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Nuclear spin conversion in molecules: Experiments ont3CH ;F support a mixing-of-states model
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Huygens Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands
(Received 6 February 1996

Using light-induced drift as a tool to separate nuclear spin isomers, we have studied the ortho-para conver-
sion process for gaseoud$SCH;F interacting with @, N,, CH5Cl, and CH;F itself. It is found that the
conversion rate is significantly smaller for collisions with @ N, than with CH;Cl or CH;F. The data show
that intermolecular magnetic interactions do not play a leading role in the conversion. In order to test an
alternative model based on mixing of states due to intramolecular interactions, pressure broadening has been
measured for these systems. The observed correlation between conversion rates and broadening coefficients
supports this mixing-of-states modEs1050-294{®6)04708-7

PACS numbes): 34.30+h, 34.90+q, 42.50.Vk

I. INTRODUCTION tween states of different nuclear symmetry do not occur in
practice” [4]. However, this could never be verified experi-

It is well known that molecules containing two or more mentally until recently. The main reason for this was the lack
identical and equivalent nuclei with nonzero spin occur af a practical method to separate the spin isomers. The con-
different “nuclear spin isomers.” A familiar example is version technique described above foj élves its success to
ortho- and para-Hl [1], with total nuclear spin = 1 and 0, the large rotational level spacin ¢85 K) combined with a
respectively. For the total wave function to be antisymmetridow boiling point (20.4 K). For heavier molecules tempera-
under the interchange of two nuclei, as required by Fermifures required to achieve a significant change in the spin-
Dirac statistics for nuclear spih only odd rotational quan- Somer abundance ratio are far below the freezing point, and

tum numbersJ are allowed for the former and only even the method fails. o
for the latter isomer. After many unsuccessful attempts to separate the spin iso-

The H, case has been the subject of extensive studied'e"s of heavier moleculdsee, e.g., Re{5)) there are now

. a few methods for separation being applied tp [I6],
over the last three-quarters of a century. Indeed, the interpres ) . o
tation of H, spectroscopic and specific heat data in terms o H3F [7], H,CO[8], and H,0-D,0 [9]. Despite the exist

. . ence of methods to separate the spin isomers of heavy mol-
long-lived ortho and para states played a key role in th P b vy

. : ° 1N M&cules, virtually nothing is known about their physical prop-
d!scovery of the proton spif2]. More recently, gas-kinetic erties. There is no experimental work on the influence of the
differences between ortho- and para-have also been stud- nclear spin on intramolecular dynamics and chemical reac-

ied, including those pertaining to the nonspherical part of thgjons (see, e.g., the theoretical treatments of this problem in
intermolecular interactiorifor a survey see Ref3]). Such  Refs.[10-13). Even a fundamental process like the conver-
investigations were made possible by the relative ease Gfion of nuclear spin isomers is actually not studied. This last
obtaining H, in a single isomer form. This is readily conclusion is true for all spin isomers studied so(faclud-
achieved by converting normal H(75% orthg into para- ing H,), if we are interested in spin conversion in the gas-
H,: at low temperature, in the presence of a catalyst likeeous phase without catalysts like radicals, magnetic or
Fe&(OH) 5, H, is rapidly converted to almost 100% para com- chemically active particles, etc.
ponent, the isomer for which=0 is allowed. By contrast, at New opportunities in this field have been created by the
ambient temperature in the gas phase the conversion is egiscovery[13] and the developmerjtl4—16 of molecular
tremely slow: if one avoids interactions with magnetic spe-light-induced drift(LID). This phenomenon combines spec-
cies like O,, which create magnetic fields having steep gra-tral selectivity with a kinetic mechanism to spatially separate
dients on a molecular scale and break the symmetry, ththe gas components in a mixture. Since the spin isomers can
conversion time is on the order of a year at atmospheribe spectroscopically distinguished by their spin-specific ro-
pressurd1]. tational states—in analogy with H-they can be separated
Conventional wisdom has it that nuclear spin isomers oby means of LID. Especially important is the fact that with
larger moleculegH,0, CH,, NH;, C,H,, CHsF, etc)  the help of LID, spin isomers can be spatially separated with-
also convert very slowly if no conversion catalyst is used.out introducing any additional particles in the system, which
Indeed, standard quantum mechanics textbooks either ignoreay serve as catalysts.
the spin conversion or assume that “as with diatomic mol- Using this technique it was shown that GH spin con-
ecules, owing to the extreme weakness of the interactiomersion can be brought about in the gas phase by collisions
between the nuclear spins and the electrons, transitions bedth nonmagnetic particlefl7]. CHsF is so far the only
known example of spin-isomer conversion in the gas phase.
Somewhat surprisingly, it was found that the conversion time
“Permanent address: Institute of Automation and Electrometryfor gaseous’?CHF at 300 K is approximatgll h at 1Torr
Russian Academy of Sciences, 630090 Novosibirsk, Russia. (133 Pa, which is six orders of magnitude shorter than for
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H,. For 3CH,F this was another two orders of magnitude 08 }

shorter: about 1 min under these conditions. A possible ex- —_ .
9P(32) CO ,-laser
tuning range

total
R para
---- ortho

planation of this unexpected result was suggegi&fion the
basis of a mixing-of-states modgl9]: It was shown that
ortho and para states in a GH molecule can be efficiently
mixed by intramolecular magnetic dipole-dipole interactions
between molecular nuclésee Sec. ). Note that the pres-
ence of a nuclear spin on th€C nucleus is not likely to
explain the observed difference betweeiCH;F and
12CH4F, since the F nucleus—at essentially the same dis-
tance from the H nuclei—also carries a magnetic moment. 0.2
It is the purpose of this paper to supply experimental in-
formation yielding insight into the mechanism responsible

for the ortho-para conversion process. 0.0 Bl et k
—400 400

Q721 [MHz]

o
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Il. EXPERIMENTAL APPROACH

FIG. 1. The rovibrational absorption spectrum '6E€H;F near

We will fir riefl line th n f LID for
€ st briefly outline the essence o or gas the P(32) CO, laser line in the 9.6um band(data from Refs[21]

component separatigfor an introductory review on LID the and[22]). Shown are thdk(4,K) transitions, withkK =0 through 4.

reader is referred to Refgl5] or [20]). Let us consider a The R(4,0) and R(4,3) transitions pertain to the ortho isomer, the

low-pressure gas mixture consisting of a light-absorbing SPSsthers to the para isomer. The homogeneous linewidth=8 MHz

cies and an inert buffer gas. The gas is contained in a tubgorrespcm"ng t® = 0.5 Torr (see Table | beloy

illuminated by a narrow-band tunable laser directed along
the tube axis. Let the laser be tuned into the Doppler-

broadened absorption profile of an optical transition, i.e., a‘{ind flluminated by a frequency tunable waveguide tdser

o . C . . .’ “producing approximatgll W of radiation in theP(32) line
rovibrational transition. This gives rise to velocity-selective of the 9.6,.m band. The laser is tuned into the blue wing of

excitation. If, as a result of the excitation, the light-absorbin T . .
species changes its kinetic cross section with respect to tgt}t{e]e R(4,3 absorption line in the; fundamental vibrational

buffer gas, the gas will become kinetically anisotropic. This anq (cf. Fig. 1, thereby exciting _ortho—C;I;F moleculgs.
creates a diift of the absorbing specitsbeleda) with re- moving away from the laser. For this transition, the collision

) 0 I~
spect to the buffer gadj. In a closed tube this produces a cross section increases by 1%[16] upon excitation. As a

. . T - . . consequence, due to light-induced drift, ortho-enriched gas
concentration difference which is balanced by diffusion in "’ ;
: will accumulate at the front end of the cell. The rear end is
the stationary state.

For the application of LID to the separation of nuclearkept at the equilibrium abundance ratio by a large reservaoir.

spin isomers, one of the isomers is the absorbing specieggofotrig %ofr:té%gﬁeit:ﬁtr S:I?] |stvr\rl100n||t§;§d ?gbae dég?}frm'al
(a) while the other serves as a buffer ga3.(Use is made of " 9 9 P

. . ... diameter 3 mm, length 11 gmTo this end a power- and
the fact that the spin isomers can be spectroscopically d'St"}_requency—stabilized Coprobe laser is used, locked at the
guished since generally—in analogy with,Hsymmetry '

considerations require that specific nuclear spin states com-
bine with specific rotational states only. The present experi-

ments are performed on the symmetric top molecule;EH Separation f , \
The total nuclear spin of the three protons can have the value [ e A Separation ube I—\

|=3/2 combining with quantum numbeK=0,3,G...
(ortho-CH;F), or 1 =1/2 combining withK=1,2,4,5,7. ..

(para-CH;F); hereK refers to the projection of the rotational || Apeecer
angular momentum upon the molecular axis of symmetry. In f\ % Vate Reservoir
equilibrium CHzF has equal ortho and para abundances
(since the larger spin multiplicity of the ortho component is y —Emerss—\ (equilibirium
compensated by the smaller numberkofvalues, such that composition)
n a— nb . Reference  \w .ﬂff'
A small part of the rovibrational absorption spectrum
around 9.6um, corresponding to the; fundamental(C-F N
stretch, is shown in Fig. 1 for the3CH3F isotopic species; Valve
it illustrates the separate ortho and para absorption lines in 7"
the R(4,K) manifold and the tuning range of theP@B2)
C0123 laser line, nearly coincident with thig(4,3) transition FIG. 2. Schematics of the setup. The separation laser is tuned
in ““CH3F. into the blue Doppler wing of thR(4,3) absorption profile, produc-

A scheme of the experimental setup is shown in Fig. 2ing ortho-enriched®CH,F in the upper probe cell by light-induced
Separation of the spin isomers is achieved in a glass tubgift. After closing the valves the back conversion to the natural
having an inner diameter of 2 mm and a length of 30 cm. ltabundance ratio is followed by a differential absorption measure-
is filled with *CHF at pressures between 0.1 and 2 Torr,ment(see Fig. 3 below
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FIG. 4. Results for the conversion rajedetermined from the

decay curves(Fig. 3 as a function of total pressure for pure

FIG. 3. Typical enrichment decay curve as measured by absorpBCH F and for a 50:50 mixture with
3 .

tion, for pure*3CH,F at pressur@=0.6 Torr. The smooth curve is
an exponential computer fit to the data, with the inverse decay timgyre, while the conversion time decreases. This reduces the
corresponding to the conversion rage achievable separation. Second, pressure broadening limits

the velocity selectivity of the LID process, which also re-
R(4,3) transition frequency of°CH3F. A power of typically  duces separation. Third, pressure broadening reduces the
1 mW enters the probe cells. The transmission through thepectroscopic ability to distinguish between the spin isomers
probe cells(“enriched” and “reference,” see Fig. Ris al-  (cf. Fig. 1) and thus reduces the detection sensitivity.
ternately monitored by a single pyroelectric detector, using @ For the pressure range studied it is seen from Fig. 4 that
chopper at 270 Hz and a lock-in amplifier. The intensities ofy, s linear in pressure, with the slope yielding the gas-phase
the two probe beams are set such that zero signal results @nversion ratey/p=12.2< 102 s~* Torr~* for 3CH,F,

zero enrichment. In order to rule out a possible influence ofn good agreement with the rate obtained in a completely
the 3 vibration on the conversion, it was verified that the different setup:y/p=(14+1)x10"2 s~ Torr % [17]. The

conversion rate was independent of the intensity and thugtercept yields the(smal) contribution to the conversion
independent of the fraction of vibrationally excited mol- rate from molecule-surface interactions.
ecules. In order to study the influence of intermolecular magnetic
Values for the enrichmenin,/n, of the light-absorbing interactions on the conversion process, the experiments were
ortho species achieved Witl W laser power are between repeated for an equimolar mixture with,Q which has a
0.5% and 2%, depending on the pressure. After isolating aprge magnetic momenju(~2usg) in its 33 ground state. As
enriched sample in the upper probe clg. 2), the time s well known, in the B case the conversion in the gaseous
dependence of the differential absorption signal directly rephase is efficiently catalyzed by O This increase in con-
flects the decay of the enrichment. An example is shown iRersion rate was explained in R¢23] on the basis of inter-
Fig. 3. The conversion rate is determined by computer- molecular magnetic interactions between Bnd O,. The
fitting a function of the formy=A exp(—t) +Bt+C. The  present data show a different behavior f8CH3F. As is
constant term in this function accounts fofusually small  seen from Fig. 4 the conversion ratecreasesignificantly
offset due to the change in t'h]éCHsF to foreign gas ratio  \hen part of the CHF molecules is replaced by Qsee also
during the enrichment stage in the case of mixtise® Sec. [24]). This is seen more clearly from measurements of the
[11). Moreover, since the differential detection scheme is veryegnversion rate at fixed total pressure as a function of the
sensitive, some drift in the signal may arise, e.g., due t(bz mole fractionxznozln (see Fig. 5. From extrapolation

degassing in one of the detection cells. This was taken intg_ . ... . .
account by the linear term in the fitting function. The expo-?0 x=1 itis found thatyo,, the conversion rate for Ck in

nential term yields the conversion raje It can easily be Collisions with O,, is smaller than the rate in puréCHF
shown thaty is related to the separate orthgara and by a factor of 4. When comparing this result V\_/lth the H
para-ortho transition ratesy,, and y,,, respectively, by case one should_ not_e that the “fast”,Hconversion cata—
Y= Yopt ¥po» Wherenyy,,, is the number of orthe-para lyzed by O, [1] is still two to three orders of magnitude
transitions per unit time and volume, with, the number  SIOWer than the conversion dfCH3F at the same @pres-

density of ortho isomers, and similarly for para isomers.  SUré. _ o o
Similar data were taken with N(kinetically rather simi-

lar to O, except for its magnetic moment, which is three
NIl RESULTS AND DISCUSSION orders of magnitude smalljeand with CH;Cl (which has a
Results fory at different pressures are shown in Fig. 4.large electric dipole moment, 6210 %° C m, equal to that
The practical pressure range has an upper bounp~e2  of CH3F). These results are also displayed in Fig. 5. From
Torr for three reasons. First, thidiffusion-limited) time for  the intercepts it is seen that both GEl and CH;F are more
enrichment to reach a stationary state increases with presfficient in producing spin conversion iHCH3F than O,,
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15.0 T T v T TABLE I. Nuclear spin conversion ratg for 3CH4F interact-
ing with various collision partners, and homogeneous broadening
R I' at 300 K from this work and from Ref28].
y w— A A_______
100 4 ] ¥Ip I'/p Lip
_ ) o (this work) (Ref. [28])
"9 10°3s *Torr ! MHzTorr™! MHz Torr™?
= ¢ CH3F-CH5F 12.2¢0.6 18.3-0.6 17.6
= so0} , ®oH.F-CH.CI o - ] CH4F-0, 3.1+0.6 4.0:0.5 3.54
o “CHF-O. RN CH3F-N, 1.3+0.8 5.0:0.5 4.58
o "CH.F-N, e CH3F-CH4Cl 11.3+0.6 21711
%0 0:2 of4 0.6 0.8 1.0

As seen from Eq(1), at low pressures wherg,<w,,/
for any ortho-para level pair, the conversion rate is sensi-
FIG. 5. The’*CH,F conversion rate at total pressurp = 133 tively dependent ow,,,. Consequently, only the level pairs
Pa(1.0 Torn in mixtures with O,, N, and CHCl as a function of ~ With small w,,+ contribute significantly to the conversion,

mole fractionx of these collision partners. The extrapolated valuesand most of the conversion “funnels” through such near-
at x = 1 yield the conversion rate of’CH;F in collisions with ~ degenerate levels. This model can qualitatively explain the

X

0,, etc. large difference in conversion rate betweéfCH;F and
13CH,F, observed in Refl17], from the differences in the
while N, is somewhat less efficient. rotational energy level pattertsee Refs[18,26).

It is evident from these data that the magnetic fields pro- The present measurements can provide a quantitative
duced by the collision partner do not provide the dominan€heck on the plausibility of the mixing-of-states model as the
mechanism for the spin conversion in GFl dominant mechanism for the conversion, by using the depen-

As an alternative, conversion can be explaifi¢d] by  dence ofy uponI’; [see Eq(1)]. Sincel’,<w,, at 1 Torr
mixing of ortho and para states due to intramolecular inter{26,27 one should expect approximatefy<I", . The quan-
actions(e.g., magnetic dipole-dipole interaction, see bglow tity I'; for CH3F can now be varied by employing different
These interactions can be seen as a small perturbation in ti@rturbers.
total Hamiltonian. As a consequence of this intramolecular Using the fact thal’, largely determines the spectral-line
perturbation, the eigenstates of the Hamiltonian are no longd¥ressure-broadening coefficiehtfor molecules like CHF,
pure ortho and para states, and the total spin of the threge performed measurements Bfin a separate setup. For
protons is not an exact quantum number. The admixture ofhese experiments we employed an absorption cell of 2 cm
an ortho component to a para stésad vice versawill be  length and 3 mm diameter, and a laser power~o100
strongest between ortho and para rotational levels for whicleW. First, self-broadening of3CHsF was determined by
the energy gap is small. Due to rotational-level-changing colineasuring the absorption spectrum of R@,3) transition at
lisions, molecules will continuously move between levelspressures between 0.3 and 1.5 Torr using the full laser tuning
which are weakly mixedlarge energy gapand levels which  range(see Fig. 1 The experimental results were computer
are strongly mixedsmall gap. In this “mixing-of-states” fitted to the theoretical pressure-broadened profile, taking all
model the conversion rate can be expressed in the followingines of theR(4,K) manifold into account and neglecting any

general form18]: velocity dependence df, i.e., assuming Voigt profiles for
the individual lines. The self-broadening coefficient was
or, found from the slope of &' vs p plot, yielding the value
y=2, [V AW+ W,,0). (1)  T'/p = 18.3 MHz/Torr. Next, broadening coefficients were
P determined for CHF interacting with G, N,, and CH;ClI

as perturbergsee Table)l To this end the absorption spec-

HereT', is the relaxation rate, which can be associated witiirum at a fixed partial CHF pressure was measured as a
the rotational level population decay rafey,, is the en-  function of perturber pressugg,, and a similar analysis was
ergy gap between orthax) and para &') rotational levels, applied to obtainl’. These data are shown in Fig. 6, where
V. is @ matrix element of the intramolecular interactionsthe value of I' at p,=0 is determined from the self-
which mix « with o’ states, W, and W, are the broadening experiments. The resulting broadening coeffi-
Boltzmann factors of the rotational levels, and the summacients for G, and N, compare favorably with literature data
tion has been taken over all ortho and para level pairs. ~ from time-domain studief28], which may be considered to

An issue that lies at the core of this conversion mechabe more accuratéTable ). The value ofl" for CH;Cl as a
nism is the nature o¥,,.. So far two proposals have been perturber is much larger than for,Gand N,, and close to
made: magnetic dipole-dipole interactifit8] and spin rota- the self-broadening by CkF. This is expected in view of the
tion interaction[19,25. In the case of magnetic dipole- long-range dipole-dipole interactions.
dipole interactions the ortho and para states are mixed by If we now use the approximatioh~I", and neglect the
interactions between F-H, C-H, and H-H-H magnetic mo-speed and J,K) dependence of these quantities, we can
ments of the nuclei. compare the pressure-broadening results with the conversion
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4x10 3 s~ In paraffin-coated stainless steel probe cells of
the same dimensions, the conversion rate even increased to
approximately %102 s~ at p=0.5 Torr. These data show
that supposedly nonmagnetic molecule-surface interactions
can yield significant conversion efficiencies. This calls for
experimental studies to investigate the conversion channels
in molecule-solid surface encounters, e.g., by hyperfine Cou-
lomb excitation of metal electron-hole triplet pair29,30.

This will be the subject of a separate study.

40.0

30.0

20.0

I' [MHz]

4 °CH,F-CH,CI
100 | o "“CH,F-N, 1 IV. CONCLUSION
e °CH,F-0,

In stark contrast to the Fcase, the magnetic moment of
0.0 , , \ , , the collision partner is insignificant for the nuclear spin con-
0.0 1.0 2.0 3.0 4.0 5.0 version in CHF. This shows that intermolecular magnetic
p, [Torr] interactions do not provide an important pathway leading to
conversion. Instead, a conversion mechanism based on mix-
FIG. 6. Homogeneous line broadenifigas a function of per- ing of states due to intramolecular interactions is favored.
turber pressur@, . This is supported by comparing the conversion rate with the
observed rotational relaxation rate for different collision

data. It is found that the values of the ratio betweeand partners. Further e_vidence in fa_vor of the mixi_ng-of-st_ates
' show qualitative agreement for these gagEable |). model may be obtz_ilned by studying the conversion at higher
Given the approximations made, one may conclude that thBréssures. According to Egl) the conversion rate should
present experiments indicate that mixing of states is the lead®@K ifI'; reaches thae value,,, for the nearest ortho-para
ing mechanism behind nuclear spin conversion ing€HA 1€Vl pair. Since for®CH3F one hasv,, /27=130.6 MHz
comparison between Oand N, suggests that a minor con- fof  the clos?ft ‘QQ pair (9,3-(11,) [26], and
tribution may arise from the interaction between the proton! r = 1.0% 10° s™* Torr~* [27], one expects the peak in the
spins in CHF and the magnetic field arising from the un- €onversion rate around 8 Torr. As pointed out in Sec. I,
paired electron spins in O however, experiments at such pressures are not trivial. Alter-
One should note that the magnitude of the raii® is on natively, _more detailed _ mformgtlon_—ln particular on the
the order 109, i.e., the molecules survive some %6olli-  YP€ of intramolecular interaction involved—may be ob-
sions before conversion takes place. This illustrates th 'ne.d by applying electric fields to shift the.energy_ Ievel§ by
smallness of the matrix elemef/,|: using values of the linear Stark effecf31]. We hope to clarify the issue in

w,, for the closest level paif26] and the corresponding future experiments.
values forW, andW,, in Eq. (1), one finds|V,,| to be in
the 10* Hz range, which is a typical value for nuclear mag-
netic dipole-dipole interactions. The authors are indebted to Eric R. Eliel, Gerard Nien-

An additional feature emerging from the conversion ex-huis, Jan Beenakker, and Jeffrey |. Steinfeld for helpful dis-
periments is a somewhat surprisingly large influence of supeussions and critical comments. This work is part of the re-
posedly nonmagnetic surfaces. When the gas in the probsearch program of the Foundation for Fundamental Research
cells during conversion was exposed to a small sidearm coren Matter (FOM) and was made possible by financial sup-
taining a brass surface of approximately 1<the intercepts  port from the Netherlands Organization for Scientific Re-
of the lines in Fig. 4 increased significantly to a value ofsearch(NWO).
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