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We presenta summaryof our resultson methyl group spectroscopyand relaxationmeasurementsof the dye molecule
dimethyl-s-tetrazineand its CD

3- and CDH2-substitutedderivativesin a n-octanehost. In the CH3- and CD3-substituted
derivatives,two hole burningmechanismsoccur: one is basedon nuclear spin-transformation,the other is a structural
transformation.The mechanismbasedon spin transformationleadsto sharpantiholes,spacedby 37 and 20 GHz from the
burninglaserfrequencyfor CH3 andCD3, respectively.The structuralburningmechanismleadsto sideholes.Surprisingly,the
splitting of the sideholesis different from that of theantiholes.This phenomenonis interpretedin termsof two differentdye
species,which aredistinguishedthroughtheirlocalenvironment.Both specieshaveverydifferent yieldsfor thestructuralandthe
nuclearspin phototransformationprocess.From therecoveryof thecentralhole,therelaxationof therotationaltunnelingstates
wasmeasuredasa functionof temperature.The data supporta Raman-typephonon scatteringprocess.Deuterationdoesnot
slowdownthe relaxationbut, instead,increasesit by almosttwo ordersof magnitude.Accordingto ourknowledgethesearethe
first measurementsof symmetryspeciesconversion times of isotopicderivativesof methyl groups.Within theassumptionof
a Raman-typeconversionmechanismwe estimatea ratherlow hinderingpotential barrierfor therotors.

1. Introduction symmetry[1]. The identity of the threehydrogen
nucleiin a methyl rotor leadsto a strict correlation

Methyl groups attachedto aromatic, hetero- betweenthe symmetryof the rotor statesand the
cyclic or organicdyemoleculesdid not gain much symmetryof the associatednuclearspin statesof
interest in optical spectroscopyin the past.They the protons (or deuterons)involved. Operators
were used as substituentsfor lowering the sym- causingtransitionsbetweenstatesof differentrotor
metry of an electronicsystemand for breaking symmetriesnecessarilyhaveto dependon the nu-
optical selectionrules.Or theyservedassourcesof clear spins. Phonons,for example,cannotinduce
structuraldisorderto inhibit crystallizationandto suchtransitionsdirectly and thereforeremarkable
inducetransitionsinto theamorphousphase.How- long relaxationtimeshavebeenobtainedtheoret-
ever,recentlyit wasshownthat methylgroupscan ically [3—6]andexperimentally[7—13].The situ-
leadto specificoptical featureswhich area resultof ation is similar to the ortho- andpara-hydrogen
fundamentalquantumlaws involving permutation problem[14].

However, two importantpropertiesdistinguish
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significant,is anorderof magnitudesmallerin CH3
(BCH3 = 650 j.ieV = 5.24cm

1= 157GHz) corn- 8~ n—octane dimethyl—
paredto H

2 andsecondly,in contrastto H2, purely s—tetrazine
intramolecular interactionscan causeconversion H.~C cH2 1’12 NN

relaxationtransitions.It is especiallythe inelastic “fl’ “fl’ “a” “CH3 x<1~i~>—X
neutronscatteringtechniqueswhich wereusedbe- 2 2 2

causethespin of theneutroncaninducetransitions XCH3 ,CDH2 ,CD3
among the nuclear spin statesof the rotors. In b.)
addition, field-cycling NMR-techniquesandspeci- ~~== E ~

fic heatmethodswere employed to elucidatethe A ~

relaxationmechanismsof the rotational tunneling T1 —

states.The specific relaxationfeaturesalso induce
optical hole burning[1,15,16,17].Thisenablesone
to use optical techniquesto study relaxationphe-
nomenaof rotational tunneling states of methyl s0 E ~

groups. —~ A fr
The methylated dye probes of our study are

protonated, perdeuterated and monomethyl- Fig. 1. (a) Thehostmaterial n-octaneandtheguestmolecules.

deuterateddimethyl-s-tetrazine.The hostmaterial (b) Optical pumping schemeof rotational tunneling states.

isn-octane(Fig. 1(a)).Thepaperis aimedat presen- 5~5* is the tunneling splitting in the electronic ground and
excitedstate, respectively.ting anoverview of our studieson methylgroupsin

n-octane.It specifically addressesthe relaxationof
the rotational tunneling states, the influence of statescan be storedover long times. The second
deuterationon these processes,localization by featureis basedon the factthat the tunnelingsplit-
symmetry breakingand peculiar aspectsof anti- ting in the electronic excitedstate& is different
holesandside holes, from that in the groundstateö [1,18]. As a conse-

quence,the AA* andEE* transitionscanbe spec-
troscopicallydistinguished.Holeburningoccursin

2. Principle of optical pumping of ground state the following way: supposethe methyl rotors of
tunneling statesin methyl groups a given dimethyl-s-tetrazinemolecule are in the

rotationalA-symmetricstate.This symmetrystate
A big advantageof optical hole burning tech- cannotbe altereddirectly through a photon, but

niquesin measuringrotationaltunnelingrelaxation the electronictransition energy dependson the
is their high sensitivity, the easy way to prepare rotorstate.Now theelectronicexcitationhasacer-
anon-stationarystateandthe largedynamicrange. tam probabilityto relaxinto a relativelylongliving
In addition,they areeasyto handle.Fig. 1(b) shows intermediate triplet state being associatedwith
a simplified level scheme,from which the principles a largeelectronicmagneticmoment.The induced
of optical pumping of rotational tunneling states magneticfield is inhomogeneouslydistributedover
and spectral hole burning in these systems is the rangeof the methyl rotorsandallowsfor rapid
immediately obvious. It should be stressedthat symmetrychangingconversiontransitionsfrom the
this simplified level schemepertains to the CH3 A stateto the E state.After the decayof the elec-
derivative. tronic excitation to the ground state, the rotor

Two featuresare essentialfor hole burning to populatesnow the E species.The corresponding
occur:featureoneis the strict correlationbetween electronicexcitationenergy EE*, then,is no longer
nuclearspin statesand rotor states.As phonons in resonancewith thelaser.As a consequenceahole
cannotchangethe symmetry of the nuclear spin appearsat the burning frcquencyand two anti-
state,transitionsbetweenthe tunnelingstatesare holes,shiftedby ± 5 — pile up in thespectrum.
stronglyhinderedand excesspopulationsin these Tunneling relaxation is measuredby observing
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how the central hole recovers as a function of
temperatureor howthe antiholesdecay.Theactual
situation for dimethyl-s-tetrazinein n-octane is —C11

3
morecomplicatedand is addressedbelow.

3. Experimental —CD3

All hole burning experimentswere performed
with an argon ion laserpumped dye ring laser. CDH2

Typical burning powers and times were on the I

order of 100 nW/cm
2and 1 mm, respectively.The 17000 17500 18000 18500

holeswereburnt to relativedepthsof about20%. wavenumber/cm1
At these depths they were strongly saturation
broadened. Their width was of the order of Fig. 2. Absorption spectrum of dimethyl-s-tetrazine in

octane.Resolution:1 cm ~. Temperature:4.2 K. Hole burning200 MHz. Holes and antiholes were detected in was performedat the red edgeorigin (arrows).

transmission.To this purpose,the laserbeamwas
reducedby two ordersof magnitude.The temper-
aturewasaccuratewithin 0.02 K. We useda home- 90% for dimonodeutero-methyl-s-tetrazinewith
built He-bathcryostatbelow 4.2K anda He-flow the main contaminationbeing 3-di-deuteromethyl-
cryostatabove3.5 K. The hole recoveryrateswere 6-mono-deuteromethyl-s-tetrazine.The structures
determinedby measuringthe hole area. Above of hostandguestmoleculesare shownin Fig. 1(a).
about6 K, we tookthe holedepthasa measurefor
its areatherebyincreasingour time resolution to
about 0.2s. We stress that the hole showed no 4. Results
tendencyfor spectraldiffusion broadening,at least
not below 4.2 K where wecould verify this experi- Fig. 2 shows the three absorptionspectra of
mentally. The concentrationof the sample was dimethyl-s-tetrazineandits deuteratedderivatives.
about2 x iO~mol/l. Its optical densitywasabout The arrowsindicatethe frequencywherethe pres-
0.6. We used 0.2mm glass cuvettes.No special ent hole burning experimentswere performed.
procedurewas maintainedduring cooling. There Note that the structureof the phonon wing in the
wasno obviousindicationthat the coolingproced- neighborhoodof the zero-phononline is sensitive
ure affected the results. We measured the in- to deuterationindicating that somelow frequency
homogeneousabsorption spectra (Fig. 2) with modesof the methylgroups,mostprobablylibra-
a monochromatorwhose resolution was set to tional modes,show up there.
about 1 cm-i. In Fig. 3, we presentpart of the inhomogeneous

Dimethyl-s-tetrazine, its mono-methyldeuter- profile of thezero-phononline with thecentralhole
ated and perdeuteratedderivatives were synthe- at the laser frequency and two symmetrically
sized from hydrazine and acetaldehyde,acetal- spacedantiholes or side holes, respectively.The
dehyde-2-d

1 and acetaldehyde-d4, respectively distanceof the antiholeis givenby the differencein
[19]. Acetaldehyde-d4(isotopic purity 99%) was the tunnelingsplittings in the ground andexcited
obtainedfrom Aldrich. Acetaldehyde-2-d1waspre- state ö — 5~.For the protonateddimethyl-s-tet-
pared by hydrolysis of vinylacetate with 20% razine, this splitting is 37 GHz. In the per-
D3P04in D2O [20]. Theisotopicpurity of mono- deuteratedderivative, it is 20 GHz. Note that at
methyl- and perdeuterateddimethyl-s-tetrazine 4.2K, it is difficult to measureantiholes in the
were determinedwith a Bruker 500 MHz NMR perdeuteratedcasebecausethe decay is faster by
spectrometer.Theisotopicpurity wasfound to be 2 ordersof magnitudeas comparedto the parent
98% for perdeuterateddimethyl-s-tetrazineand compound(seebelow).
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Fig. 4 shows the zero-phononlines, where hole regime is activated with an activation energy of
burning wasperformed,on an expandedscale.The 115cmt. Notethatall threeprobemoleculeshave
CH

3 and the CD3 derivativesare singlelines, al- this relaxationregime in common.However, the
thoughwith a somewhatasymmetricshape.For low temperaturerelaxationregimepertainsonly to
the CDH2-derivative, the zero-phononline has the fully symmetricCH3 and CD3 rotors,respect-
a double peakstructure.The relative intensity of ively. The data of the symmetry-distortedrotor
the two peaksdependsstrongly on temperature. (CDH2) doesnot bend over into the low temper-
However,for fixed temperatures,wedo notobserve aturerelaxationregime but, instead,continuesto
any variationsin the line shapeswith time, indicat-
ing that the statesinvolved are in thermal equilib-
rium. _____________________________

Fig. 5 is a summaryof thehole recoveryratesas I I
a function of temperature.Thesedatashow some 0 - so —CH3

noteworthyfeatures:first, thereare clearly two re- • —CD3

laxation regimes which differ remarkablyin their ++ —CDH2

temperaturedependencies.The high temperature
IL)
D

-~ —10~
0 t ?

I 4.2K 6.4K~
~ /~~I in (T/K)/~ Fig. 5. Log—log plot of theholerecoveryratevs. temperature.
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Fig. 3. Hole—antihole (side hole) splitting for dimethyl-s-
tetrazineandits perdeuteratedanaloguein n-octaneat 4.2 K.

CC
___________________________________________________ o 225 mm 20a

5 cm’ 90O~
F’ 0

A (A -CD~~ i.sic// ~\ i.5K i.5K/f
II \\ // I I I I I

II \\ II —35 —25 —15 —5 5

- I \ \, / frequency/GHz
~ j4.2K l~ .2K \~ ,/‘4.2K Fig. 6. Upper trace: thespectral rangearoundthe antihole in

—CII —CD “~ ~ —CDII dimethyl-s-tetrazineat 4.2 K. Note that astheantiholedecays,3 3 2 a sideholegrowsin, but thesideholeis shifted.Lower trace:the

frequency samephenomenonasin theuppertracefor theCD3 derivative.
The centralhole is shown,too. The antihole is not as pro-

Fig. 4. The red edge zero-phonon origins of dimethyl-s- nouncedasin theuppertrace,becauseat4.2 K, relaxationin the
tetrazineandits deuteratedderivativeat 4.2 and1.5 K. CD3-tunnelingstatesis fast.
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follow the activatedbranch.Second,an enhance- Thischaracterizationmayhavesevereimplications
ment in the recoveryrateof almost two ordersof on the propertiesof the acousticphonons.
magnitudeis found with deuteration,althoughthe
temperaturedependenceremainsunchanged.

Fig. 6 (upper trace) shows how the antiholes 5.2. Permutationsymmetryandsymmetrybreaking
decaywhenthe centralhole recovers.Thesurpris-
ing phenomenonis that the side hole,which grows We discussedabove how population can be
in, is shifted significantly. The samephenomenon storedin rotational tunnelingstatesandhow this
occursfor the CD3-derivative(Fig. 6, lower trace). populationstorageleadsto holeburning(Fig. 3). It
We stressthat at the position of the side hole,there follows that a tunnelingtransitioncanoccur only,
is no indicationof anantiholeandat theposition of if the symmetry of the nuclear spin function is
the antihole,no side hole appears. changedsimultaneously.Thechangeof thenuclear

spin symmetryis thebottleneckin therelaxationof
rotationaltunnelingstates.Theslowrelaxationnot
onlyenableshole burning,butalsoimpairsthermal

5. Discussion equilibration. That thermal equilibration is im-
paired follows from the fact that the influence of

From a comparisonof our resultswith the spec- temperatureon the red edge zero-phononline is
troscopic properties of dimethyl-s-tetrazine in small for the CH3 and for the CD3 substituents
durene [1], it is obvious that the influence of (Fig. 4), although,at 4.2 K, the latter compoundis
the hostmaterialis dramatic. close to equilibrium. Another indication of non-

equilibrium is that in the CH3 derivativethe rela-
tive intensityof the two antiholesdoesnotstrongly
dependon temperature.

5.1. The host material: polycrystalline or nano- If the rotationalsymmetryis brokenby substitu-
structured ting one of the three hydrogenby a deuterium

atom, the restrictiverelationbetweennuclearspin
N-octaneis well known as a so-calledShpol’skii and rotor statesbreaksdown and relaxationbe-

system.Shpol’skii systemsaresaturatedhydrocar- comesfast.A 2ir/3 rotation no longercorresponds
bonswhich give rise to quasilinespectraof guest to a permutationof identical particlesand, there-
moleculesat low concentrations[21]. The lines fore, the threepossibleorientationsare no longer
have widths on the order of one wave number. strictly equivalent.In general,this leadsto 3 differ-
Commonly severaldiscreteorigins can be found. ent low lying rotational states.More importantis
As a rule, Shpol’skii systemsare consideredto be that transitionsbetweentheselow lying statescan
polycrystalline,sometimestheyevenhaveglass-like now directly be accomplishedby phonons.They
properties. occur on time scalesmany ordersof magnitude

Recently,we investigateddimethyl-s-tetrazinein shorter than conversion relaxation transitions
n-octaneunderisotropic pressurevariations[22]. times. The rotor levels cannot be brought into
Surprisingly,theseexperimentsshowed that the a non-equilibriumpopulationfor timeslongerthan
materialcanbe plastically deformedwith no obvi- microseconds.Thebreakdownof the symmetryis
ous low energy cut-off of the thresholdenergies. immediately evident from the fact that the zero-
Fromtheseobservations,weconcludedthata large phononline(s) split. We hadexpectedto seethree
amountof the host materialmustbe in the grain lines instead of two, but the third transition
boundaries. We could even estimatethe length may still be underneaththe inhomogeneousenvel-
scalesof the ordereddomains.They havedimen- ope. The occurrence of thermal equilibration
sionsof typically sometensto somehundredsof A. is obviousfrom the strongtemperaturedependence
Theseresultslead us to concludethat n-octaneis of the relative intensity of the two components
best characterizedas a nanostructuredmaterial. (Fig. 4).



104 K. Orth et al. / Symmetryspeciesconversionin rotational tunnelingsystems

5.3. Hole burningprocessesof dimethyl-s-tetrazine a little bit morecomplicateddue to the additional,
in n-octane nuclearspin independenthole burning mechanism

mentionedabove.
It is animportantaspectfor theunderstandingof However,sincethis activatedrelaxationbranch

the temperaturedependenceof the dynamics of can be safely identified via the symmetry broken
methylgroupsin n-octane,that hole burning does rotor and, in addition,can beeasily separatedbe-
occur in the CDH2-substitutedcompound,despite causeof its steeptemperaturedependence,things
the breakdownof the symmetryrestrictions.The become simple again. For the deuteratedcom-
straightforwardconclusionis that there must be pound both processesare well separatedbelow
a second phototransformation process which 7.4 K, for the protonatedcompound separation
occursin additionto thesymmetryconversionpro- occursbelow 6 K. Hence,below thesetemperature
cessas it is observedin the symmetric,CH3- and boundaries,we can neglect contributions to the
CD3-substitutedprobemolecules.In the asymmet- recoveryof the central hole due to the structural
nc probemolecule, thereis just one hole burning transformationprocess.We safely attribute our
process.As to the natureof this additionalprocess, datato processesinvolving the nuclearspin.
we statethat it is thermally reversible,becausethe In order for the tunneling states to relax an
hole refills comparativelyquickly for temperatures interactionis neededwhich breaksthe rotational
above 6 K (Fig. 5, activated branch, crosses). symmetry.FortheCH3rotor,this interactionis the
Hence, it cannotbe due to an irreversiblephoto- magneticdipolar interaction betweenthe nuclear
decompositioncommonlyobservedfor dimethyl- spinsof theprotons.Forthe CD3 rotor,the nuclear
s-tetrazinein solid matricesat low temperatures. quadrupoleinteractionis shown to dominatethe
Our interpretationis that this additionalhole burn- mixing betweendifferent symmetries[7].
ing processis basedon a photoinducedstructural Details of the coupling betweenthe rotational
transformation.For instance,non-radiativedecay tunnelingstatesandthe latticecanbeinferredfrom
from the excitedstatesof the probemoleculesdis- the temperaturedependenceof the relaxationrate:
posesa large amount of energy into the lattice Thereare threepossibleprocesses:
degreesof freedomin the immediateneighborhood, i) The direct processdeterminedby absorption
whichcanleadto achangeof the orientationof the and emissionof phononsbeing resonantwith
probe molecule in the host lattice. In glasses, the tunnelingenergy. Its temperaturedepend-
processesof this kind are referred to as non- enceis governedthrough the occupationnum-
photochemicalor photophysicalhole burning pro- berof resonantphonons.
cesses. ii) The Orbach process which involves the

In n-octane, the barrier which stabilizes the excitedstatesof the rotorof the samesymmetry
structurallytransformedspeciesagainsttheground (librational excitations)and which can easily
stateis well defined.Its height is 115 cm 1, andthe be inducedby phonons.For temperaturesbe-
temperaturedependenceof the associatedhole re- low the first librational level this processleads
covery mechanismis Arrhenius-like (Fig. 5, high to a librationally activated temperature
temperaturebranch). dependence.

iii) The Raman process where the transition
energy 5 is matchedthrough inelasticphonon

5.4. Spin-conversionrelaxation in themethylrotors scattering. Its temperaturedependencegoes
like T

7 for temperaturessufficiently small as
We mentionedabove that hole burning is an comparedto energieswhere deviationsoccur

excellent technique for measuringrelaxation of from a quadraticdensityof phononstates.For
rotationaltunnelingstatesasa function of temper- a Debyemodel the T7dependenceslowsdown
ature.All onehasto do is to burna holeatdifferent andeventuallybendsover to a quadratictern-
temperaturesandobservehow this hole refills. For peraturelaw abovethe Debyetemperature.
dimethyl-s-tetrazinein n-octanethe situation is What kind of processdo our datasupport?
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We discardthe direct process,becausethe tern- successfullycompete.Nevertheless,at elevatedtem-
peraturedependencemeasuredis too steep.The peratures,the linear coupling to shaking type
dataalso do not supportanOrbachprocess.If an modes[23] shouldleadto an Orbach-typeconver-
Orbachprocessgovernedthe relaxation,therehad sion. In theconsideredcompound,theseprocesses
to be a changein activation energyupon deuter- may be hidden by the structural transformation
ation. Thisis definitely not the case.The slopesof process.For the temperaturedependentshifting
the data for the deuteratedand the protonated behaviorof the tunnelingfrequency,a pronounced
compoundare identical. Along theselines of rea- negativeshiftingwould bepredictedfrom this argu-
soning,it follows that relaxationof the tunneling ment [5].
statesoccursvia Raman-typescatteringprocess.
An observationwhich supportsthis conclusionis
thefact that bothdataseriesfollow a slopecloseto 5.6. Spec~flcfeaturesof theperdeuteratedrotor
7 below 4 K.

For Raman-typephonon scatteringprocesses, We reporton measurementsof conversiontimes
the temperaturedependenceof the relaxationrate of a fully deuteratedmethyl rotor system.To our
RR is governedby an expressionof the form knowledge,this is for the first time that isotope

effects in conversion rates have been measured.7 (‘Oc/T ex 6
________ Deuterationaffectsboth,the side holesplittingandRR~[~] J (X 1)2 dx. (1) theconversionrelaxationtimes.Let usfirst address

the hole—antihole (side hole) splitting, which is
If T<<B~,the above mentionedrelaxationregime given by Iö — ö*ì (seeFig. 1(b)). Sincethe moment
RR T7 is obtained.As T approachesB~the tem- of inertiaof the rotational tunnelingmotioninflu-
peraturedependenceslows gradually down to ences the tunneling splitting in an exponential
reacha quadraticregime for T> B~.The slowing fashion,deuterationcanleadto areductionof the
down is clearly seenin our results. For the data tunnelingsplittingof morethanan orderof magni-
of the deuteratedrotor, it is very pronounced. tude. In our case Iö — 5*I changesby less than
Fig. 5 shows fit curvesto the aboveequation.The a factor of two (1.85) (seeFig.3). What conclusions
fit is basedonjust oneparameter,namelyB~,apart can we draw from this observation?Assuming
from a scalingfactor.Forbothdataseries,it is very a threefoldpotential V

3cos3q (qi beingtheangle
good. The magnitude of °C is in both cases coordinateof the rotor) for all casesof electronic
30 ±3 K. The problem remainsto interpret this excitation andisotopicspeciesand assumingthat
low O~value. V3 remains unchangedwith deuterationbut is

Formula (1), which we used to fit our data, is changedto V~
4’with electronicexcitation,we can

basedon a Debyemodel. We assumethat, up to show:
a temperature°C~thephononsarewell describedby
this model. O~,here rather describesthe high fre- B — (37 GHz)

(2)quencycut off for the rotor—phononcouplingand B — ~(20 GHz)
thereforecannotbe comparedto valuesobtained
by specificheatmeasurements.This meansthat the (In this paper,an asterisk labelsquantitiesin the
higherenergyphononsmustbedecoupledfrom the electronicallyexcitedstate.)~ 15(H)/ö(D), is the (in-
methylgroupsandhencecannotinducetunneling verse) relative isotopic shift of the tunneling fre-
relaxation.Why our datasupport a Raman-type quency,and B = 157 GHz, is the rotational con-
tunneling relaxation mechanismeven at temper- stant of CH

3. ~(H) — = 37 GHz and
aturesas low as a few kelvin, is a questionwhich Ió(D) — = 20GHzare the measuredvaluesfor
has to be explored. Onepossiblereasoncould be the side hole splittings.From expression(2), it fol-
a negligibly weak linearcoupling of the breathing lows that ~* > ~ and therefore V~’> V3. Further-
type [23]. The low temperatureconversionthen more,the changein the hinderingpotential for the
becomeshighly inefficient, andotherprocessescan electronicallyexcitedrotor shouldbe enormousif
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the hinderingpotential is not too small. Thissuspi- energy for deuteronsand the dipolar energy for
cion is confirmed through the observed pro- protons CQ/(y2/r3)= 1.0 has been used. For the
nouncedincreasein conversionrates(seebelow), height of the hinderingbarrier V~in theelectroni-

As to theisotopeeffect in the rotationaltunnel- cally excitedmolecule,a value V~ 2.85meV can
ing relaxation,the experimentsshowthat it enhan- be concluded for both isotopic species. The ob-
ces the relaxation rate by almost two ordersof tamedparametersfor the potentialsnicelyfit to the
magnitude(Fig. 5). Fora Ramanprocess,a change observedchange in the side hole splitting. The
in the conversionrate~ - 1 with deuterationof the increaseV~’> V

3 can be explainedby the larger
methyl rotor is expected[7], as is shownin Fig. 7. diameterof thedimethyl-s-tetrazinemoleculewhen
Theratio T~/t(ji~is plottedversusö(H)/B. An on- being electronicallyexcitedso that the hydrogen
entationalpotential —~ V3 cos3q, is assumed,where atoms of the methyl rotors come closer to the
V3 is independentof deuteration.Moreover, the neighboringn-octanemolecules.
Raman-typerotor—phonon coupling strength is
supposednot to changewith deuteration.At low
temperatures(kT ~(H))~ this ratio is only very 5.7. Sideholesandantiholes:are theretwo different
weakly dependenton temperature.It is only for tunnelingspecies?
relativelyweakly hinderedrotors,that the conver-
sionis expectedto increasemorethana factorof 10 We stressedabovethat dimethyl-s-tetrazinein
with deuteration.According to Fig. 7, an observed n-octane shows a series of surprising features.
factorof almost 100 canbe explainedby a tunnel- Fig. 6 addsanotherone.The uppertraceshowsthe
ing splitting

5(H)~122 GHz corresponding to spectralregion aroundthe low energyantiholeof
a barrier height V

3 = 1.65 meV. Here a realistic the CH3 rotor. At 4.2 K, wheretheseexperiments
value for the ratio of the quadrupolarcoupling were performed the spin-conversionrelaxation

time is about 1 h. Clearly, as the antihole relaxes,
a side hole grows in. What is puzzling is the fact

5 I that the in-growing side hole is shiftedascompared
to the antihole. For the CH3 rotor, the shift is

.1 about 1.6 GHz, for the CD3 rotor it is about
‘~ 1.1 GHz(Fig. 6, lower trace).Note that in the latter

3 caseit is more difficult to measurethe antihole
// becauserelaxationis muchfaster.Nevertheless,the

~ 2 antihole can be clearly identified, and the basic
situationis the sameas in the CH3 case.

-~ 1 Wheredoesthe sideholecomefrom? Westressed
abovethat thehole burningpropertiesof the sym-

0 ‘ I I I I metry distorted rotor require an additional hole
.0 .2 .4 .6 .8 1.0 burning mechanism,in addition to the nuclear

spin-conversionprocess,which we classified as

a photoinducedstructuralrearrangementof probe
Fig. 7. Ratioof theconversionrates t ‘for deuterated(D) and andlattice. It was pointedout by Borczyskowski
protonated(H) methyl speciesversusthe tunneling frequency et al. [1] that anykind of photochemicalor struc-

in units of the(protonated)rotationalconstantB of the .

protonatedrotor, assuminga Ramanprocessas conversion tural hole burningprocesscaninducenuclearspin
mechanism.This ratio is nearly temperatureindependent.It is conversionrelaxationleadingto the appearanceof
assumedthat theheight V3of theorientationalpotentialandthe side holes.This comesfrom the fact that the hole
rotor—phononcoupling strengthdo not changewith deuter- burning processchangesthe equilibrium popula-
ation. For theratio of thequadrupolarenergyCc�ofa deuteron tion of the tunnelingstates for the frequencyse-
in theelectricfield gradientofa CD bondandthedipolarenergy . . .

(y
2/r3) between two protons in a methyl group a value lectedensembleconsidered.Equilibrium, however,

C
0/(y

2/r3)= 1.5 is assumedhere. is restored again through the spin-conversion
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processes.Hence,the hole at the laserfrequencyis Suchadvantagesare,for instance,its easyhandling,
partially filled as a consequenceof spin-conversion its high sensitivity andits largedynamicrange.
relaxation,andthe side holesgrow in. Along these We haveappliedthismethodto investigatesym-
lines of reasoning,it is clear that the side holes metry speciesconversion processesin dimethyl-
correlatewith the structuralhole burning process s-tetrazineand to measure,for the first time, the
whereasthe antiholes correlatewith the nuclear influence of deuterium substitution. Deuterium
spin transformationprocess.FromFig. 5 it is clear substitution increases the relaxation rates by
that, at 4.2K, thestructuralholerecoveryprocesses almost two ordersof magnitude,yet doesnot alter
are much slower as comparedto the rotational the temperaturedependence.This behavior was
tunnelingholerecoveryprocesses.Hence, the two interpretedin terms of a Ramanmechanism.The
processescan be consideredas being completely increasein the rateswas mainly attributed to the
decoupled. quadrupolarinteraction.The pronouncedincrease

The conclusionfrom the experimentis that the of the conversionratewith deuteration,assuming
differencein the tunnelingsplitting — I is dif- a Raman-typeprocess,allowedfor anestimationof
ferent for the structurallytransformedmoleculesas thestrengthof thehinderingbarrier V3 ~ 1.65 meV,
comparedto the spin-transformedmolecules.This correspondingto a tunneling frequencyof 4

5(H)~

canbeunderstoodif thetwo setsof moleculesarein 122 GHz. Basedon theseresults,we couldestimate
two different sets of environments.We stressthat theorientationalbarrierheight for themethyl rotor
thesetwo different setsof environmentpertainto in theelectronicallyexcitedstateto be of the order
the ordereddomains.If, for example,oneclassof of V~ 2.85meV. This valuefits nicely to the ob-
molecules would preferentially sit in the grain servedisotopicshift of the side hole splitting.
boundaries,the sharpquasilinespectrawould be If just one proton in the methyl group is sub-
ontopof abroadbackgroundwhich is notthecase. stituted,the rotor symmetryis brokenand,conse-
Thereis an additionalsubtletywhich concernsthe quently, the correlation between rotor and spin
respectivequantumyields of the two phototrans- statesis broken. Yet, hole burning still occursde-
formations: The experimentdefinitely shows that monstratingthat an additional mechanismhasto
thereis no onset of an antihole right at the fre- be present.We ascribedit to a structuraltrans-
quencyof the side hole andno indication of a side formationaffectingthe mutualorientationof guest
hole at the frequencyof theantihole.This observa- andhostmolecules.This holeburning mechanism,
tion impliesthat bothcategoriesof probemolecules althoughit hasnothingto do with thenuclearspin,
undergoeither one of the two hole burning pro- inducesneverthelessnuclearspin relaxationpro-
cesses.The two processesdo not occur in parallel. cesseswhich are reflectedin slowly growing side
Forinstance,the probabilitythat a moleculewhich holes. It was a surprising observationthat side
undergoesphotoinducedspin transformation,can holesandantiholeshavedifferent frequencies.The
besimultaneouslytransformedstructurally,is zero. conclusionwas that thereare two distinct probe
This is peculiar, indeed, speciespresent,which undergoeither one of the

However, theseexamplesjust demonstratethat two burning process.The reasonfor this subtle
in systemsas simple as dimethyl-s-tetrazinein n- behavioris still a matterof investigation.
octane,unexpectedphenomenado occurandthere
is still an openfield for further work.
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