the@90: the a.uthors group '?3 Ky ‘"?‘”d Fajardo’s group at

study of unstable molecules has piloted gas-phas dwards Air Force Bagé ' have independently initiated
igh-resolution spectroscopic studies of atoms and molecules

spectroscopy.Not only unstable but also stable molecules in .
cryogenic matrices have been the subject of studies for une_mbedded in parahydrogen crystals. We showed that most of

derstanding physics and chemistry in the condensed ﬁhaset.he spectral widths Of molecules in parahydrogen crystals are
In the early works by Lewis in the 1940s, organic mo- sharper than 0.01 cnt at low temperature¥’ The spectral

lecular solids were used as the isolation matritBare gas reselution of 0.01 cm is high enough to discuss intermo-
matrices, which were introduced by Pimentel and hislecular interactions and molecular motions in the condensed

co-workers* have been widely used in recent studies becausBNase in great detalf . .
of their chemically inert property and weak perturbations. N @ series of papers we have extensively studied
The interaction from the environment, however, is not smalfrotation—vibration transitions of methane molecules embed-
due to the proximity of surrounding atoms and moleculesded in parahydrogen crystals by high-resolution infrared ab-
which makes the spectral linewidths of matrix-isolated speSOrption spectroscopy** The analysis of observed spectra
cies broader than those in the gas phase. The typical lindeveals that the rotational energy levels of the methane is
width of vibrational transitions in rare gas matrices is on thefully quantized, having the rotational quantum numbeis a
order of 0.1-1 cm*. The spectra in the condensed phasedood quantum number. Here, we again discuss methane mol-
must contain much important information, such as intermo£cules in parahydrogen crystals, but we focus on the nuclear
lecular interactions and hindered motion of molecules unde#pin conversion of methane.
perturbation of the surrounding electrostatic potentials. Un-  In the case of Cli the four equivalent protons can be
fortunately, the broadening of the spectra wipes out most ogoupled into three nuclear spin stat¢s;0, 1, and 2. The
the fine spectral structures containing such information.  Pauli principle requires that only certain nuclear spin wave
Recently, it was found that the spectra of molecules infunctions couple with any particular electron—vibration—
parahydrogen crystals are surprisingly sharp, as was initiallyotation wave-function§>** As a result, the]=0 rotational
noted by Oka and his co-workets’ They studied parahy- state is associated with tHe=2 nuclear spin quintet state
drogen crystals using high-resolution infrared and Ramamnd theJ=1 state is thd =1 ftriplet state, while the)=2
spectroscopy and showed that not only the parahydrogen istate is coupled with both thé=1 triplet state and the
self but also isotopic impurities such as orthohydrogen and=0 singlet state. Even if the temperature is lowered suffi-
deuterated hydrogen in parahydrogen crystals exhibit shargiently, the equilibrium distribution cannot be achieved be-
absorption feature®® The sharpest transition so far observedcause conversion among the different nuclear spin states is
is the absorption of deuterated hydrogen, whose width i$orbidden®? Only weak nuclear spin—nuclear spin magnetic
only 4 MHz (full width at half maximum, FWHM28 The interaction and spin—rotation interaction may cause the con-
width is almost two orders of magnitude narrower than thatversion among different nuclear spin states in the gas
of Doppler-limited gas phase spectra. phas€3~% In condensed phases, evidence for the triplet (
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=1)—quintet ( =2) transition in solid methane has been ob-scopically® The lattice constant of solid hydrogéd.78 A) is
served by proton magnetic resonance spectrostbp§The  considerably larger than that of N8.16 A). The large lattice
transition of methane in solid argon and krypton has beemronstant of hydrogen results from large zero-point lattice vi-
observed by infrared spectroscopy® A conversion time of  bration due to the small mass of,HThe large lattice con-
about 100 min has been reported in these condensed phasst@nt of parahydrogen provides more free space for a guest
which is still a slow process compared with other relax-molecule as compared with other matrices.
ations. The importance of parahydrogen as the matrix for infra-
In a previous papé? we briefly reported the fact that the red spectroscopy was first proposed by @kal.°and has
J=1 rotational level is populated in spite of the null Boltz- been proved by the authors’ grddp® and Fajardo’s
mann factor at the observed temperature, and that the popgroup??*® Independently, Miyazakiet al. found that the
lation of theJ=1 rotational level decreases with time, which parahydrogen matrix is useful for ESR spectroscopy because
can be attributed to a relaxation of rotational energy accomparahydrogen does not have any magnetic moments which
panying a nuclear spin conversion. The present article presause a broadening of ESR linewidffs.
sents additional data and arguments to support the view that Visible and UV spectroscopy of atoms in solid hydrogen
the existence of impurity orthohydrogen in parahydrogerhas been conducted by Fajardbal. They have studied the
crystal increases the conversion rate. reactive dynamics of dopants in solid hydrogen with the ul-
In Sec. 2 we briefly describe the properties of parahytimate aim of finding high-performance rocket propelldfits.
drogen crystals to demonstrate the usefulness of parahydro- Infrared studies of rovibrational transitions of molecules
gen matrices for isolation spectroscopy. Experimental detailssolated in parahydrogen crystals have been developed by the
are given in Sec. 3. In Sec. 4, infrared absorption spectra aduthors’ group and Fajardo’s group, independently. Tech-
CH, embedded in parahydrogen crystals and their analysesques for making parahydrogen crystals in two groups are
are briefly overviewed. Analysis and discussion on thedifferent. In Kyoto, we made the crystals in an enclosed cell,

nuclear spin conversion are given in Sec. 5. as is described in the next sectit® In the Edwards Air
Force Base research, Fajardo developed a technique to grow
2 PARAHYDROGEN MATRIX transparent crystals on a cold surface in an open vacuum.

) ~_ Due to the relatively high vapor pressure of él/en at liquid

There are two kinds of hydrogen molecules existing inHe temperatured! the standard deposition technique which
nature: para- and orthohydrogen The parahydrogen mol- s ysually employed for isolation spectroscopy of rare gas
ecule possesses a nuclear spin angular momentuns6f  matrices can not be applied straightforwardly. Fajardo found
while for orthohydrogeri = 1. Because the total wave func- 5 condition for growing completely transparent crystals of
tion of H, has to be antisymmetric with respect to the per-mjllimeter thickness by controlling the deposition rate and
mutation of hydrogen atoms, parahydrogen in its groungne temperature of the substrafeOn the other hand, our
electronic state is associated with the rotational states of evegthclosed cell technique allows us to grow crystals at a higher
guantum numbers, while orthohydrogen is associated Wm?emperature, which maintains the equilibrium between gas
odd numbers. Since the interconversion betwee® and  anq solid phases without encountering the problem of vapor-
I=1 nuclear spin states is very slow in the absence of agation of samples.
external magnetic field, the parahydrogen and orthohydrogen The two methods have their own advantages and disad-
can be considered to be different molecules under norma}antages. The advantage of growing the crystal in an en-
conditions. Since the rotational constants of hydrogen molgjosed cell is that the crystal structure surrounding the guest
ecules is as large as 60 cm(Ref. 37, the para- and ortho- molecules becomes completely HépTherefore the fine
hydrogen occupy rotational quantum numbersJefO and  strycture of the observed spectra in an enclosed cell can be
J=1, respectively, at liquid He temperatures. Herein, thereated by a quantitative analysis of the molecular interaction
termspara- andorthohydrogerare used to signify hydrogen and molecular motions in the condensed phase based on first
molecules withJ=0 andJ=1, respectively. principles. Crystals grown by Fajardo’s deposition technique

Since parahydrogen, with the rotational quantum numbege found to be a mixture of hcp and fcc structuieghe
J=0, has no permanent electric moments of any order, Wgjifierent environment surrounding embedded molecules
consider the molecule to be spherical, like rare gas atomgayses extra transitions, which makes the quantitative analy-
Due to the spherical nature of parahydrogen, the crystal ofjs of the spectra more difficult. On the other hand, one can
parahydrogen provides a homogeneous environment for gspe any molecules in solid hydrogen by the deposition tech-

guest molecule. On the other hand, orthohydrogen, with th@jque, while a very limited number of molecules can be iso-
rotational quantum numbel=1, has a permanent quadru- |ated by our enclosed cell technique.

pole moment® Thus the interaction influenced by orthohy-

drogen is strpnger than that by parahydrogen. From the speg_— EXPERIMENTS

troscopic point of view, the existence of orthohydrogen in

the crystal causes additional broadening due to the quadru- Parahydrogen crystals were grown in a cylindrical cop-

polar interactiorf. Therefore, it is desired that the concentra- per cell with both ends enclosed by Bakindows with in-

tion of orthohydrogen be as low as possible. The concentradium gaskets. Pure parahydrogen gas containing less than

tion of orthohydrogen can be reduced to less than 0.05% b§.05% orthohydrogen was obtained by passing high purity

using an ortho—para convertéf® operated at 13.8 K. (>99.9995% normal hydrogen gas through an ortho—para
The crystal structure of pure parahydrogen is a completeonverter at 14 K. A detail of the converter is given in a

hexagonal close-packeticp), as has been proved spectro- previous review articlé! About 10 ppm of methane was
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mixed with the converted hydrogen gas at room temperature. R(0)
Concentrations of orthohydrogen higher than 0.05% were 3
controlled by adding normal hydrogen to the converted para-
hydrogen gas. Then, the mixed gas was continuously intro-
duced into the copper cell installed under the cold surface of
a standard Dewar-type liquid He cryostat. The temperature Q) R(1)
of the cell was keptta8 K during the crystal growth, which
takes about 2 hours. The typical flow rate of the gas was 100 P(1)
cm’min. The crystal, which was completely transparent, was A
grown from the copper wall toward the inside. The crystal b
thus grown is a completely hexagonal close-packed struc- 3000
ture, as is proved by the stimulated Raman gain spectroscopy
of the Q,(0) transitioff and infrared absorption of methane FIG. 1. Infrared absorption spectrum of thg transition of CH embedded
in the crystal®!® The ¢ axis of the crystal is along the di- in a parahydrogen crystal. The orthohydrogen concentration is 0.05%. The
rection of crystal growth. spectral resolution is 0.25 crh

Infrared absorption spectra were observed by a Fourier
transform infrared FTIR) spectromete(Nicolet Magna 75D

with a resolution of 0.25 c'. A globar source, KBr beam o crystal field ofDg, symmetry. In this case, the first an-

splitter, and a liquid-Mcooled HgCdTe(MCT) detector isotropic crystal field potential is found to be
were used for recordings. All the measurements were done at

4.8 K.
In an experiment to determine the concentration depen-
dence of orthohydrogen impurity on the conversion rate, or-
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thohydrogen molecules were added to the premixed gas in +D5 5(0) =D _5(Q)]

concentrations of 0.05, 0.2, 2, 10, 20, 30, and 75% while 5

maintaining the concentration of GHThe conversion rate =g4,——[ —2 cos 2 cos cos 3p

was followed by observing the relative intensities of the 4

FTIR absorption of the lines arising from different nuclear +5in 2y(1+ co€ 6)sin 3¢]sin @ (1)

spin states. Several spectra were recorded for each sample ) )
intermittently at reasonably separated times. One recordin%hereﬂz()('gv‘»") IS tPe Euler angle of methane relative to
took about 10 minutes. During the interval of the recordingsthe crystal axis, an®{),(Q) is Wigner’s rotation matrix®
the globar source was turned off in order to avoid conversior! € definition of the Euler angles and of Wigner’s rotation

due to photoexcitation by the globar light. matrix is the same as employed by Houd&mhe symbol
£4¢ IS a crystal-field parameter to be determined by analysis

of the observed spectra. Equati@t) can be easily derived
with the use of the extended group thedty®
The interaction potentiaV/({2) in Eq. (1) causes the
Since the intermolecular distance of solid hydrogen ofsplittings of degenerat®l-sublevels of the spherical rotor in
3.78 A is significantly larger than the van der Waals diametethe free space. The rotational energy levels in the ground
of methane at about 3.24 A, methane molecules can rotatgbrational state can be calculated as the eigenvalues of the
almost freely in para-hydrogen cryst4fdn previous papers, matrix of HamiltonianH =B"J%+ V() whereJ is the rota-
we have shown that the rotational quantum numbef the  tional angular momentum operator, aBd is the rotational
methane is still a good quantum number in parahydrogewconstant of the ground state. The rotational levels in the tri-
crystals and that the effective rotational constant is only 10%ply degenerate excited vibrational states can be obtained by
smaller than that in free spate!®8 taking into account the Coriolis interaction in addition to the
Figure 1 shows an FTIR spectrum of thg band of rotational Hamiltonian. In a previous paper, we have deter-
methane in a parahydrogen crystal. The orthohydrogen comined molecular constants of methane and the crystal field
centration is 0.05%. The large splitting, of about 9 ¢mis  parametergs., by the least-squares fitting of the observed
assigned to the rotational branches of methane; the trandiransition wave numbers with the use of the crystal-field po-
tions at around 3008 cht are assigned t®(1), those at tential given in Eq(1).1® Refer to our previous papers for a
around 3017 cm' to Q(1), those at around 3025 ¢thto  complete analysis>*®
R(0), andthose at higher than 3031 ¢thto R(1). The It should be noted that all the observed absorption lines
small splittings of 0.5 cm® appearing in each rotational can be assigned to the rotational branches, and thus the so-
branch are due to thié quantum number of methane, which called rotationless transiti8hi*” is absent in our spectrum.
is the projection of the rotational quantum numiBJealong  Rotationless transition have been observed in the case of
the crystal axis. The splitting of tHd-sublevels is caused by water isolated in rare gas matric®¢’ Recently, it was ob-
the crystal field of solid parahydrogen. served that HO in solid parahydrogen also exhibits a rota-
All the transitions appearing in Fig. 1 can be quantita-tionless transitiot® The presence of rotationless transitions
tively interpreted by assuming that methane occupies a sulwere interpreted as indicating that the molecules are firmly
stitutional site of the hcp crystal structure of solid hydrogen,trapped in interstitial sites of the lattice. The absence of the
and the methane, havinf symmetry, rotates freely under rotationless transition in the case of methane in parahydro-

4. OBSERVED SPECTRA AND ROVIBRATIONAL ENERGY
LEVELS OF METHANE
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TABLE |. Time-dependent absorption intensities of Cid parahydrogen

0.05 %
i a crystals.

ortho
concentration,| Time, min® |[I[R(O)]® | I[Q(1)]?| Sum® | c(t)?
%

0.05 50 0.104 | 0.041 |0.223 |0.467

D WDV e S 85 0.113 | 0.038 |0.223 |0.506
3000 3010 3020 3030 3040 3050 3060

v, cm 175 0.137 | 0.031 |0.227 |0.604

205 0.140 | 0.030 |0.227 |0.617

0% 270 0.152 | 0.027 |0.230 | 0.660

b 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

3000 3010 3020 3030 3040 3050 3060 100 0.138 | 0.042 |0.260]0.531

v, cm™ 160 0.151 | 0.036 |0.2550.591

220 0.161 | 0.033 |0.257 |0.627

FIG. 2. Temporal behavior of the; transition of CH in para-hydrogen
crystals with orthohydrogen concentration of 0.0%8b and 10%(b). The 270 0.171 0.030 | 0.258 | 0.663
solid line is the spectrum observed just after crystal growth. The dotted line
is the spectrum observed 2 hours after crystal growth. The sharp spikes a
due to the absorption of moisture in the air.

10 60 0.146 0.046 | 0.2790.523

115 0.172 | 0.040 |0.2880.597

gen crystals confirms that methane occupies a substitution 160 0.184 | 0.034 |0.2830.651
site of the crystal, but not any interstitial sites. 220 0.199 | 0.029 [0.283 |{0.703

Figure 2 represents a time-dependent change of spectr 280 0209 | 0.023 |0.276]0.758
structure for the:_/g, transition (spectra of crystals yvith the 340 0205 | 0.022 |0.269]0.763
ortho concentration of 0.05% and 10%, respectixeljhe
solid line is the spectrum observed immediately after the 20 14 0.143 | 0.038 |0.25310.565
growth of the crystal, while the dotted line is the spectrum 74 0.179 | 0.027 |0.257 | 0.696
observed 2 hours after crystal growth. It is clearly seen tha
all the absorptions except those at around 3025'dmecome 134 0.191 0.020 10.24910.767
weaf after a few hours, while the absorptions around 302! 194 0.198 | 0.018 }0.250 0.791
cm ~ become strong.

In Table | the observed integrated intensities of R{6) 30 15 0.598 | 0.147 11.024 0,584
andQ(1) transitions at various times are given for the crys- 75 0.751 0.092 | 1.018  0.738
tals with orthohydrogen concentrations of 0.05, 0.2, 2.0, 10 135 0.795 | 0.074 |1.010]0.787
20, 30, and 75%, respectively. Note that the time when we 195 0.809 | 0.067 |1.003|0.806
finished making the crystal was taken as the origin of time 255 0.813 | 0.065 | 1.002|0.812
(t=0) given in the second column. It is observed that the
integrated intensity of theR(0) transition increases with 75 6 0.439" | 0.052 |0.590 0.744
time, while that of theQ(1) transition decreases. The time- 36 0.472 | 0.045 | 0.603)0.783
dependent absorption changes are due to the nuclear sy 66 0.476 | 0.043 | 0.601{0.792
conversion of methane. In the next section we discuss th 96 0.475 0.042 | 0.597 | 0.796

conversion in detail. aThe time when we finished making the crystals was taken as the origin of

time (t=0).
b Integrated intensity of alM-sublevels of each transition.
¢The value ofI[R(0)]+2.9[Q(1)], which is supposed to be a constant

. . . . irrespective of time after the crystal growtbee text The absolute value
It is convenient to review the salient features of the of the sum varies depending on the concentration of @Htrystals.

nuclear spin modification of the methane molecule. TheiThe mole fraction ofi=0 methane, defined in E).

Pauli principle requires the total wave-function of molecules

to be antisymmetric with respect to the permutation of any

identical nuclei. It follows the fact that only certain nuclear tational wave function of a CHmnolecule is connected to the
spin wave function couples with any particular electron—symmetry of the nuclear spin wave function by the require-
vibration—rotation wave functions. The symmetry of the ro-ment that the total wave function be antisymmetric with re-

5. NUCLEAR SPIN CONVERSION
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spect to the interchange of any two protons. It was fullyTABLE Il. Energies and Boltzmann distribution of the vibrational ground
discussed by Wilsdfl that the requirement is met if both State of CH in parahydrogen crystals.
rotation and spin wave functions belong to the same repre

P ; : Equilibrium
sentation in the pure rotational tetrahed{@l point group. dflt buti
The twol =0 states . , | distribution

Statistical| Term value”, at 5K

J r® I

12 Y4 2|aaBB)+2|BBac)—|aBaB)—|Baap) ot weight em™!
without] after
—|aBBa)—1BaBa)l, NSC © | NsC ¢
4~V |apap)+|BaBa)—|aBBa)—|Baap)] —
belong to the irreducible representati@ the ninel=1 2 EE 0 ‘ 36448 100 ) 00
states 2 | EF, 1 6 31.426 | 0.0 | 0.0

.Y _ _

4 2[|aaa'8> |aa,8a)+|a,8aa> |Baaa>]' 2 Aif 0 2 29.527 0.01 0.0
27" |aBaB)—|BaBa)], _

_y EF, | 1 6 28.828 | 0.0 | 0.0
4~V |BBBa)—|BBaB)+|BaBB)—|aBBB)], -
471/2[|aaa,8)—|aa,8a)—|a,8aa)+|ﬂaaa)], 2 A1F2 1 3 27.789 0.0 0.0
2" Y| appa)-|Baap)], 2 | EE | o0 4 23501 | 0.2 | 0.0
4~ Y| BBa)—|BBaB)—|BaBB)+|aBBB)], 1 | AF | 3 9.485 | 0.16 | 0.03
4" |aaap)+|aaBa)—|aBaa)—|Baaa)], t | EF, | 1 6 8.815 | 0.40 | 0.08
27 q|aapp)-|BBaw)], 0o |44 | 2 5 0.000 | 0.31 | 0.89
479 |BBBa)+|BBaB)—|BaBB)—|aBBB)] 2Representation of the rotational wave function in the extended group

1y ja )| )| ) ation

belong to the irreducible representatiéin and the fivel G="Dg® Gy, (See Ref. 1k .
9 P b Calculated with the molecular parameters obtained in Ref. 15.

=2 states ¢ Population of each rotational level at 4.8 K if the nuclear spin conversion
is completely forbidden. The ratio of th F, andE nuclear spin states is

|aaaa), assumed to be 5:9:2 at room temperafdre.

4_1/2“ aaa,B>+ | aa,@a) + | a,@aa}-l— |Baaa)], dll:é);:)cl)it.ion of each rotational level at 4.8 K without the nuclear spin modi-

6 "4 |aapp)+|pBaa)+|aBaB)+|BaBa)

+|Baap)+|apBal,

4-Yq|pBBa)+|BRap)+|BaBB)+|aBBB)], The fifth column of Table Il shows the energies of the

| ) ground vibrational state of CHin parahydrogen crystals,

BBBB calculated using the previously determined parameRers
belong to the irreducible representatién Therefore, theJ =4.793cm ! andeg.=—25.8cm L. Together with the sta-

=0 rotational state having th& representation i is com- tistical weight in the fourth column, the population of each
bined with =2 (A) spin states, thd=1 rotational states state at any temperature can be calculated. The equilibrium
having theF representation are combined with 1 (F) spin  distribution at 4.8 K with and without the nuclear spin con-
states, and thd=2 rotational states having thé and F version is given in the sixth and seventh columns of Table II.
representations are combined witk=0 (E) and 1=1 (F) Without the nuclear spin modification, the equilibrium Bolt-

spin states, respectively. zmann distribution of the ground rotational levels at 4.8 K
The same coupling between rotation and nuclear spimas to be 0.89, 0.08, and 0.03 for the 0 level,J=1, M
wave functions is required also for a Ghholecule in a =1 level, andJ=1, M=0 level, respectively. However, as

crystal, since the symmetry of space does not affect on this seen in Fig. 1, the spectral intensity Bf1), Q(1), and
symmetry of the permutation of nuclei within a molecule. In R(1), all of which are transitions from thd=1 levels, are
Table Il, the representation of the rotational wave functionapparently stronger than the intensity predicted from the
and the coupled nuclear spin state are listedJfe0, 1, and  equilibrium distribution given in the seventh column in
2 levels of the ground vibrational state. The first, second, andable Il. This indicates that there is an appreciable popula-
third columns show the total rotational angular momen@im tion of theJ=1 levels just after the crystal growth, contrary
the representation of the rotational wave function in the exio the 4.8 K Boltzmann distribution. The non-Boltzmann dis-
tended group,*® and the total nuclear spin angular momen-tribution is due to the nuclear spin modification.

tum I, respectively. Thel=0 rotational state is combined It should be noted that no absorption from the 2 ro-
with | =2 spin states, thé= 1 rotational states are combined tational states was observed at any time, as is seen in Fig. 2,
with 1 =1 spin states, and the=2 rotational states are com- although the lowest rotational state coupled with te0
bined with eitheld =0 orl =1 spin states. The fourth column nuclear spin state is thé=2 state. There has to be an ap-
shows the statistical weight of each lev2l. preciable population in thé=2 levels just after the cooling
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of the temperature of CH as is seen in Table 2 but we
have never observed transitions from the 2 levels. The 0.8 ;/Y—H
absence of thed=2 population may be explained by fast
relaxation from thel=2 levels toJ=1. TheJ=2 rotational
state is coupled not only with tHe=0 nuclear spin state but
also with thel =1 nuclear spin states. Due to the proximity
between thd =0 andI=1 in the J=2 level, the nuclear
spin—rotation interaction could yield mixing between the
=0 andl=1 nuclear spin states, which results in the fast 04
relaxation from thel=2 to J=1 rotational states. The relax- % ortho
ation might be too fast to observe on our experimental time 0.05
scale. In the following, we consider only the conversion from 0.2
theJ=1 levels toJ=0. 02 | fé)
In order to discuss the nuclear spin conversion process 20
guantitatively, we define the mole fraction of the-0 state 2
as

0.6 -

PN K § N ]

75

I ] 1 !

c(t)=[3=01/([I=0]+[I=11,) ) ° R iy

where [J=0]; represents the concentration &0 mol-  FIG. 3. The time-dependent behaviorb# 0 methane molecules at various
ecules at time. The mole fraction is related to the integrated orthohydrogen concentrations. The solid lines are the theoretical curves of
absorption intensities as Eq. (4).

c()=I[RO)1/([RO) ]+ AILQ(D) ] ®) It is seen in Figs. 3 and 4 that the conversion rate is

wherel[R(0)], andI[Q(1)]; are the integrated intensities of Unchanged by the addition of up to 2% orthohydrogen but
the R(0) andQ(1) transitions, respectively, amlis a con-  Ncreases with more than 10% orthohydrogen. The fact that
stant which is equal to the ratio of the transition probabilitiesth® conversion rate increases with increasing orthohydrogen
of R(0) andQ(1). Although we do not know the transition Cconcentration indicates that the nuclear spin conversion is

probability exactly, we can estimate it by the fact that the€nhanced in the presence of orthqhydrogen molecules.'Since
sum of [J=0],+[J=1],, which is proportional to the orthohydrogen has a magnetic mom&rthe magnetic

I[R(0)],+AI[Q(1)];, should be constant at all times. We field from the orthohydrogen enforces the forbidden spin re-

found that the value oh=2.9 gives approximately constant /@xation froml=1tl=2..

values ofl [R(0)],+AI[Q(1)]; as is seen in the fifth column In order to obtain a q_uahtatwe p|c_ture of th(_e effect (_)f_
of Table I. We therefore assume here that®(e) transition orthohydrogen concentration on the spin conversion rate, it is
is 2.9 times stronger than th@(1) transition for thew, necessary to know the number and distances of orthohydro-

mode of CH in parahydrogen crystals. With the assumption9€" molecules from a methane molecule. Here we approxi-
of A=2.9, the mole fraction at any given time is obtained asMate the number of orthohydrogen molecules on the assump-
shown in the last column of Table I. tion of a homogeneous distribution of orthohydrogen and

The change of the mole fraction with time is plotted in methane molecules in the crystal. If we assume that the crys-

Fig. 3 for different orthohydrogen concentrations. If we treat

the time-dependent change of the methane absorption spectra 5
with first-order kinetics, the time dependence of the mole

fraction c(t) may be written as

c(t)=[c(0)—c()]exp(—kt) +c(), (4)

wherek is the sum of theJ=1—J=0 rate and thel=1
—J=0 rate. In Fig. 3 the best-fit functions of the form of
Eq. (4) are also drawn for each concentration. Here the value
of ¢()=0.89, given in Table Il as the equilibrium distribu- 2
tion, was assumed for the samples with low orthohydrogen *
concentration<10%). For higher orthohydrogen concentra-
tion (=10%), we treated thec() as a parameter of the 1L
fitting.*® The conversion raté& defined in Eq.(4) obtained
from the least-squares fitting method are plotted in Fig. 4 as oo
a function of the orthohydrogen concentration. 0 L

The first-order kinetics in Eq4) gives acceptable agree- 0 20 40 60 80
ment with all the experimental time dependence, as is seen in ortho concentration , %

Fig. 3. This indicates that the S|mple first-order kinetics ISFIG. 4. Dependence of the conversion rate upon orthohydrogen concentra-

appropriate for the nuclear spin conversion of methane ifon. To obtain the conversion rate, the first-order kinetics of @gwas
parahydrogen crystals. assumed.

k, 10® min™
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tal is a hexagonal close-packed structure whose nearestEmail: momose@kuchem.kyoto-u.ac.jp
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