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Intr oduction

La perfectionnonestatteinte, quandneresterien à ajouter,
maisquandneresterien à enlever.

ANTOINE DE SAINT EXUPERY

Undernormalconditions,molecularionsarehighly reactive andthusappearonly asshort-
livedintermediatesin chemicalreactions.Besidestheir frequentappearanceonearthassolvated
ionsin aqueoussolutions,they arefoundin thegasphasefor examplein flames[1, 2] andplasmas
[3], aswell asin higherlayersof our atmosphere,thestratosphereandtheionosphere[4, 5]. In
additionto theseterrestrialoccurrences,it is well-known thatmolecularionsplay an important
role in thephotochemistryof comettails [5, 6] andinterstellarclouds[7, 8], with thesimpleH

��
ion beingthe most importantmolecularion in interstellarspace[9]. Due to thesewidespread
occurrences,molecularionshaveattractedmoreandmoreattentionin thelastdecades.

Although massspectrometry(MS) allows an easyproof of the existenceof molecularions
andtheir identificationby the mass/charge ratio, it is moredifficult to obtainstructuralinfor-
mationaboutthem. To establishgasphasestructuresof ions, techniqueslike collision-induced
fragmentation,ion/moleculereactions,isotopiclabelingandcombinationwith ab-initio calcula-
tionshavebeendeveloped[10]. Spectroscopy, on theotherhand,yieldsdirectinformationabout
thegeometryandstructureof theexaminedspecies,providedthat they have appropriatetransi-
tionsthatcanbeinducedby electromagneticradiation.Thecombinationof thesetwo methods,
massspectrometryandspectroscopy, thusappearsto bethe“Holy Grail” of physicalchemistry
sinceit closesthegapbetweenwhatmassspectrometristswantandwhatspectroscopistscando.
This combinationwasfirst introducedin 1978combiningthemultiphotonionizationof neutral
moleculesandthemass-selectivedetectionof thechargedproducts[11, 12] – a techniquewhich
hasevolvednow to extremelysensitiveandwidely usedmethodslike resonanceenhancedmul-
tiphotonionization(REMPI) [13] or massanalyzedthresholdionization(MATI) spectroscopy
[14].

To characterizechemicalintermediatesandfreeradicalsspectroscopically, thematrix isola-
tion (MI) method,first introducedin 1954by PIMENTEL [15] andPORTER [16], is frequently
usednowadays[17]. With this technique,thetransientspeciesaretrapped(isolated)in a trans-
parent,cryogenicsolid (matrix)andafterwardscharacterizedby standardspectroscopicmethods
rangingfrom infraredto electronicspectroscopy. To reducetheguest-hostinteractions,light rare
gasesat temperaturesin therangefrom typically 4 to 20K arepreferablyusedashostmaterials.
Matrix isolationhasbeenfurther developedin the last decadesto characterizealsomolecular
ions. The ions can be producedeither in-situ using for exampleUV photoionization[18] or

3



4 INTRODUCTION

electronbombardment[19], or during/beforedepositionusinga pulsedelectricdischarge [20]
or laservaporizationto producemetalcationswhich further reactvia charge-transferwith an
appropriateprecursorsubstanceto producethedesiredionic species[21].

Returningto the desireto couplemassspectrometrywith spectroscopy, the first successful
matrix isolationstudiesof mass-selectedcationswerereportedin 1989by RIVOAL et al. [22]
and,almostsynchronously, by MAIER andco-workers trappingmass-selectedC

�� , C� N �� and
C� Cl

�� in solidneonandmeasuringtheirelectronicabsorptionspectraby awaveguidetechnique
[23]. Apparently, this MS-MI couplinghasseveral enormousadvantagescomparedwith old,
conventionalMI experimentssinceit allows thereal-timeoptimizationof theion sourceandthe
ion optics,it avoidsdisturbingimpuritiesin matricesandreducesguest-guestinteractionsbysim-
ply discriminatingthe unwantedspeciesandfinally, it facilitatesthe identificationof unknown
speciesby providing themassinformation. Althoughonehasto surmountseveralobstaclesto
implementthis methodsuchas fragmentationduring ion deposition[24] or the accumulation
of positive spacecharge hinderingthe depositionof further ions [25], up to now five groups
worldwideare/weresuccessfullyemploying thismethodproducingimpressiveresults,whichare
summarizedin section2.4.1.

Due to the apparentsuccessof this MS-MI coupling,we decidedto enhanceour existing,
conventionalmatrix experimentby attachinga mass-selectionstage.In thescopeof this thesis,
anapparatuswasthusdesignedandimplementedfor thematrix isolationof mass-selectedions
mainly consistingof a modified,commercialquadrupolemassspectrometer. Thesuccessfulim-
plementationof this methodin our laboratoryis demonstratedin this thesisby presentingnew
resultsonthespectroscopy of CS

�� andC� F�� . Theseionswereproducedin microwavedischarge
or electron-impactsourcesdevelopedin our laboratoryandfollowing mass-selection,trappedin
solid neon. Subsequently, they werecharacterizedspectroscopicallymainly usinglaserexcita-
tion andlaser-inducedfluorescence.It turnedout thattheion currentsof approximately1-10nA
achieved by our sourcesare sufficiently high to observe visible and even infrared absorption
spectra– methodswhich areordersof magnitudelesssensitivethanlaserexcitationscans.

Additional resultswereobtainedsynchronouslyto the planningandimplementationof the
new mass-selectionexperimentby usingthe old setup,with the mosttantalizingresultsbeing
alsopresentedin this thesis.Transitionmetaloxides,which show anextremelyrich electronic
spectroscopy dueto the partially filled d-shellsof the metalatoms,have alsobeenstudied. In
particularfor thetungstenoxidesWO andWO� , new insightsinto their vibronic structurewere
obtained,andtheinterestingrelaxationbehavior of WO resultingin intenseinfraredvibrational
emissionwasinvestigated.

In collaborationwith Prof.Räsänenfrom theUniversityof Helsinki,weperformedalsostud-
ieson thephotolysisof hydrogenhalideslikeHCl andHBr in neonmatrices.Annealingof such
matriceswhich wereadditionallydopedwith xenonatomsresultedin formationof the novel,
neutralraregascompoundsHXeCl andHXeBr [26, 27]. The fact that thesenew compounds
exist even in theweaklypolarizableneonenvironmentsuggeststhat they shouldbecapableof
existenceasfreemoleculesin thegasphase– theirobservationin thegasphaseis still lacking–
andappearsasan importantmilestoneleadingto the very recentdiscovery of the first stable
argoncontainingcompoundHArF [28].

The presentthesisis divided in four major parts. The first part startswith an introductory
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chapterdealingwith the theoreticalfoundationssuchasquantummechanicsof moleculesand
the effectsof isolatinga moleculein matrices,and is followed by a chaptergiving a detailed
descriptionof theexperimentalsetupincludingthemass-selectionstage.In thesubsequentparts,
the resultsof this work are presentedbeginning with the tungstenoxidesWO and WO� and
followedby thenovel HRgY compounds.Thelastmajorpart reportsthenon new insightsinto
thespectroscopy of theCS

�� andC� F�� cationsobtainedwith thenew mass-selectionapparatus
andfinally, thisthesisis summarizedandanoutlookonthefuturedevelopmentof theexperiment
is presented.



Chapter 1

Theoretical Basis

This introductorychapterdealswith thetheoreticalfoundationswhich arenecessaryfor a com-
prehensive understandingof this thesis.To understandthenatureof thechemicalbondingand
with thatthegeometryandstructureof moleculesonamicroscopiclevel, quantummechanicsis
absolutelynecessary. Thecalculationof electronicandvibrationalstatesof molecules,aswell as
transitionsbetweenthem(selectionrules),is briefly discussed.Finally theeffectsof embedding
afreemoleculein asolidmatrixenvironment,thematrix isolation, arepresentedandtheproper-
tiesof suitablematrixhostmaterials,aswell asnew relaxationpathwaysfor theguestmolecule,
arediscussed.

6



1.1QuantumMechanicsof Molecules 7

1.1 Quantum Mechanicsof Molecules

1.1.1 The Born-Oppenheimer Approximation of the Schrödinger Equa-
tion

A molecule,consistingof � electronsand � nuclei,is acomplex many-bodysystem.Thenon-
relativistic dynamicsof suchasystemis quantum-mechanicallydescribedby thetime-dependent
Schrödinger equation[29]: ��������� �! �"$#&%'# �)(+*-, �! ."/#0%1# �)( (1.1)

where , is the Hamiltonian operator, equivalent to the sum of kinetic and potentialenergy
operators

,2*43658793;:<7>=?5�587@=�5�:17@=?:A: (1.2)

actingon thewavefunction
�! �"$#&%'# �)( which dependson thepositionvectors

" *  �" � #CBCBDBD#&"FE (
and

% *  .% � #CBCBDBG#&%�H ( of theelectronsandnuclei,respectively.
Now themaininterestof thischapterisfindingapproximatesolutionsof thetime-independent

Schrödingerequation,obtainedfrom (1.1)by substituting
�I ."$#&%1# �)(J*-K �$LNM�OQPSR�
T  ."/#0% ( :, T  ."/#0% (J*-U T  ."$#&% ( (1.3)

To solvethiseigenvalueequation,onehasto applytheso-calledBorn-Oppenheimerapproxi-
mation, which is centralto quantumchemistry[30]. Qualitatively, sincenucleiaremuchheavier
thanelectrons,they move moreslowly. Hence,to a goodapproximation,onecanconsiderthe
electronsin a moleculeto bemoving in thefield of fixednuclei. Within this approximation,the
secondterm of (1.2), the kinetic energy of the nuclei, canbe neglectedandthe last term, the
repulsionbetweennuclei,canbeconsideredasconstant.Theremainingtermsin (1.2)arecalled
the electronicHamiltoniandescribingthe motion of � electronsin the field of � fixed point
charges. Thus,whensubstituting

T  �"$#&% (V*XW?Y  �" (0Z  .% ( in (1.3), wherethe electronicwave
function W[Y  ." ( dependsonly parametricallyon thenuclearcoordinates,this partialdifferential
equationcanbeseparatedin two parts:

 36587>=?5�587@=�5�:\(0W?Y  �" (]* U 5�^Y W[Y  �" ( (1.4) 3;:_7>=[:`:<7>U 5a^Y (0Z  .% (b* UcZ  .% ( (1.5)

Herethefirst partconstitutestheelectronicproblem,wherethetotalenergy for fixednucleimust
alsocontaintheconstantnuclearrepulsionU OedaOY *fU 5�^Y 7g=?:A:  �% ( . Methodstosolvetheelectronic
problemwill betreatedin thenext section.Equation(1.5)describesthemotionof nucleiunder
their own repulsionandin theaveragefield of theelectrons,including translation,rotationand
vibrationof amolecule.Fromthesenuclearmotionsonly thevibrations,to bedescribedin detail
in section1.1.3,areimportantfor matrix isolationspectroscopy, sincerotationsarehinderedfor
small,light diatomics(for exampleCN [31]) andimpossiblefor largermoleculesin solids.
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Thequantitativeaspectsof thisapproximation,includingtheproblemof deriving corrections
to it, are beyond the scopeof this thesisand are discussedfor examplein [32]. The Born-
Oppenheimerapproximation,however, breaksdown in thecaseof theso-calledJahn-Tellereffect
[33] andits correspondentfor linearmolecules,theRenner-Teller effect[34]. ThegeneralJahn-
Tellereffectstatesthatanon-linearmoleculewith adegenerateelectronicgroundstateis instable;
it will changeits nuclearconfigurationsothat thepreviously highersymmetrygetsbrokenand
thedegeneracy splits.For examplethelinearCS

�� cationin its
�ihkj

groundstatewith its non-zero
orbital angularmomentumis subjectto theRenner-Teller effect,seefor exampleRef. [35] for a
detailedab-initio calculationon this topic.

1.1.2 Ab-Initio Quantum Chemistry

Finding anddescribingapproximatesolutionsto the electronicSchrödingerequation(1.4) has
beena major preoccupationof quantumchemistssincethe birth of quantummechanics.Ex-
ceptfor thesimplestcaseslikeH

�� , which canbesolvedanalytically, oneis facedwith complex
many-particleproblems.To overcometheseproblems,appropriateapproximationsandnumer-
ical calculationsareabsolutelynecessary. Centralto attemptsat solving suchproblemsis the
Hartree-Fock Self-ConsistentField (HF-SCF)approximation. Thismethod,andthemoreelabo-
rateDensityFunctionalTheory(DFT),whichis usedfor theoreticalcalculationsin laterchapters,
areshortlycoveredin this section.

Hartr ee-Fock

TheHartree-Fock approximation,which is equivalentto themolecularorbital approximation,is
centralto physicalchemistry. Thesimplepicture,that chemistscarryaroundin their heads,of
electronsoccupying orbitalsis in realityanapproximation,sometimesaverygoodonebut, nev-
ertheless,anapproximation— theHartree-Fock approximation.Sinceelectrons,with their spin�� , arefermions,they have to obey theFermi-Diracstatistics,i. e. thewave functionof theelec-
trons W  �" ( mustbeantisymmetriconexchangeof two electrons:W  �" � #CBCBCBG#&"Flm#DBCBCBD#0"mn0#CBCBCBG#&" :o(+*p W  �" � #DBCBCBD#0"mn0#CBCBCBG#&"Flm#DBCBCBD#0" : ). Now, the easiestway to constructsucha wave function is to
build an anti-symmetrizedproductfunction q W[rts from single-electronwave functions(spin or-
bitals) u lv �"Fl ( , theso-calledSlaterdeterminant,abbreviatedas

q W[rts\* q u � u � �
�
� u :ws (1.6)

Thegoalof theHartree-Fock approximationis now to find thebestpossibleapproximationq W?ris to therealgroundstateof the � electronsystem.Accordingto thevariationalprinciple,the
“best” orbitalsarethosewhich minimizetheelectronicenergy

Uxro*zy�W?r q , q W[r{s (1.7)

This variationthenleadsto a systemof � integro-differentialequationsfor the “best” spinor-
bitals u l| ."ml ( [36]
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� l u l 7~}n��� lx��� q u ni ."mn ( q ���� l)n�� "Fn�� u l p }n��� l���� u��n  ."Fn ( u lv �"Fn ( �� l)n�� "Fn�� u nt �"Fl (�*�� l u l (1.8)

where
� l * p ��v� �l p������m���� � (in naturalunits) is the kinetic energy andpotentialenergy for

nuclearattractionof asingleelectron� . Theorbital energy of theorbital u lv ."Fl ( is � l .
The secondterm in this Hartree-Fock equationis the Coulombterm correspondingto the

Coulombrepulsionof electron � in the averagedfield of the remainingelectrons. The third
expressionis theexchange term,which arisesbecauseof theantisymmetricnatureof theSlater
determinant.

Apparently, this coupledsystemof integro-differentialequationscannot be solved analyt-
ically, herecomputershave to jump in andsolve this systemnumericallyin an iterative way.
Beginning with an appropriatesetof startorbitals,theHartree-Fock equationsaresolvedwith
the old orbitalsassourceof the averagedfield which resultsin a new (hopefully better)setof
orbitals.This procedureis repeateduntil changesin subsequentsetsbecomenegligible, i. e. the
stateof self-consistent-field(SCF)is reached.

As aresultof thisprocedure,oneobtainsorbitals u lv ." ( andorbitalenergies � l , aswell asthe
total electronicdensity �  �" ( andthe total electronicenergy U 5a^ *�Ukr . Using thesevalues,one
cancalculateall molecularpropertiesof interestlike dipole moment,polarizabilities,etc. The
resultingwavefunction q W?ris hasacertainsymmetrywhich is connectedwith thesymmetryof the
nuclearconfiguration.This symmetryis usedto designateelectronicstatesin closeanalogyto
spectroscopicnotationin atomicphysics.For linearmolecules,it is conventionto write�S� � �S�\�
assymbol for the electronicstate,wherethe total spin � determinesthe multiplicity  |� 7 � ,� *¢¡  a£ ( # �  h ( #    �¤ ( #CBDBCB is theangularmomentumof all electronsprojectedon thesymmetry
axis and the total angularmomentum¥ is the sum of

�
and the projection

£
of the spin �

( ¥ * q � p £ q #CBCBCBG# q � 7 £ q ( . Additionally, whenthemoleculepossessesaninversionsymmetry,
a letter ¦ or § is addedin theindex for ungeradeor geradeparity.

This Hartree-Fock methodcanbe usedto calculatethe vibrationalpotentialenergy surface=  .% (w*¨=?:A:  �% (87©U M ^  .% ( of a certainmolecule,which containsinformationabouttheequi-
librium geometry(theabsoluteminimum)andthenormalvibrationsof this molecule.

DensityFunctional Theory

Hohenberg andKohnhave shown that,without explicit knowledgeof theelectronicwave func-
tion, the total energy of an ª electronsystemcanbe expressedasa functionalof its electron
density �  ." ( [37]. Usuallythetotal energy is partitionedin thefollowing way:

U  � («*fU­¬  � (®7¯U±°  � (87>U±²  � (®7¯U´³Jµ  � ( (1.9)

where U ¬ is thekinetic energy of theelectrons,U ° thesumof thecoulombrepulsionenergies
betweennuclei ( =[:`:o( andthe coulombattractionbetweennuclei andelectrons( =?5a: ), U ² is
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theso-calledcoulombself-interactionof theelectrondensity( =?5�5 ), and U ³Jµ is theexchange-
correlation term. Herethe first threeterm canbe expressedanalyticallybut, unfortunately, no
analyticalexpressionexistsfor theexchange-correlationterm.

Usually, this exchange-correlationterm is approximatedasan integral of thespin densities� lt¶ n{ �" ( (local part)andtheirgradients� � li¶ n{ ." ( (non-localpart):

U ³+µ  � (+* �~·  � lm# � nt# � � lt¶ � � n ( � � " (1.10)

For example,the basiclocal exchangefunctional,developedfor the uniform electrongas,has
thefollowing form [38]:

U´³¸v¹ � * pVº <» º¼v½\¾ � P � � �  ." ( � P � � � " (1.11)

As aresultof continuousimprovements,sincethissimplefunctionalshowedlargeerrorwhen
appliedto molecules,thesemi-empiricalB3LYP functionalemerged[39], which is now widely
in usein commercialquantumchemistryprogramsasfor exampleGAUSSIAN94[40] :

U ³+µ¿ � ¸vÀ6Á *  � p9Â r{()U ³¸|¹ � 7 Â rtU ³Ã`Ä 7 Â � ¤ U ³¿ 5aÅ.Æ&5 �
� 7  � pÇÂ Å�(�U µ°[È : � 7 Â Å
U µ¸vÀ[Á (1.12)

HeretheparametersÂ arefitted to a wide rangeof small molecules(the G1 set)to obtainbest
results.Theexchangeis hereacombinationof localLDA andHartree-Fock exchangeaswell as
thenon-localBecke88functional[41]. As correlationenergy, amixtureof thelocalVWN3 [42]
andnon-localLee-Yang-Parr functional[43] areused.

ThisB3LYP methodswill beextensivelyusedin thefollowingchaptersto computemolecular
properties,becauseit is significantlybetterthanHartree-Fock due to the explicit inclusionof
(semi-empirical)electroncorrelation.Furthermore,nowadaysB3LYP is simply thestate-of-the-
art methodto computemoleculesin a reasonabletime with reasonablecosts. The resultsof
thisB3LYP andthemoreprimitiveHartree-Fockmethodarecomparedwith experimentalvalues

constant HF/sb HF/cb B3LYP/cb gasphasea neonb

electronicenergy E [hartree] -832.463 -832.629 -834.191
distance� � � µ [Å] 1.6087 1.5509 1.5543 1.554
symmetricstretch� � [cm � � ] 569 666 668 615 617.7
bending� � [cm � � ] 289/351c 298/404 307/372 346 349
asymmetricstretch� � [cm � � ] 1121 1132 1237 1200 1206.9

afrom Ref. [44]
bthis work
ctwo values,dueto asymmetricÉ$ÊË ÉÍÌ population

Table 1.1: Comparisonof ab-inito HF and B3LYP using simple 6-31 (sb) and complex 6-
311++G(3d,3pd)basissetswith experimentalgasphaseandmatrix valuesof thelinearCS

�� .
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in gasphaseandneonmatricesin Table1.1 using the
�ihxj

groundstateof the CS
�� cationas

example.

1.1.3 Vibrations of Molecules

As shown in theprevioussections,the � nucleiof amoleculemove in thepotential=  .% (+*f=?:A:  �% (®7¯U M ^  �% (
Generally, this is a complicatedfunction of the nuclei’s positions

%
, it is even sometimesa

difficult taskto find theabsoluteminimumof =  .% ( — theequilibriumgeometryof themolecule.
To calculatethedynamicsof thenuclei,it is usefulto applytheharmonicapproximation,i. e. to
developthepotential =  �% ( aroundtheequilibriumposition

% r to thesecondorder:

=  �% (+ÎÏ=  �% r (®7 �  �SÐ}Æ ¶ ^ � � � � =�?ÑÒÆC�[Ñ�^  ÑÒÆ p Ñ rÆ (  Ñ�^ p Ñ r^ (®7 BDBCB (1.13)

Resubstitutingthis harmonicpotentialinto (1.5) resultsin a Schrödingerequationfor º �
coupled,harmonicoscillators,correspondingto the º � degreesof freedomof an � -atomic
molecule. This equationcanbe easilydiagonalized,resultingin º � eigenvaluesÓ �L (the har-
monicalnormalfrequencies)andcorrespondingeigenvectors.Sincean � -atomicmoleculehas
generallyº � p¯Ô vibrationaldegreesof freedom,it will turn out thatseveral Ó L equal0. TheseÓ L *-¡ correspondto translationsandrotationsthatareof nointeresthere,sincethey arehindered
by thecageeffectof solidmatrices.

Taking for examplethe linearCS� molecule,which has ºÖÕ×º p�Ø * ¼
vibrationaldegrees

of freedom,it turnsout thatactuallyonly threevibrationshave differentfrequencies,sincethe
bendingvibrationis doublydegenerated,seeFig. 1.1.

S S S SS S C CC

Figure1.1: Thenormalvibrationsof CS� : Thedoublydegeneratedbendingvibration � � (with
symmetry

½�Ù
) , thesymmetric� � ( Ú j ) andtheantisymmetricstretchvibrations � � ( Ú Ù , arranged

in increasingfrequency).

Thisdiagonalizationresultsnow in º � pIÔ (or º � pVØ ( decoupledSchrödingerequationsfor
independentharmonicoscillators,whoseeigenvaluesU L * �� Ó L  .Û L 7 �� ( arewell known. Including
thefact thatvibrationalpotentialsarealwaysmoreor lessinharmonic,onearrivesfinally at the
following generalformulafor thevibrationalenergy levels[45, 46] (in spectroscopicnotation):
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Ü *436587 } L Ó L  .Û L 7 �  (®7 } L ¶ ÝÒÞ L ÝÍ �Û L 7 �  (  �ÛGÝ 7 �  (®7 BCBCB (1.14)

where 365 correspondsto theelectronicenergy at theequilibriumposition( =  .% r ()( , thesecond
termis theharmonicenergy of

Û L quantain the
�
th vibrationwith frequency Ó L andthethird term

is thecorrectiondueto theanharmonicityof thepotential.

1.1.4 Interaction with ElectromagneticRadiation

The interactionof matterwith electromagneticradiation(“light”) is central for spectroscopy
whereabsorptionor emissionof radiationby solids,molecules,atomsor evenelementaryparti-
clesis examined.This effect,physicallybasedon thecouplingof theelectromagneticfield with
electriccharges,determinestheform of spectraof quantummechanicalsystems,for example:ß which linesdo appear?(selectionrules)ß life timeof excitedstates(andthereforeline widths)ß absorptioncrosssections

To calculatethe interactionof the vibrating electromagneticfield with a molecule,onehasto
performtime-dependentperturbationtheory, whichexaminesthedevelopmentof anunperturbed
systemwith theHamiltonian , r perturbedby a time-dependentinteraction, LáàDO B
Fermi’s GoldenRule

This perturbationtheoryresultsin thefamousGoldenRuleof ENRICO FERMI for thetransition
rate â Leãkä from aninitial state q � s to afinal state q · s [47]:

â Leãkä *   ½��æå  U ä p U L (`ççç y � q , LáàDO q · sFççç � (1.15)

whichstatesthatthetransitionrateis proportionalto thesquareof theinteractionmatrixelement.
Now onehasto specifytheoperatorfor the interactionin moredetail. Dueto theso-called

minimalcoupling èæé è p 5 Å{ê , oneobtainsthefollowingexpressionfor theinteractionof matter
with light: , LáàGO * �'ë K �  .ì ()W  íì ( p K ÂGî  .ì ( ê  .ì (
ï � � Þ

To computetransitionrates,it is sufficient to useê  .ì+# �)(+* �Òð K LòñôóGõv�÷ömOQø asplanewaveansatz
for thevectorpotential.Takinginto accountthatthedimensionsof moleculesaresmallcompared
with typical wave lengthsof theemittedor absorbedlight, oneobtainsfor theso-calledelectric
dipole transition(E1) from state q � s to q · s andsimultaneousannihilationof a photon

�� Ó with
polarization

ð
: â LNãxä *   ½�� å  U ä p U L p �� Ó ( Ó �Â � � � q y � qSù � ð q · s q � (1.16)
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where övúÅ ú �Ò� * U �üû ý
is proportionalto the intensity of the incident light wave and ù *ù 587 ù :9* p<� K " L 7 ��þ ÆDK % Æ is thedipolemomentof themolecule.

SelectionRules

Within the scopeof the Born-Oppenheimerapproximation,it was shown that the total wave
function of a moleculecanbe approximatedby a productof nuclei-, electron-andspin wave
functions q Tfÿ * q Z  �% ( ÿ q W  �" ( ÿ q u���� Láà ÿ . By thatoneobtainsfor thedipolematrix element� *�� � q ù\q · ÿ of anelectronictransition

� é · :

� *���Z L  �% ( q Z ä  �% ( ÿ ��W L  �" ( q ù 5 q W ä  �" ( ÿ � u L q u ä ÿ (1.17)

Herethefirst factor(actuallythesquareq �©Z L  �% ( q Z ä  .% ( ÿ q � ) is calledtheFranck-Condonfac-
tor which is determinedby theoverlapof thenuclearwave functionsin thelower andtheupper
electronicstate.Thesecondoneis theelectronicdipolematrix element:If it equalszero,then
the electronictransitionis called forbidden. Thus,oneobtainsselectionrules by checkingthe
conditionthateachfactoris nonzero.In this way, thethird factorimplies theselectionrule for
theelectronspin.

To checkwhethera pureelectronictransitionis allowed or not, onedoesn’t calculatethe
integral �~W L  ." ( q ù 5 q W ä  ." ( ÿ by handbut insteadoneinspectssymmetriesandusesgrouptheory
to determineif this integral canbecomeeventuallynonzero:An electronictransitionis allowed
if thedirect productof the symmetryspecies�  W L ( �  ù 5)( �  W ä ( containsthe totally symmetric,
irreduciblespeciesof the molecule’s point group. Applying this rule to, for example, linear
moleculeswith weakspin-orbitcoupling(Hund’s case(a)), oneobtainsthefollowing selection
rulesfor E1dipoletransitions:ß ¤ � *-¡ #	� �ß ¤ � *4¡ (no intersystemcrossing)ß ¤I£ *-¡ß ¤ ¥ *-¡ #
� � (alsovalid for strongspin-orbitcoupling)ß §�� ¦ # ¦�� § (wheretheparity is defined)ß £ � � £ � #v£ � � £ �
1.2 Moleculesin Solids

1.2.1 Propertiesof RareGasSolids

To characterizetransientspeciesspectroscopically, it is importantto drasticallylengthentheir
usuallyvery shortlifetime underlaboratoryconditions.In thegasphase,this maybeachieved
by usinga very small pressureto increasethe averagetime betweentwo collisions. However,
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this approachhasthedisadvantagethatoneneedsverysensitiveexaminationmethods,sincethe
interestingspeciesthenexistsonly at very low density. It is furthermorenot possibleto work at
arbitrarylow temperatures,so many energy levelsarepopulated,which makesthe assignment
of spectraa difficult task. Nevertheless,a synchronousisolationand cooling methodhasbeen
achievedusinganadiabaticexpansionin asupersonicjet with heliumasinertcarriergas[48,49].

Anotherextremelysuccessfulmethodto isolatereactive radicalswasdevelopedin thefifties
by G. C. PIMENTEL etal. by embeddingthemoleculesinto transparentsolids– thematrix iso-
lation technique [15]. Of course,theperturbationof theinterestingspeciesby thesolid should
be assmall aspossible,so raregasesareusedpreferablyashostmaterial. Due to their closed
valenceshell,theraregasesarechemicallyinert, i. e. they (at leastHeandNe)donot reactwith
theguestspecies.Generally, thelighterararegasis thesmalleraretheperturbations.Thismeans
thathelium would be themostappropriatehostmaterial,but unfortunatelyhelium needspres-
suresabove 20 bar to becomesolid. Nevertheless,a interestingtechniqueto isolatemolecules
in nano-dropletsof liquid heliumhasbeensuccessfullydevelopedrecently[50, 51]. Themost
importantpropertiesof raregasatomsandsolids,regardingmatrix isolationspectroscopy, are
summarizedin thetable1.2.

property dim. Ne Ar Kr Xe

atomicdiameter Å 3.0 3.8 4.2 4.6
Lennard-Jonesparameter� cm� � 24.33 83.98 118.18 195.8
Lennard-JonesparameterÚ Å 2.76 3.41 3.62 4.03
ionizationpotential eV 21.56 15.76 14.00 12.13
polarizability Å

�
0.39 1.63 2.47 4.01

latticeconstant( 3�* � ¡ K) Å 4.467 5.313 5.647 6.132
Debyefrequency ( 34*-¡ K) cm� � 75 93 72 64
energy gap eV 21.69 14.15 11.6 9.28
refractive index 1.28 1.29 1.28 1.49
meltingpoint ( 
 * 1013mbar) K 24.6 83.3 115.8 161.4
sublimationtemperature( 
 Î � ¡ � � mbar) K 10 31 42 58
thermalconductivity ( 34*   ¡ K) W/m/K 0.4 1.3 1.2 2
compressibility � ¡ � � r Pa� � 8.92 3.73 2.90 2.80

Table1.2: Propertiesof raregasatomsandsolids,takenfrom [52].

To reduceguest-guestinteractions,rangingfrom loosevan-der-Waalsinteraction,through
dipole-dipolealignmenttostronghydrogenbonding,onetypicallyusesahighdilution (guest:hostÎ ��� � ¡|¡|¡ ) sothatnoelectronicbandscanemergefrom thedistinctelectronicstatesof theguest
molecules.Nevertheless,thedensityof guestparticlesin matricesis muchhigherthanin thegas
phaseandthereforeonecanuselesssensitive instrumentsfor measurement.

Anotherprerequisitefor potentialhostmaterialsto allow spectroscopy of guestsis optical
transparency. Raregasmatricesareideal in this respect,sincethelow-frequency limit is deter-
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minedby theDebyefrequency, below whichphotonsareabsorbedthroughexcitationof phonons.
On theothersideof theopticalspectrum,thetransparency is limited by theenergy gap, beyond
which electronscanbeexcitedfrom thefilled valencebandto theunoccupiedconductionband
of the host(actually, the excited electronandthe hole in the valencebandcanform an bound
state,the exciton, which is slightly lower in energy). In this respect,neonis againthe most
suitablematerialandit is thereforeusedashostmaterialthroughoutthis thesis.

The raregassolid is held togetherby weakvan-der-Waals forcesandcrystallizestherefore
mostlyasfacecenteredcubic(fcc) lattice.Neonis known to haveaphasetransitionto hexagonal
closedpacked(hcp)at 12K [53], andthis hcpstructurecanbealsostabilizedby impurities. To
avoid diffusion of guestmoleculesin the host material,onehasto choosetemperatureswell
below thesublimationtemperature.

1.2.2 Guest-HostInteractions and Line Forms

When producingdopedmatricesby condensationfrom the gasphase,one can often observe
thattheguestmoleculeis embeddedin thematrix hostin differentenvironmentalarrangements,
the so-called“sites”. Atoms or small moleculesmay occupy interstitial or, more frequently,
substitutionallattice positions,whereaslarger moleculesmay replaceseveralneighboringhost
atoms. The guest-hostinteractionpotentialmay thushave several differentminima, whereby
theenergeticallymoststablesitecanbereachedthroughthermalactivation.This annealinghas
alsotheadvantagethattheunavoidablelatticedefectshealout andthereforetransitionlinesget
sharper. Betweenthe minima,however, therearehigh barriersespeciallyfor larger speciesso
thatrotationof theguestis usuallynotobserved.

Due to the guest-hostinteraction,which fortunatelytendsto be weak in solid rare gases,
matrix isolationspectroscopy shows somecharacteristicdistinctionscomparedwith gasphase
spectroscopy concerningthepositionandform of spectrallines.

Although thechemicalinert environmentdoesnot changedrasticallythe electronicconfig-
urationof a guestmolecule,its electronicstatesareslightly perturbedby weakelectromagnetic
fieldsof thenearestneighbors.Thisgivesrisefor asmallshift of bands,thewell known matrix-
shift, which dependson eachguest,hostandsite, andeven the sign of the shift is difficult to
predict.Generally, onecanobserve a red-shiftof electronictransitionsdependingon thedipole
momentof theguestandthepolarizabilityof thehost[52]. Nevertheless,theshiftsof electronic
niveausin neonmatricesare,even for free radicals,lessthen1 % in average,asexaminedby
JACOX in [54].

The influenceof the matrix on the vibrationsof the guestis moreobvious: Sincea guest
moleculeis lockedup in a cage via van-der-Waalsforces,thevibrationalpotentialstronglyin-
creasesatlargerdistances.Thishasprofoundinfluenceonthedissociationbehavior of molecules
which is effectively hinderedin matrices- only first-row atoms,andin particularhydrogen,may
escapeout of thecage.At small amplitudes,however, theeffect of thematrix environmenton
theguestvibrationshaslittle impact,andtheshiftsof spectroscopicconstantslike Ó 5 or Ó 5 Þ 5 are
alsoin therangeof lessthan1 % [55].

Whenembeddinga moleculein a matrix, alsothe form of spectrallineschangescharacter-
istically comparedto the form in the gasphase.Due to the couplingof the guestmoleculeto
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latticevibrationsof thehost,onecanobserve a temperaturedependentbroadeningof the lines.
Much moreinterestingis theeffect of phononsidebands(PSB)which appearfor exampledur-
ing absorptionof a single photoncreating/annihilatingone or several phononsin addition to
the excitation of the molecule. This effect is directly analogousto the Mößbauereffect [56],
only the nuclei arereplacedhereby moleculesand, insteadof X-rays, IR to UV photonsare
absorbed/emitted.Thereis a certainprobability � thatno additionalphononsarecreatedgiving
riseto asharp(andalsostrong,assumingweakphononcoupling)line, theso-calledzero phonon
line (ZPL).
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Figure1.2: Schematicline-form of anelectronicexcitationof a matrix-isolatedmolecule(left):
The sharpzerophononline (ZPL) andthe broaderphononsideband(PSB).Laserexcitation
spectrumof mass-selectedCS

�� ions(right) showing theactualline-formwith asharpZPL.

Fig. 1.2shows thecharacteristicform of anelectronictransitionwith phononcoupling:The
resultingline consistsof a Lorentz-shapedZPL �  Ó ( with area � andthe PSB �  Ó ( with area � p � ( resemblingaPoissondistribution. Theblue-shift

¤
of themaximumof thePSBrelative

to the ZPL is calledtheStokesshift andusuallyamountsin raregasmatricesto 10-100cm� � ,
in closerelationto theDebyefrequency givenin Table1.2. With thelow temperaturesexisting
in raregasmatrices,the width of the ZPL is closeto the naturalline width determinedby the
lifetime of the excited state. The probability � that no phononis createdduring absorptionis
well known asthe Debye-Waller factor. The higherthe temperature,the smalleris � , andfor3 é ¡ , � reducesto anexpressivevalue

�  3~*f¡÷(+*��
 "!  p � ( (1.18)

with � equalsthenumberof photonscreatedat themaximumof thePSB.Thus � canbeusedas
ameasurefor thestrengthof thecouplingof phononsto theguestmolecule— � ÿ 5 corresponds
to “strongcoupling”andleadsto observationof thePSBonly, but noZPL, evenfor 34*4¡ .
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1.2.3 Relaxations

Dueto theinteractionof thevibrationalandelectronicstatesof guestmoleculeswith thelattice
vibrationof thehost,not only the line-formsarechanged,but completelynew processesof re-
laxation becomeallowed additionalto emissionof radiation. Underparticipationof phonons,
matrix-isolatedmoleculesmayrelaxnon-radiatively to lowerstates,dissipatingthereleaseden-
ergy in the lattice. The diversity of possiblerelaxationpathways is shown in Fig. 1.3 , with
radiative (solid) andnon-radiative transitions(dashedarrows) drawn into a diagramof energy
levels.
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Figure1.3: Schematicenergy levels of a matrix-isolatedmoleculewith differentprocessesof
relaxations(non-radiativeprocessesaredashed):SL , T L : singletandtriplet statesof theguest,� :
vibrationsof theguest,B: bandof electronicstatesof thehost, # : quasi-continuouslatticevibra-
tionsof thehost,IC: internalconversion,ISC: inter-systemcrossing,VR: vibrationalrelaxation,
PR:phononrelaxation,KP: cascadeprocessmadeof severalICs,A: absorption,F: fluorescence,
P: phosphorescence

Vibrational relaxationsof matrix-isolatedmoleculesdependheavily on thedensityof vibra-
tional states,i. e. the distancesbetweenthe vibrationalniveaus.For vibronically excited large
moleculeswith a high densityof states,oneobtainsfastrelaxationinto thevibrationalground-
stateof anelectronicstate,from which themostintenseemissionis observed.Smallmolecules,
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on the other hand,with vibrational distances
ÿ

500-1000cm� � , can relax vibrationally only
via a multi-phononprocess. Theoretically, oneobtainsfor diatomicmoleculesan exponential
decreasein the rateof relaxation Ñ with theorder � * Ó�$ d ^ 5aÅ Ù ^ 5&% Ó'� � daàDdaà of the multi-phonon
process[57]:

Ñ)(*�
 "!  p Ó�$ d ^ 5aÅ Ù ^ 5Ó'� � daàDdaà ( (1.19)

Thisenergy gap law, with Ó+� � daàCd�à Î Ó ¹ 5 n � 5«Î Ø ¡ p � ¡|¡ cm� � , waslaterconfirmedexperimen-
tally for severaldiatomics[58, 59].

In additionto thetransformationof vibrationalenergy into phonons,thetransformationinto
quantaof rotationscan be observed provided that rotation is allowed at all (for exampleNH
[60]). Anotherinterestingprocessis theinter-molecular, phonon-assistedtransferof vibrational
energy betweenguestmolecules,which may occurresonant,aswell asnon-resonantwith the
excessenergy dissipatedby thelattice[61, 62].

Electronic relaxations, as for example internal conversion and inter-systemcrossing, pro-
ceedin thematrix environmentalsomuchmoreeffective thanin thegasphase.Particularlythe
internalconversionbetweentwo statesof thesamespinmultiplet intensifiesstrongly, whenavi-
brationalniveauof anotherelectronicstateslies in theproximity of theoriginal electronicstate.
Also theprobabilityof thespin-forbiddeninter-systemcrossingincreasesdrasticallyin matrices.
We thuswereableto observe thestrongphosphorescencea

�th Ù é X
�)hxj

of theC� radicalafter
pumpingof A

��h Ù-,
X
��hxj

andpopulatingtheastatevia ISC [63].
Whentwo or morevibrationalmanifoldsof differentelectronicstatesareinterlocked with

eachother, cascade-like processesmayoccurin competitionwith vibrationalrelaxation.As one
canseein Fig. 1.3 (KP), theexcitationzig-zagsbetweenthevibrationallevelsof two electronic
states,and the ratesaregovernedby phononFranck-Condonfactorsand the energy gap law.
This cascadeprocesswasbeststudiedin thecaseof theCN radical[64], andit canoccureven
for spin- andparity-forbiddentransitions[65, 66] sinceselectionrules are often significantly
weakenedin matrices.



Chapter 2

Experimental Techniques

In this chapter, the performanceof a matrix-isolationexperiment,aswell as its couplingwith
massspectrometrytechniques,aredescribedin detail. First of all, the basicmethodsof mea-
surementrangingfrom abrief introductionof theFourier-transformspectrometerto thedifferent
proceduresto obtainoptical spectraarepresented.Thentheparticlesourcesusedin this thesis
to producethe speciesof interestare describedand characterized.Startingfrom the old ex-
perimentalsetup,the new mass-selection,i. e. the quadrupolemassfilter andthe attachedion
optics, and its coupling to the old setupis discussed.Additionally, a short review of studies
usingmass-selectionis presentedandfinally, theprocessof depositionof mass-selectedions is
examined.

19
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2.1 Methodsof Measurement

2.1.1 The Fourier-Transform Spectrometer

Centralto ourmatrix-isolationexperimentis thespectrometeranalyzingtheradiationemittedor
absorbedfrom the matrix, in our casea BRUKER IFS 120 HR Fourier-TransformSpectrome-
ter. In principle, it works like a M ICHELSON interferometerconsistingof a beamsplitter, one
fixedandonemovablemirror andadetectormeasuringthesignalintensityin dependenceof the
positionof themovablemirror (seeFig. 2.1).
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Figure2.1: Schematicdrawing of theIFS 120HR Fourier-Transform-Spectrometer. Depending
on thespectralrange,oneof four differentbeamsplitterssplits theincidentlight exactly 50:50.
Onecanalsochoosebetween6 differentdetectors.

Several movablemirrors in the externalchamberattachedto the spectrometercanchoose
betweenlight from eitherinternalsourcesor from threedifferentexperimentssurroundingthis
chamber(RMC cryostatwith 4.2K, APD (12K) andLEYBOLD (7K)). From therethe light is
focusedontoa selectableapertureandcoupledinto the interferometer. The light split into two
equally intensebeamsinterfereswith itself anda detectormeasuresthe intensity .+/10+2 of the
reunitedlight asa functionof theopticalpathdifference0 betweenthetwo mirrors.

Thepositionof themovablemirror is measuredinterferometricallywith theaidof afrequency-



2.1Methodsof Measurement 21

stabilizedHeNelaserbeamcoaxialto theoriginal light beam.Eachtime theHeNelaserinter-
feresdestructively, the signalof the detectoris sampledwith 16 bit resolution. The interfero-
gramobtainedin this way is thentransformeddigitally into a spectrum34/65"2 via Fast-Fourier-
Transformation(FFT), with the resultingspectrareachingfrom 0 to the frequency 587:96;:9=<>@?BADCEA B CBFBC

cmGIH of theorange-redline of neon(NYQUIST theorem):

3J/LK >MON 0 2P<
; GIHQ
RTSVU .+/XW�Y N 0+2"Z
["\:/L]8^`_ WaKMb2 (2.1)

To measureabsorptionsupto theUV range,thesamplingfrequency is doubledor quadruplicated
electronicallyby aphase-lockedloopcircuit.

The resolutionof the interferometeris determinedby themaximumoptical pathdifferenceNdc
of thetwo interferingbeams.With

Ndc <�e m, our spectrometerreachesa resolutionof

N 5f< >MON 0 <
>Ndcg<�h B hBh > ejilk GIH

at maximum. Sincethe line-widthsof matrix-isolatedmoleculesareusuallynot sharperthanm >
cmGIH (opticaltransitions,IR vibrationsaresharper),thespectraaremeasuredwith reduced

resolutionof 0.1-0.5cmGIH (0.06 cmGIH for IR spectra). In general,FT interferometershave
severaladvantagescomparedto conventional,dispersive spectrometers,asfor examplegrating
monochromators:

n Connes:Dueto thecalibrationwith thestabilizedHeNelaser, anabsolutefrequency pre-
cisionof 0.001cmGIH is achieved.

n Jaquinot:Interferometersusecircularaperturesin contrastto theslits of monochromatorso higherintensity, lessnoise.

n Fellget: Eachpoint of the interferogramcontainsall
M <p587:9q;�9 % N 5 frequenciesof the

spectrum;monochromatorsmeasurethesefrequenciessequentiallyo signal/noiseis a
factor r M better.

Despiteall theseadvantages,onehasto adjustcarefullytheaperture,opticalfilters andtheelec-
tronic filters and amplifiersto be able to detectweak emissionsin proximity to strongones,
althoughtheanalog-digitalconverteris alwaysoperatedcloseto thesaturationlimit.

2.1.2 Absorption Spectra

Absorptionspectracanbe measuredin the whole rangefrom 500-30000cmGIH usingdifferent
combinationsof broadbandlight sources(likeglow bar(IR) andtungstenlamps),beamsplitters
(KBr, CaFs , quartzVis andquartzUV) anddetectors(MCT, InSb, Si andGaPdiodes). First
of all, onehasto measurea referencespectrum3 U /65V2 containingthe multiplied frequency re-
sponsesof light source,mirrors,windowsandthedetector. After depositingthematrix,asecond
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spectrum34/65V2 is thenmeasuredwith the light passingtwice throughthematrix (seeFig. 2.9).
Accordingto theBeer-Lambert law, oneobtainsfor theabsorption

t /65"2u<gvxwzyB{ H U 34/65V23 U /L5V2 <�|}YT~+Y��V/L5V2 (2.2)

where ~ is theoptical thicknessof thematrix, | theconcentrationof the absorbingspeciesand�"/65V2 themolarcoefficientof absorption.In theinfraredrange,thespectrometerhasto beevacu-
atedandtheremainingopticalpathflushedwith dry nitrogento avoid disturbingabsorptionsdue
to gaseous,IR-activecarbondioxideandwatervapor.

2.1.3 Laser Excitation Spectra

Thesignal/noiseratioof absorptionspectrais determinedby thesubtractionof two almostiden-
tical, but slightly noisy valuesresultingin a valuedominatedby noise. Thereforeit is better
to usetunablelaserswith a sharpfrequency insteadof broadbandlight sourcesandto measure
not thetransmittedlight, but thered-shiftedradiationwhich is reemittedby theabsorberinto ��^
steradianandintegratedoverthedetectorbandwidth(which is usuallyreducedby opticalcut-off
filters). Thisprocedure,which is shown schematicallyin Fig. 2.2,hasseveraladvantages:

n thetotal powerof thelight sourceis concentratedinto asmallfrequency range
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Figure2.2: Schematicdrawing of thesetupto measurelaserexcitationspectra.
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n to detectthe laser-inducedfluorescence,onecanusethe extremelysensitive photomulti-
plier andliquid nitrogencooledgermaniumdetectors

n insteadof measuringweakdirectcurrents,onecanusethemoresensitive lock-in technique

This lock-in methodworksasfollows: A computercontrolledsteppermotor turnsthebire-
fringentfilter determiningthefrequency of thetunablelaser. Theintensity-stabilizedlaserbeam
is thenmodulatedby achopper, focusedontothematrixandtheinternalparabolicmirror guides
thefluorescencelight afterpassingopticalfilters to thedetector. Usingthereferencesignalfrom
thechopper, the lock-in amplifierfilters from thedetectorsignalthe interestingfrequency �@�:�q�
with a bandwidthof m >

Hz eliminatingmostof thebroadband
> % � shotnoise.This combina-

tion of laserexcitation andlock-in techniqueis easily3-4 ordersof magnitudemoresensitive
comparedto visibleabsorptionandit is thereforepreferablyusedin this thesisto detecttheweak
amountsof mass-selectedions.

2.1.4 Laser-Induced FluorescenceSpectra(LIF)

In contrastto absorptionspectrameasuringall speciesfoundin thematrix synchronously, laser-
inducedfluorescence(LIF) allowsto exciteselectively onesinglespecies.An allowedelectronic
transitionobtainedby absorptionor laserexcitation spectrais resonantlyexcited by a tunable
laser, andtheinducedfluorescenceis analyzedby theFT-spectrometer. This fluorescencegives
additional,sometimescomplementary, informationaboutthelower electronicstatesreachedby
allowed electronictransitionsfrom the excited state. For exampleIR-inactive, symmetricvi-
brationscannotbedetectedin absorptionspectra,but thesesymmetricmodesappearin theLIF
spectrumstartingfrom anexcitedstate.ThusLIF is an importantaid to identify andto charac-
terizemoleculesspectroscopically.

typeof laser dye/medium frequency range[cm GIH ]
ring lasera Ti:sapphire 9700-14300

standingwave laserb DCM 14300-16000
“ Rhodamine6G 16000-17600
“ Rhodamine110 17000-18900
“ Coumarin6 18200-19100

ring laserc Coumarin102 19300-21700
“ Stilbene3 21500-24400
“ Stilbene1 23800-25000

ring laser� with SHG Ti:sapphire 24000-27400

aCOHERENT899-21
bCOHERENT589-01
cCOHERENT899-01,UV pumped

Table2.1: Availablelasersystems
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To excite moleculesin matrices,thefollowing dyeandsolid-statelasersystemspumpedby
a 5 W or a20 W (multi-line visible,6 W multi-line UV) Ar � -ion laser(COHERENTInnova70
andInnova200,respectively) andsummarizedin Table2.1areavailable.As onecansee,almost
thecompletevisible range,aswell asthenearinfrared,is coveredby our lasers.

The intensitystabilizedlaserbeamwith a typical power of 10 to 100 mW is focusedonto
thematrix (spotsize m >

mm),andtheresultingLIF is collectedby theinternalparabolicmirror
and coupledinto the FT spectrometer. Direct laserreflectionsinto the spectrometermust be
avoidedand,additionally, thedominantscatteringlight, aswell astheinternalHeNelaser, must
be reducedwith appropriateopticalnotchandcut-off filters (low pass)to avoid overloadingof
thesensitivedetectors.

2.2 Sources

Usinghighly optimizedparticlesourcesis crucialfor successfulexperimentsin spectroscopy. In
spiteof theavailability of sensitivemethods,likelaserexcitationor laser-inducedfluorescence,it
turnsoutthatit is frequentlyverydifficult to produceenoughamountsof theinterestingspeciesto
detectandcharacterizeit. This is especiallyimportant,whencombiningmassspectrometrywith
opticalspectroscopy, whereonehasto detectassmallamountsas m 0.1 nmol of the interesting
species.

To producethetransients,whicharein thefocusof interestin our laboratory, severalconven-
tionalmethodsareavailable,for example:

n photolysis[67, 68]

n redoxreactions[69]

n reactionsin combustionflames[1]

n electricaldischarge[20]

In this section,the sourcesare describedwhich were usedto producethe neutraland ionic
moleculescharacterizedin this thesis,in particularthelaservaporization,microwave discharge
andelectronimpact(EI) sources.

2.2.1 Laser Vaporization

To produceclustersof, for example, transitionsmetalsit is necessaryto vaporizethe metal.
Refractorysolids,however, like tungstenor boronnitride canonly be vaporizedby very high
temperaturesof over3000K, andsuchtemperaturescanbeconvenientlyproducedusingpulsed
lasers.Thetechniqueof pulsedlaservaporizationhasbeendevelopedandusedin our laboratory
since1980[70, 71], whenBONDYBEY andENGLISH presentedthefirst fluorescencespectrum
of Pbs by laservaporizationof solid lead. At the sametime SMALLEY et al. examinedsmall
metalclustersin a molecularbeamwhich werealsoproducedby laservaporization[72]. This
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Figure2.3: Thelaservaporizationsource

method,whichwasusedin thescopeof this thesisto vaporizetungsten,trapthetungstenoxides
in a solidneonmatrixandexaminetheir spectroscopy, will bedescribedbriefly in thissection.

Fig. 2.3 shows schematicallythestructureof the laservaporizationunit usedin our labora-
tory; it is describedin detailalsoin [73]. Therotatingsamplematerialis vaporizedby apulseof
frequency-doubled,focusedNd:YAG laserlight (532nm,4 ns, � 20mJ,10Hz) whichproducesa
small“plasmaplume” on thesurfaceof thetarget.Thisplasmais characterizedby temperatures
of ���T�D� K andparticledensitiesof �T���X�V�������X� cm��� [74,75]. Thelaserpulsesaresynchronized
with theopeningof a pulsedvalve (GeneralValve, openingtime � 0.1 ms)controllingtheflow
of acarriergas(usuallyneon).Thelaser-inducedplasmais sweptby thegaspulse,flowsthrough
thechannelandexpandsinto thevacuum,wherethegascoolsdown in a supersonicexpansion
allowing the clusteringof singleatoms[76]. After ��� cm of free expansion,thegasbeamis
frozenout at thecold surfaceat ������� K producingmatricesof typical0.1mm thickness.

Usingpureraregasesascarrier, oneobtainsatoms,ionsor clusterof thevaporizedsubstance.
Adding reactivegasesto theinert carriergasallows reactionswith theplasmaandnew products
areformed.This methodwasusedto producethetungstenoxidescharacterizedin this thesisby
adding0.2%of oxygento theneon.

2.2.2 The Micr owaveDischargeIon Source

For experimentsusing the mass-selectiona microwave discharge ion sourcewasused. Initial
experimentswith the availablepulsedgasdischarge source(named“Putzi” [20]) showed that
theaverageion current( � 10 pA) wasto low to detectanything spectroscopically. It alsoturned
out thatthis “Putzi” sourcedid notoperatesatisfactoryin cw mode,althoughit producedhigher
currentin this mode. A breakthroughwasthenthe employmentof a cw microwave discharge
source:Using CS� asprecursorgas,we wereableto detectin our lab the first laserexcitation
spectrumof amass-selectedspecies,theCS�� cation!



26 CHAPTER2. EXPERIMENTAL TECHNIQUES

 O O O O O O  O O O O O O  O O O O O O  O O O O O O  O O O O O O  O O O O O O  O O O O O O  O O O O O O  O O O O O O  O O O O O O  O O O O O O 

¡O¡O¡O¡O¡O¡O¡¡O¡O¡O¡O¡O¡O¡¡O¡O¡O¡O¡O¡O¡¡O¡O¡O¡O¡O¡O¡¡O¡O¡O¡O¡O¡O¡¡O¡O¡O¡O¡O¡O¡¡O¡O¡O¡O¡O¡O¡¡O¡O¡O¡O¡O¡O¡¡O¡O¡O¡O¡O¡O¡¡O¡O¡O¡O¡O¡O¡¡O¡O¡O¡O¡O¡O¡

¢O¢O¢O¢O¢O¢¢O¢O¢O¢O¢O¢¢O¢O¢O¢O¢O¢¢O¢O¢O¢O¢O¢¢O¢O¢O¢O¢O¢¢O¢O¢O¢O¢O¢¢O¢O¢O¢O¢O¢¢O¢O¢O¢O¢O¢¢O¢O¢O¢O¢O¢¢O¢O¢O¢O¢O¢¢O¢O¢O¢O¢O¢

£O£O£O£O£O££O£O£O£O£O££O£O£O£O£O££O£O£O£O£O££O£O£O£O£O££O£O£O£O£O££O£O£O£O£O££O£O£O£O£O££O£O£O£O£O££O£O£O£O£O££O£O£O£O£O£
¤O¤O¤O¤O¤O¤O¤O¤O¤O¤O¤O¤O¤O¤O¤O¤¤O¤O¤O¤O¤O¤O¤O¤O¤O¤O¤O¤O¤O¤O¤O¤¥O¥O¥O¥O¥O¥O¥O¥O¥O¥O¥O¥O¥O¥O¥O¥¥O¥O¥O¥O¥O¥O¥O¥O¥O¥O¥O¥O¥O¥O¥O¥

precursor mesh
(or pinhole)

50W 2,45GHz
microwave

steel pin

12mm Swagelok T piece

ring-magnet

Figure2.4: Schematicdiagramof themicrowavedischargesource

Fig. 2.4 shows the microwave ion sourceconsistingmainly of a simple12 mm Swagelok
T-piece,with the precursorgasflowing throughthe collinearsections,andwith 50 W of 2.45
GHz microwavepower beingappliedto a needleelectrodevia theperpendiculararm. Thepeak
of the pin is located0.2 mm away from the centerof a 0.5 mm pinhole. This pinholeallows
high enoughpressurein theT pieceto ignite thedischarge,althoughthepressurein thesource
chamberwasonly around¦T§�¨�©«ª¬¦T§�¨�­ mbar.

Unfortunatelyit turnedout that,whenusingcarboncontainingprecursors,thepinholegets
pluggedsooneror laterby soot. Thatproblemwassolvedby usinga steelmeshinsteadof the
pinhole,requiringamuchhigherpressure(upto two ordersof magnitude)in thesourcechamber
to operatecontinously. Additionally, the consumptionof precursorsubstancealso increased
abouttwo ordersof magnitude.To overcomethis, a ring-shapedmagnetwasplacedaroundthe
dischargezoneto confinethechargedspecies(mainlyelectrons)oncircularorbits.Thisallowed
to operatethe source- onceignited by a Teslatransformer- continouslyfor several hoursat
quitelow pressuresof ¦T§�¨�©uª¬¦T§�¨�® mbarin thesourcechamberwith mass-selectedion currents
reachingup to 1-2 nA.

This sourcecould be further optimizedby changingthe geometryof the sourceto be in
resonancewith themicrowaveradiation(now 80%of theappliedpowerarereflectedbackto the
generator).Thesecondenhancementwouldbetheusageof avariablemagneticfield to adjustthe
correspondingcyclotronfrequency of theelectronsin resonancewith themicrowave frequency
of 2.45GHz.

Thedischargeproductsfrom thesourceheldat+20to +40V (determiningthekineticenergy
of the ions) are then acceleratedtowardsa 2 mm skimmerheld at -20 V yielding a total ion
currentof up to 100-1000nA measuredat the first Faradaycup F1. A photographof this ion
sourceusingneonasgasis shown in Fig. 2.5.
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Figure2.5: Photographof the sourcechambershowing themicrowave discharge ion sourcein
operation(left) andtheskimmer(right) towardswhich theionsareaccelerated.

2.2.3 The Electron-Impact (EI) Ion Source

Anotherion sourceusedin this work is theelectron-impaction sourcewhich hastheadvantage
thatit doesnotneedacontinuousdischargeto produceionsandthereforeit consumesmuchless
precursorsubstancewhile yielding even higher ion currentasotherdischarge sources.It was
developedin our laboratorywithin thescopeof a “13-TagePraktikum”andresemblesstandard
EI sourcesusedfor examplein commercialrestgasanalyzers(RGAs)[77, 78].

The setupof our EI sourceis shown schematicallyin Fig. 2.6(a)and the electrostaticpo-
tential applyingoptimizedvoltagesis presentedin part (b). Electronsemittedfrom a tungsten
filamentmountedbetweenthecasingandthecage(a stainlesssteelmesh)andheldat -50 V are
acceleratedtowardsthe cagekept at +40 V. They areconfinedwithin the casingkept at -70 V
ascanbe seenin Fig. 2.6(c) wherethe trajectoriesof a bunchof electronsareshown. When
traversingthe cageareawith kinetic energy of 90 eV, they occasionallyhit a moleculeof the
precursorgasleadingto ionizationand/orfragmentationof themolecule.Thecrosssectionfor
ionization is at maximumfor a kinetic energy in the range70-100eV. The positive ions then
“feel” thenegative potentialof theextractionelectrodekeptat thesamepotentialasthecasing
andareacceleratedtowardstheskimmer. Fig.2.6(d)showsthattheionsproducedin thecageare
completelyextractedandwell focusedby a einzel-lens(at -300V) ontotheentranceholeof the
skimmerkeptat -30V. All simulationsof ion opticsweredonewith theSIMION 6.0program.

Comparedto themicrowavedischargesource,theEI sourceshows severalimportantadvan-
tages:
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Figure2.6: The EI ion source.From top left to bottomright: (a) schematicdrawing, (b) view
of theelectrostaticpotential,(c) trajectoriesof a bunchof electronsand(d) trajectoriesof ions
producedin thecageandacceleratedtowardstheskimmer

n low precursorsubstanceconsumption

n lesspressurein thesourcechamber(
> h GÐÏ v > h G�Ñ mbar) o

the2 mmskimmercanberemovedcompletely, leadingto a2 cmholeandthereforehigher
ion currents

n thesourcecanbeusedasa restgasanalyzerto checkthevacuumin thesourcechamber

n ion currentsup to 20nA (mass-selected)!

Due to the low pressurein the source,which leadsto a very small collision rate, this source
producesmainly the motherion andfragmentions, but only few new productsareformedby
reactionsduringcollisions.
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Figure2.7: Thedependenceof theEI sourceion productiononthekineticenergy of theelectrons
( = 30,70and100eV) usingN s (anda restof air).

Characterization of the EI source.

Thedependenceof theEI sourceion yield on thekineticenergy of theionizingelectrons,which
is determinedby thefilamentvoltage,is shown in Fig.2.7usingnitrogencontaminatedbyasmall
amountof air. As onecanclearlysee,theyield of N �s (IP(Ns ) = 15.6eV) is quite independent
usingenergiesin the range70-100eV, but the ionizationcrosssectiondecreasestremendously
whenloweringtheenergy to 30eV. ProducingtheN � cationcostsadditionaldissociationenergy
(8 eV) sothata kinetic energy of 30 eV is just above the thresholdto produceN � (at 14 amu).
Energeticallymostexpensive is theproductionof N s � ( Ö U / M s
2:×Ø.ÐÙf/ M 2Ú×Û.ÐÙf/ M �`2}< F"Ü eÝ×> � ÜÞ? ×ß] C"Ü eà< ? ] ÜÞA eV ), andthekineticenergy of theelectronsmustbeat least100eV to detect
this doublychargedspeciesatm< A

amu.

The pressuredependenceof the EI sourceis shown in Fig. 2.8 using for exampleH s as
precursorsubstanceandakineticenergy of 90eV for theelectrons.While thepressuremeasured
in thesourcechamberwasdecreasedin four stepsfrom

> h G�á to
> h G�Ñ mbar, theprotonandH �s

yield decreasesby a factorof mãâ h , whereasthe productionof H �ä is reducedby aboutthree
ordersof magnitude.This clearly shows thestrongpressuredependenceof theH �ä production
ratewhich is determinedby thecollision rate(proportionalå s ) in theion source.
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Figure2.8: The dependenceof the EI sourceion yield on the precursor(hereH é ) background
pressure.Onecanclearlyseethe å ä dependenceof theH êä ion yield.

2.3 The Old Apparatus

Theold experimentalsetup,usedin this thesisto examinethetungstenoxidesandthenew rare
gascompounds,is describedbriefly in this section,but moredetaileddescriptionsaregivenin
[73, 21]. After removing thesourceflangeattachedto thisold setup,it servesalsoascryostatfor
thenew mass-selectionexperiment.

Centralto matrix-isolationexperimentsarethecryostatandthesurroundingvacuumcham-
ber. In oursetup,shown schematicallyin Fig. 2.9,weuseaclosed-cycleLEYBOLD RGD5/100
refrigeratorto cool the silver-coatedcoppersubstratewhich servesascold surfacefor matrix
depositiondown to 6.8-7.8K. Thesetwo temperaturesaremeasuredby two Si-diodes,thecolder
onemounteddirectly at the cold finger of the cryostatandthe otheronemountedat the sub-
strateholder, diametricalto thefirst one.Therealtemperatureof thesubstrateliesbetweenthese
two values,and it canbe adjustedby a heatercontrolledby a LEYBOLD LTC 60. To lower
the temperature,bothcold fingerandthesubstrateholderaresurroundedby a radiationshield.
Thewholecryostatandtheattachedcoldsurfaceis mountedrotatablearoundtheverticalaxisto
allow depositionof matricesfrom onedirection(herefrom the left) andto allow opticalaccess
from theotherone.

The vacuumchamberconsistsof standardISO-K vacuumpartsand is pumpedby a 240
l/s turbo pump(BALZERS TPH240with pre-pumpDUO1.5a)reachinga final pressureof ë
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Figure2.9: Horizontalcut throughthevacuumchamberof thecryostat.Onecanseetheoptical
pathfor themeasurementof absorptionspectrausinganinternalparabolicmirror and,to theleft,
theattachedlaservaporizationsource.

ÿ��������	�
mbar(without cryo pump, ë ÿ��
���	���

mbarwith runningcryostat). A gasmixing
systemwith an absolutepressuregaugeis attachedto thechamberto purify gaseousprecursor
substancesby pump-freezecyclesandto mix themlateron with thematrix raregasin arbitrary
ratios.Modified blind flangesattachedto thecentral6-way cross(DN100ISO-K) serve mainly
asholderfor the internalparabolicmirror andfor differentsourcesandallow optical accessto
the matrix via KCl salt windows. The flangewhich holdsthe sourcecanbe replacedeasilyto
usedifferentsourceslikepulseddischarge,laservaporizationor dualsourcesto producelayered
sandwichmatrices. Using rotatablelinear feedthroughs,onecanadjustthe internalmirror to
maximizetheamountof light reachingtheFTIR spectrometer.

2.4 The Mass-Selection

2.4.1 General

Absorptionspectraobtainedwith theold setupwithout mass-selectionfrequentlyshoweda lot
of new, unknown spectralfeatureswhosecarrier(s)is(are)difficult to identify. In particularusing
adischargesourcewith carbon-richprecursorsproducingall kind of carboncompoundsresulted
in rich spectrawhichcanonly beinterpretedwith thehelpof tediousandtime-consumingcorre-
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lationor isotopicalsubstitutionexperiments[79].
Onepossibilityto remedythisproblemis theintroductionof amassfilter betweenthesource,

which producesthe differentspecies,and the matrix, wherethe speciesarespectroscopically
characterized.Introducingthis so-calledmass-selectionstage hasseveraladvantagescompared
with theold, conventionalsetup:

1. Real-timeoptimizationof thesourceandtheion optics:
With theold setup,anoptimizationcycleconsistingof matrixdepositionandspectroscop-
ical investigationtakesat leastonehour. Thenew mass-selectionsetup,on theotherhand,
permitsthe real-timeoptimizationof 10-20parameterswhich determinthe ion yield by
simplymeasuringtheion currentaftermass-selection.

2. Avoidanceof disturbingimpurities:
Using for examplecarbonandnitrogencontainingprecursorswith the discharge source
alwaysresultedin the productionof the CN radical. It canbe non-resonantlyexcited in
a broadspectralrangedisturbingthe emissionspectraof the desiredspecies.Including
a massfilter furthermorereducestheguest-guestinteractionsby simplediscriminationof
theunwantedspecies.

3. Themassinformation:
Of course,knowing themassof aspeciesfacilitatesits identification!

Besidestheseapparentadvantages,themass-selectionshows alsosomemoreor lessseveredis-
advantages:

1. Lossesof ion current:
 only 5-30% transmissionthroughmassfilter, dependingon theresolution
 additionallossesby passagethroughthreesmallapertures

2. Whenusingtoo highkineticenergy:
 Problemof fragmentation
 Matrix damageduringdepositionof theion beam

Thelatterproblemswill bediscussedin detail in section2.4.5.
To filter masses,severaldifferentmethodsareavailable.Generallythedispersivemassfilters

canbedividedin spacialandin temporalmethods:

1. Spacialmassfilters:
 WIEN filter: ����� , resolution������� from
��� � é to

��� �	�
 MATTAUCH massspectrometer(resolution
���	���

)
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2. Temporalfilters
 Time-of-flight spectrometer(TOF)
 currentRETOFswith resolutionup to
���	���

Besidesthesedispersive methodsthereexist alsosomefiltering techniqueswhich do not fit in
theabovescheme,asfor exampleion cyclotronresonance(ICR,resolution

���	�	�
) andquadrupole

massfilters with resolutionup to
��� �	�

; theprincipleof operationof thelatter is shown in detail
in section2.4.3.

By usingtemporalmassfilters, which allow only pulsedoperationresultingin diminished
transmission,onecanobtaina completemassspectrumpershot. Thesefilters arevery suitable
for pulsedsources,but to usethemin combinationwith continuoussources,onehasto sacrify
a large part of the averageion current. For continuousoperation,on the otherhand,onecan
useeither a spacialfilter or a quadrupolemassfilter. We decidedto usea quadrupolemass
spectrometer(QMS), sinceit doesnot have mechanicalparts(slits) andit is usedasstandard
massfilter in commercialrestgasanalyzersand is thereforeavailable for a reasonableprice.
Furthermorea QMS allows easycomputer-controlledoperationin both continuousandpulsed
mode.

Mass-SelectionStudiesin Rare GasMatrices

Thefirst successfulstudiesof mass-selectedspeciesin thematrix werereportedsometenyears
agoalmostsimultaneouslyby severalgroups.RIVOAL andcoworkers,have modifiedanappa-
ratusin Lausanneoriginally intendedfor gasphaseclusterstudies,andinterfacedit to acryostat
for matrixspectroscopy [80,22]. In theearliestexperimentsaimedatdepositionof massselected
Ag ê� andNi ê� clustersthecurrentswereapparentlytoo low for opticaldetection,but overthefol-
lowing few yearstheapparatuswassteadilyimprovedby changingtheexperimentalparameters
andsourcegeometry[81, 82]. Theclusterionswereproducedby meansof sputteringwith a 10
mA primarybeamof 20 keV Kr ê ions,analyzedin a quadrupolemassfilter anddepositedwith
kryptonmatrixgasonasapphirewindow. Theionsweredirectedto thewindow with thehelpof
anacceleratingfield andanelectrostaticlens,andafterdepositionneutralizedby electronsfrom
atungstenfilament.While in theearlyexperimentsfragmentationpresentedsomeproblem,after
furtherrefinementsit waspossibleto observetheUV absorptionspectraof neutralsilverclusters
up to n=39[83, 84].

L INDSAY, oneof theinvestigatorsof theabovestudy, LOMBARDI, andcoworkersthencon-
structeda new apparatusat CCNY (City Collegeof New York), employing first aWien velocity
filter in placeof thequadrupolemassspectrometer. Eventhoughthis filter hadthedisadvantage
of relatively low massresolution,thisrepresentednoproblemin studiesaimedatM ê� metalclus-
ters,whereonly clusterswith varyingvaluesof n have to beseparated.They areusingthesame
CORDISion sputtersourceasRIVOAL, HARBICH et al. Over thefollowing years,thesework-
ershave reportedseriesof interestingstudiesof theabsorptionandresonanceRamanspectraof
numerousmetaldimersandsmallclusters,includingV é [85], W é [86], Taé [87], Hf é [88], Reé
[89], Coé [90], Zr � [91], Ta� [92], Ni � [93], Nb� [94], Rhé [95], Rué [96], Hf � [97] andPté [98].
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Anotherapparatusfor massselectedstudieswasdevelopedat MichiganStateUniversityby
LEROI andALLISON, who useda quadrupolefilter from a modifiedresidualgasanalyser[77].
In theirearlystudiesthey wereableto reproduceLIF spectrumof theCSêé ion in solidargon,but
only theparentcarbondisulfideanddiatomicCScouldbedetectedin theinfrared,anobservation
which theauthorsexplainedin termsof neutralizationof theion accompaniedby fragmentation
to CS + S [25]. Theseauthorshave morerecentlyreportedthat the ion yield could be greatly
enhancedby addingsmall quantities(0.1 %) of COé to the matrix gas,which then trapsthe
electronsandsuppressestheion-electronrecombination[99]. They thensucceededin recording
the infraredspectraof several ions, includingCFê� [100] andCSêé [101] andCOêé [99] in solid
argonandneonmatrices.

A whole seriesof highly successfulinvestigationsof massselectedspeciesin the matrix
is dueto MAIER andcoworkers,who usedthe techniqueto investigatenumerouscarbonchain
species,whichareof considerableimportancein astrophysicsandfor interstellarchemistry. They
generatethecarbonchainmoleculesin a hot cathodedischargesource,usingsuitableprecursor
molecules,usuallyacetyleneor its derivativesdiluted by helium or argon [102, 23, 103]. The
acceleratedions arefocussedby electrostaticlenses,andafter selectionin a quadrupolemass
filter they areguidedonto the matrix surface. The depositedmassselectedspecieswerethen
investigatedin solidneonmatricesby visibleor UV absorptionspectroscopy usingawave-guide
absorptiontechnique.Thespectraobtainedin this way for the HC� H ê [104, 105], HCé � CNê ,
andNCCé � CNê [106] ionsprovide informationcomplementaryto our LIF studieson thesame
systems[107, 108]. Recently, they usedan electronimpact sourceto producethe anionsof
the above mentionedlinear chainmolecules.After characterizationof the anions,an electron
wasphoto-detachedandthecorrespondingneutralspecieshave beenstudied[109, 110]. They
alsousedsputteringof a graphitetarget to generateanddepositionic C�� clusterspecies,and
recordtheir spectra.Particularlyexciting aretheirobservationsandassignmentof theelectronic
absorptionspectraof neutralandanioniccarbonclusters,C� , andC

�� [111, 112,113]. In their
spectraof theanionsthey detecteda wholeseriesof closecoincidenceswith frequenciesof the
so called diffuse interstellarbands,which provided first really solid evidencefor solving the
long-standingmysteryof theirorigin [114,115].

Quiterecently, MOSKOVITS andcoworkersstartedto useamass-selectionapparatussimilar
to L INDSAY ’s setupto studytransitionmetalclusters.In thebeginning,they examinedthedirect
synthesisof metalclustercomplexesby depositionof mass-selectediron clusterswith excessCO
asligand[116]. Using resonanceramanspectroscopy, they werelaterableto characterizeAg �
[117], Ag � andFe� [118] in solidargon.

The Setupof the NewMass-SelectionExperiment

The apparatusconstructedin our laboratoryis similar to MAIER’s successfulsetup[102] - a
schematicdrawing of our setupis shown in Fig. 2.10.Wehavealsodecidedto useaquadrupole
massfilter, which unlike for instancetime-of-flight filters,allows bothpulsedandcw operation.
The ion sourcein thefigure is themicrowave dischargesourcedescribedin section2.2.2. The
dischargeproductsfrom thesourceheldat+20V passthroughagrid andareacceleratedtowards
a2 mm skimmerheldat -20V.
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Figure 2.10: Schematicof the experimentalapparatusfor mass-selectedmatrix studies,with
microwave discharge ion source(A), skimmer(B), first electrostaticlens(L1), deflectionunit
(D), first Faradaycup(F1),secondlens(L2), 12mmtriple stagequadrupolemassfilter (Q), final
lens(L3), rotatablecold-surface(C), matrix gasinlet (G), movableFaradayplate(F2) andthe
tungstenfilament(W).

Thepressurein thesourcechamberevacuatedby a 360 l/s turbo-molecularpumpis 10
���

-
10
� é mbar, whereaswithoutrunningsource2x10

���
mbararereached.Thewholevacuumsystem

of source,deflectionandquadrupolechamberconsistsof standardISO-K chambersandflanges
with diametersof 160mmand100mm,respectively. Theachievedendpressureof 2x10

���
mbar

is quite goodfor this kind of vacuumsystemandis far enoughfor our ion beamexperiments,
sincetheaveragefreepathbetweentwo collisionsis approximately1000m at 10

���
mbar.

Theionic speciesexiting theskimmerinto thedeflectionchamberarefocusedwith thehelp
of an einzel lens L1 anddeflected90� in a quadrupoleelectric field. After the skimmer, the
sourcechamberandthedeflectionchamberareseparatedby agatevalvewhichallowsto change
or repairtheion sourcewithoutventingthewholeapparatus.A secondlens,L2, thenfocusesthe
ionsupontheentranceapertureof a quadrupolemassfilter, with theundeflectedneutralsbeing
pumpedby a second360l/s pump.Thepotentialsappliedto thedifferentelectrodes,aswell as
thetrajectoryof theion beam,arediscussedin thenext subsection.

Thecommercialtriple stageHIDEN HAL/3F quadrupolefilter with 12 mm rodshasa spec-
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ified massrangeup to 500amu,a resolution< 1 amuandis describedin detail in section2.4.3.
Thecustommodifiedfilter has7 mmentranceandexit apertures,andis differentiallypumpedby
a 150l/s pump.Its exit aperturereachesinto thecryostatchamberto beascloseto thecold sur-
faceaspossible.Themassselectedion beamis thenfocusedontothematrix by meansof a lens
L3 anddepositedsimultaneouslywith the matrix gas,neonin the presentcase.The substrate,
a silver coatedcopperplateis heldat ë 7 K by theLEYBOLD closed-cycle refrigerator. Taken
from theold setup,thewholecryostatchamberis reusedin thenew experiment,only theflange
holdingthemovableFaradayplatehasbeenreplaced.

To maintainoverall neutralityof the matrix, andavoid building up spacechargesandstray
fields, thematrix wassprayedby electronsfrom a hot tungstenfilamentheldat approximately
-100V. We experimentedwith alternatingtheion andelectrondeposition,but in theendcontin-
uousoperationprovedto bemostefficient,with optimalresultsbeingobtainedwith theelectron
currentbeingaboutfive timestheion current.

In orderto optimizetheexperiment,theability to measurethe ion currentis essential.For
this purpose,oneFaradaycup (F1) permittingmeasurementof the total ion currentis located
in the deflectionchamber. A second,removabledetector(F2) closeto the cold surfaceallows
measuringthemassselectedion current.Theweakcurrentsareamplifiedby aFEMTO DLPCA
100currentamplifieranddigitizedin themassfilter controlunit. Currentsaslow as100fA can
beeasilydetectedandweobtainmassspectrawith S/Nbetterthan10000:1.With themassfilter

Figure2.11: Photographof the new experimentalsetup:To the right bottom,onecanseethe
sourcechamber(including theEI source)connectedvia a gatevalve to thedeflectionchamber
(bottom,left). ThesubsequentT-piececontainsthequadrupolemassfilter andis attachedto the
cryostatchamber(top, left) with theFTIR spectrometer(hidden)following in thebackground.



2.4TheMass-Selection 37

setto the desiredmass,all the experimentalparameterscanbe adjustedfor maximumcurrent.
With our microwave dischargesourcewe couldproducemass-selectedcurrentsof up to 1-2 nA
andwith thenew EI sourcemass-selectedcurrentsof up to 20nA (H êé ) havebeenrecorded.

After deposition,thematrix is rotated120� andthenthematricesarecharacterizedspectro-
scopicallyusingthe IFS 120HR Fourier transformspectrometer, equippedwith beamsplitters
anddetectorsfor the 500 - 30000cm

�! 
spectralrange. A photographof the new experiment

showing themass-selectionattachedto thecryostatis presentedin Fig. 2.11.

2.4.2 Ion Optics

Beforedesigningmechanicaldrawingsof ion-opticalparts,it is advisableto performcomputer
simulationsof the partsto get a feeling of how electrodesdeterminethe electrostaticpotential
andhow thispotentialinfluencesthetrajectoriesof “flying” ions.Furthermore,doingsimulations
allows theoptimizationof ion opticswithout changesin the“hardware” andoneobtainsinfor-
mationabouttheoptimizedvoltagesappliedto thedifferentelectrodes,whichis usefulwhenone
hasto chooseandorderappropriatevoltagesupplies.

Theoretical background To calculatethe electrostaticpotentialof a given arrangementof
chargedelectrodes,onehasto find solutionsof thestaticMAXWELL equationswhich explicitly
containtheelectricfield � : "$# �&%('*),+ �-/.10 %2'3) (2.3)" � �&%('*),+ �

(2.4)

Herethe first equation,calledthe GAUSS law, statesthat the sourceof the electricfield is the
charge density 0 %2'*) , andfrom thesecondequationfollows that thefield canbe expressedasa
gradientof ascalarpotential 45%2'*)76��8+:9 " 45%2;<) , leadingto thecombination"$# % " 4<)=+ >@? é? ; éBA ? é?!C éDA ? é?FE éHG 4I+:9 �-/. 0 (2.5)

whichis knownasthePOISSON equation.Sincethefreespacebetweentheelectrodesis (almost)
freeof charges,onecanset 0 + � reducingequation(2.5) to theLAPLACE equation>J? é? ; é A ? é?!C é A ? é?KE é G 4�+ � (2.6)

To solvethisequationnumerically, thecontinuouspotential45%2;36 C 6 E ) is “sampled”atequally
spaceddiscretepointswith distanceL , 4 LNM �O+P4Q%2; . ASR LT6 C . AVU LT6 E . AXW LK) leadingto> 4 L ê  M � A 4 L �! M �Y9 ÿ 4 LNM �L é A 4 LZM ê  � A 4 LNM �! �Y9 ÿ 4 LZM �L é A\[][][ G + � (2.7)

Rearrangingthis equation,oneobtainsanexpressiveequationfor the“centerpoint” 4 LNM �



38 CHAPTER2. EXPERIMENTAL TECHNIQUES

4 LNM �O+ �^ %_4 L �! M � A 4 L ê  M � A 4 LNM �! � A 4 LNM ê  � A 4 LNM � �! A 4 LNM � ê  ) (2.8)

i. e. thepotentialequalsat eachpoint theaverageof thepotentialof all neighboringpoints.This
equationis iteratively appliedto all pointsof theelectrode-freespaceuntil subsequentchanges
becomenegligible whichmeansthatconvergencehasbeenachieved.

Usingthepotentialobtainedby thisprocedure,onecansimulatethetrajectory'=%(`a) of charged
particlesby solvingnumericallytheequationof motionapplyingtheLORENTZ force�cb'd+Pef+8gh%i� Akj' � �&) (2.9)

It is interestingto note that the trajectoriesof particleswith different masseshave the same
form providing they start from the samepoint, samedirectionandthey have the samekinetic
energy. Thenumericalcalculationof thepotential,aswell asthesimulationof trajectories,were
performedusingthecommercialSIMION-3D program[119] andsomeresultsarepresentedin
thenext subsection.

Results Theresultsof theion opticssimulationarepresentedin thesamesequenceastheions
fly throughthe apparatus.Hencethe first calculationsimulatesthe ion beamemittedfrom the
sourcethroughtheskimmer, thentheenteringinto thedeflectionchamberthrougha gatevalve
and,finally, thefocusingby thefirst einzellensL1, asshown in Fig. 2.12.

SIMION

einzel lens L1

skimmer

ion source

Figure2.12:Simulationof theion source(keptat +20V, determinesthekinetic energy) andthe
skimmer(-20V) in thesourcechamber(= masspotential= 0 V), aswell asthetransitionthrough
thegatevalve into thesecondchamberwith thefirst einzellensL1 (centerelectrodeat -60V).
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Here,theion source(for examplethemicrowavedischargeor thelaservaporization)is kept
at +20 V determiningthe kinetic energy of the ions which areemittedwith negligible thermal
energy. Then the ions are acceleratedtowardsthe skimmerheld at -20 V for maximumion
current. A highernegative potentialof theskimmerhastheeffect thatmoreions are“sucked”
into the skimmer, but this hasalso the disadvantageof a strongerbeamdivergenceafter the
skimmer. After approximately10 cm of “free flight” throughthe opengatevalve, the beam
entersthefirst einzellensL1 mountedin thedeflectionchamber. This lensis necessaryto make
a parallelbeamout of thedivergentone,andasonecanclearly see,applyingfor example-60
V to its centerelectrodeis enoughfor a short focus lengthof ëml cm. This focus lengthof
electrostaticeinzellensesis proportionalto kineticenergy / centervoltage.

In contrastto thefirst simulation,which is a relatively simpletwo dimensionalproblemwith
cylindersymmetry, thefollowingsimulationrequiresareal3D calculation:Thesimulationof the
ion beamin thesecondchamber, theso-called“deflectionchamber”.A horizontalcutthroughthe
deflectionunit in theplaneof theion beamis presentedin Fig. 2.13,showing thecorresponding
electrostaticpotential.Thedeflectionunit consistsof four 90� sectors,cut from a 100mm brass
tube (25 cm long), andappropriatelyarrangedto generatean electricquadrupolefield which
deflectstheion beamby aright angle.Attachedto thedeflectionunit aretwo einzellensesat the
entrance(L1) andat theexit (L2); thelatteronefocusesthebeaminto thequadrupolemassfilter.

SIMION

L1

L2

deflection
unit

Figure2.13: Theelectricpotentialof thequadrupoledeflectionunit including theeinzellenses
L1 andL2, applying+/- 17 V to thequadrupoleelectrodesand-60 V to thecenterelectrodeof
thelenses.

In Fig. 2.14, the three-dimensionalgeometryof the deflectionunit is shown, including the
trajectoriesof two differentbunchesof ionswith thesameenergy andthesamepotentialson the
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electrodes.Theleft partshows a horizontalfanof ionswith a kinetic energy of 20 eV, whereas
theright partshowsaverticalfan.As onecanclearlysee,bothfansarewell deflected(practically
no losses)by a right anglewith thehorizontalonehaving a focusin thecenterof thedeflection
unit.

It is interestingto notethatthedeflectionvoltageappliedto two adjacentelectrodes(here34
V) mustbeapproximately1.7 timesthekinetic energy (in electronvolts) of theionsto obtaina
90� deflectionangle.This relationallows theeasydeterminationof theactualkinetic energy of
theions.Furthermore,onecanseethatthelensL2 focusesthebeamwell into thesmallentrance
apertureof the following QMS with a diameterof only 7 mm. Thevariabledeflectionvoltage
canbeadjustedto sweephorizontallyover theapertureandto optimizetheion currentmeasured
aftermass-selection.Whenreversingthepolarity of thedeflectionunit, thebeamis bentin the
oppositedirectionallowing themeasurementof thetotal ion currentat FaradaycupF1.

SIMION SIMION

L1L1

L2 L2

Figure2.14: Simulationof thetrajectoriesof a horizontal(left) anda vertical fan-like bunchof
ions (right) flying throughthe deflectionunit with a kinetic energy of 20 eV andstartingfrom
theright sideat thebottom.
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2.4.3 The Quadrupole MassFilter

Principle of operation

Centralto theprinciplesof operationof anquadrupolemassspectrometer(QMS)is thegeometry
of thequadrupolefield. An electricquadrupolefield is expressedby its lineardependenceonthe
coordinateposition

�8+Pn .�opqsr ;t Cu Ecvxwy (2.10)

where r ,
t

, u areweightingconstantsand n . is a positionindependentfactorwhich maybea
functionof time. This field is constrainedby theGAUSS law (2.3)sothat r A t A u + � which
maybesatisfiedthesimplestwayby for example

r +z9 t|{ u + �

Figure2.15: Equipotentiallines of a quadrupolefield (left) andthe electrodestructure(right)
to generateit. Theseare the ideal quadrupolemassfilter electrodeshaving hyperboliccross-
sections.FromRef. [78]

By integratingtheresultingfield, oneobtainsfor thecorrespondingpotential

4�+}9 �ÿ n . r %2; é 9 C é )
andthe equipotentiallines areshown in Fig. 2.15(left). They aresetsof hyperbolaein the ; C
planewith a four-fold symmetryaxisaboutthe

E
axis. Suchpotentialsareeasilygeneratedby a
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setof four hyperboliccylinderswith adjacentelectrodesoppositelychargedasshown in theright
partof thesamefigure.Thehyperbolicrodsarereplacedin practiceby roundrodsapproximating
thequadrupolefield,but theserodsintroducefield distortionsaffectingtheresolutionof theQMS
which is discussedin detailin [78], chapterV. Assumingthatthevoltagebetweentheelectrodes
is ~�� andthedistancebetweenoppositerodsis

ÿ�� . , thenthepotentialbecomesto

4I+ ~ . %2; é 9 C é )ÿ�� é. (2.11)

Usingthis potential 4 , oneobtainsthreedecoupledequationsfor theion motion

� b; + 9 K ~ .� .�� ; (2.12)

� bC + A K ~ .� .�� C (2.13)� bE + �
(2.14)

After injectingionsin theQMS alongthe
E

axis,themotionin the ; E and
C�E

planesis givenby
(2.12)and(2.13),respectively. Assuminga constantpotentialappliedto theelectrodes(theDC
case),themotion in the ; E planeis simply a harmonicoscillation,whereasin the

C�E
plane,the

ions diverge from the
E

axis. On the otherhand,if ~ . is a periodicfunction of time, the ions
arealternatelyattracted/deflectedfrom the

E
axis resultingin stabletrajectoriesin both planes

providing theperiodis shortenough(theAC case,which is usedasion guide).
In combiningtheDC andthe AC case,using ~ . +���9\�����1��% Ó|`a) , thequadrupolecanbe

usedasa massfilter applyingappropriatevoltages� and � with frequency Ó to the rods. The
equationsof motionof amassfilter cannow beexpressedas? é?�� é���� %i��9 ÿ g5���1� ÿ � ) � + � (2.15)

where
� +�Ó|`a� ÿ , � representseither ; or

C
anddefining

��+ � K ���Ó é � é. 6!g�+ ÿ K ���Ó é � é.
Equation(2.15) is the MATHIEU equationin its canonicalform whoseproperties,and in par-
ticular the stability of its solutions,arewell known. Dependingon the valueof � and g , the
MATHIEU equationhasstablesolutionsasshown in Fig. 2.16(left).Areaswith stablemotionin
both ; and

C
directionscanbeusedasmassfilter.

Thenatureof theion motionin the
ChE

planeis illustratedattheright sideof Fig.2.16showing
severalpointsin thestabilitydiagramwith theinitial conditionsbeing � % � )�+ �

and j� % � )�+ � :
a. thepoint g�+ � [��1� 6F��+�9 � [ ��^Eÿ � closeto thelower limit of thefirst region of stability (inC

direction);theperiodicityis �
b. the point g@+ � [��1� 6F��+ �

within the first stability area. The trajectoryis complex with
periodicity   ÿ � but stable.
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Figure2.16:TheMathieustabilitydiagramof aquadrupole(left) showing regionsof simultane-
ousstability in the ; and

C
directions,aswell assomeion trajectoriesfor severalpointsin the

stabilitydiagram.FromRef. [78]

c. thepoint g�+ � [��1� 6F��+ � [ � ÿ � nearto theupperlimit of thefirst stabilityarea;periodicity+ÿ �
d. g�+ � [��¡� 6F��+ ÿ [�� within thesecondregionof stability.

A magnifiedpartof thestability diagram,thefirst region of stability for both ; and
C

direc-
tions is shown in Fig. 2.17. Thepeakof this region at g�+ � [ l �1^ 6F��+ � [ ÿ¡¢ l is usuallyusedto
obtainmassresolution.For fixed �£6K�|6 Ó and

� . , all ion masses( ��� K ) lie on thesameline of
constant�	��g which is calledthe massscanline or operatingline. Now only thoseion masses
which intersectthepeakof thestability region havestabletrajectoriesandwill passthroughthe
filter. By increasingthe �¤�¡� ratio, theoperatingline becomessteeperandapproachesthetip of
thestability region which leadsto a narrowing of therangeof massespassingthroughthefilter.
By thisway, theresolutionof thefilter canbevariedelectronicallyby simplyadjustingthe �Y�1�
ratioleadingto atrade-off betweentransmissionandresolution.Keepingtherf frequency Ó fixed
in resonancewith the“cavity”, massspectraareusuallyscannedby varyingthemagnitudeof �
and � but keepingthe �Y�1� ratioconstantin orderto maintainaconstantmassresolution.

For commoncommercialQMSs,theavailablechoicefor the rod diameter¥1¦ �¨§ andthe AC
voltageV is somehow limited. Therod diameter, which is connectedto

� . by ¥1¦ �¨§©+ ÿ [ ÿ¡ª1^¡� . to
get thebestapproximationof thequadrupolefield, hasacceptablevaluesin therange5-20mm
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Figure2.17: The lower stability region normally usedin massfilter operationshowing iso-
t

linesfor the ; and
C

directionsanda typicaloperatingline. FromRef. [78]

and � is of theorder3000V. Therf frequency Ó , which determinesthemaximummass«�Ó � é
andtheresolution ¬­ ¬ «4Ó é in oppositedirections,is usuallysetin therange500kHz - 10MHz
allowing massrangesup to theorderof 1000amu.

The HIDEN HAL/3F Quadrupole MassSpectrometer

TheHAL/3F QMS from HIDEN AnalyticalwaschosenbecauseHIDEN wastheonly company
which offereda custommodifiedQMS for a reasonablepriceandhasa local branchoffice here
in Germany. TheHAL/3F consistsof aHAL IV controller(with RS232interfaceto aPC),asep-
araterf generator, anEPICmassanalyzer(with 12mmrods,triple stagefilter, custommodified
mountingflangeandelectricalfeedthroughs)andthesoftwareHAL MASsoft.

TheHAL/3F hasthefollowing specifications:

design 12 mm rodsfor enhancedtransmission,triple stagefor betterline profile
massrange 1-500amu
resolution betterthan0.5amuthroughoutthemassrange
transmission up to 30%(not includinglossesdueto apertures,etc)dependingon resolution
scanspeed 200amu/sor 55masschannels/s
ion energy ë ���

eV (determinedby theion source)

Being the heartof HIDEN’s commercialrest gasanalyzers(RGA), the EPIC quadrupole
massfilter is mountedonaspecialDN160ISO-K flange(containingtheelectricalfeedthroughs)
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without theion sourceanddetectorsusedfor RGAs. It has7 mmentranceandexit aperturesand
is differentiallypumped,in ourexperiment,bya150l/s turbopumpto getrid of thediscriminated
ions.

TheMASsoft softwareallowsseveraldifferentmethodsto obtainmassspectra:
 Profile: themassrangeis scannedcontinuouslywith sub-amuresolution
 Bar: themassrangeis scannedin 1 amusteps
 MID: Multiple Ion Detection,arbitrarymassesarescannedsequentially
 Shutdown: theQMSstaysfixedatacertainmass;usedfor ion depositionandfor optimiz-
ing thesourceandion optics

After measuringa massspectrum,thespectrumis exportedasa xy-ASCII file andtransferedto
aUNIX workstationfor furtheranalysis.

2.4.4 MassSpectra

In this subsection,somemassspectraare presentedas an exampleto show the resolutionof
theQMS or to demonstratethecharacteristicsof differention sources.Two massspectrahave
beenpresentedalreadyon pages29 and30, respectively, to characterizetheelectronimpaction
source.
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Figure2.18: Xeé ê ionsfrom theEI sourceusing80 eV electronsto ionizethexenon.This dia-
gramclearlyshows thesub-amuresolvingpower of theHAL/3F QMS separatingwell thedif-
ferentisotopesof xenonwith themostabundantonesdistributedat masses128(2%),129(26%),
130(4%),131(21%),132(27%),134(10%)and136amu(9%).
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The examplespectrashown in Fig. 2.18 using xenonwith its rich isotopicalstructureas
precursorsubstanceillustratetheresolvingpowerof theHIDEN HAL/3F. Here,80eV electrons
have beenusedto double-ionizethe xenonshowing the characteristicisotopicalpatternof the
naturalabundanceof xenon.Apparently, peaksof neighboringmasses,which areseparated0.5
amu,arewell resolved.

In Fig. 2.19,themicrowave dischargesourceis characterizedcomparingthepinholenozzle
(foreground)with themesh(background),seesection2.2.2. Onecanclearlyseethatusingthe
meshinsteadof the pinholegenerallyincreasesthe ion yield by a factorof ë ¢

andthat, due
to thehigherpressurein thesource,N ê� is morereadilyproducedwhenusingthepinhole.This
figure,aswell asFig. 2.8,exemplifiesthegreatsignal/noiseratioof almost5 decadesachievable
by thiscombinationof QMS,Faradaydetectorandsensitivecurrentamplifier.
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Figure2.19:Massspectrafrom themicrowavedischargesourceusingN é asprecursorgascom-
paringthepinholenozzle(foreground)with thereplacingmesh(in thebackground).

A final massspectrum,shown in Fig. 2.20, illustratesthe attemptsto combineour laser
vaporizationsourcewith the mass-selection.Ablating a niobium target using20 mJ pulsesof
532nmNd:YAG laserlight andneonwith 5 barbackgroundpressure,themonomerandniobium
monoxidecationsareproducedbut nohigherclustersweredetected.Unfortunately, theobserved
averagecurrentsof ë ���

pA aremuchto weakfor spectroscopicinvestigations,althoughpeak
currentsof up to 50 nA with 20 Á s lengthcould be observed. A vaporizationlaserwith high
repetitionrate ( Â ���1�¡�

Hz insteadof 10 Hz) would be necessaryto efficiently combinethis
sourcewith themassfilter

AdditionalmassspectrausingCSé andC� F� asprecursorsubstancesarepresentedin chapter
7 dealingwith thecorrespondingcations.
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Figure2.20: Massspectrumof laservaporizedniobium. TheNbO peakis dueto oxideson the
surfaceof thetarget.

2.4.5 Depositionof Mass-SelectedIons

Sincethere is a trade-off betweenlow kinetic energy and high ion beamcurrent, the mass-
selectionis usually performedat relatively high kinetic energy of 50-1000eV. Although our
quadrupolemassspectrometerworksbestfor 10 eV energy, optimizedion currentsarereached
at 30-50eV without significantlyreducingtheresolution.After mass-selection,it is difficult to
slow down the ions below some10 eV. An ion reachingthe surfaceof for instancesolid neon
with anenergy of   ��� eV caneasilyfragment,andtheproblemof soft-landingtheionsandtheir
fragmentationis discussedin detail in [24]. Due to the low van-der-Waalsbondenergy of 3.7
meV betweenneonatoms,it canalso"melt" some3000matrix atoms,or causetheevaporation
of about500,which in turncanleadto enhanceddiffusion.Theincomingion canpenetratedeep
into the solid, resultingin aggregationandreactionswith otherspeciesalreadypresentin the
matrix, thusdefeatingthemajoraimof matrix isolation.A final problemlies in thespacecharge
resultingfrom accumulationof the chargedspeciesin the nonconductingraregasmatrix [25].
Thismayresultin strayelectricfieldsdeflectingthemolecularion beamandfurthercomplicating
theion deposition.

Following massselection,the ion beamis focusedonto the matrix substrateby meansof
a further einzel lensL3. The ion beamis depositedon the substratesimultaneouslywith the
matrix gas,neonin the presentcase. In orderto maintainthe overall neutralityof the matrix,
andavoid building up spacechargesandstrayfields,thematrix wassprayedby electronsfrom
a hot tungstenfilamentheldat negative potentialsof up to �5Æ LÈÇÊÉ +Ë9 ÿ¡�1� V. We experimented
with alternatingtheion andelectrondeposition,but in theendcontinuousoperationprovedto be
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mostefficient,with optimalresultsbeingobtainedwith theelectroncurrentmaintainedat about
five timestheion current.

The processof ion depositionis shown schematicallyin Fig. 2.21. The non-conducting
matrix surfaceis irradiatedby electronsfrom the filamentand it is chargednegative until the
surfacereachesthesamepotentialasof thefilament.Additional electronsarenow deflectedby
the negative potentialof this spacecharge zone— an equilibrium hasbeenreached.Arriving
ions,which have aninitial kinetic energy of n L + ÿ¡�

eV, areacceleratedtowardsthematrix and
hit thesurfacewith thefinal energy nÍÌD+Pn L A KhÎ �5Æ LÈÇÊÉ Î + ÿBÿ¡�

eV. In thisway, thevoltageof the
neutralizingfilamenthasimportantinfluenceon thedamagedoneto thematrixby theimpactof
theion beamwhichwill bediscussedin detail in this subsection.
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Figure2.21:Theprocessof ion deposition:Themass-selectedionswith kineticenergy of 20eV
arecodepositedwith electronsandexcessmatrix gas. Theelectricalneutralityof thematrix is
maintainedin anequilibriumprocessandoccasionally, someionsmaybeneutralized.

The electronsfrom the filamentare trappedat lattice defectsor at impuritiesandmay oc-
casionallyneutralizesomemass-selectedcations.A quantitative analysis,to bepresentedlater,
showsthatat leastÏ�Ð¡ÑHÒ of themass-selectedionssurvivethedepositionprocess.Whenwarm-
ing upthematrix,thetrappedelectronsarereleasedagainandrecombinewith positivelycharged
partneremitting thermallystimulatedluminescence(TSL). The releasedelectronscanevenes-
capefrom the matrix surface,the resultingthermallystimulatedexo-electron emission(TSEE)
canbemeasuredeasilywith aFaradayplatecloseto thematrixsurface.All theseeffectsandthe
questionof thethermalstabilityof chargedcentersin rare-gasmatriceswerestudiedextensively
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in our laboratoryin collaborationwith the Institutefor Low TemperaturePhysicsin Kharkov,
Ukraine[120, 121].

Matrix Damageand Multiple Sitesin the C � F Ó� B Ô A Ô¨Õ�Ö X Ô E  2× Spectroscopy

Laserexcitationspectraof two differentsamples,eachresultingfrom 3 h depositionof a beam
currentof ë 1 nA at mass186amu,areshown in Fig. 2.22. Thedifferencebetweenthe two is
in the energy of the ions impinging uponthe matrix, which is estimatedto be 220 eV for the
top spectrumbut considerablylower (20 eV) for the bottomone. While the bottomspectrum
resemblesthespectrumreportedin a previousstudy[122] wherethe ionsweregeneratedby in
situvacuumUV ionizationof neutralhexafluorobenzene,in thetopspectrumwheretheionswere
depositedwith higherkinetic energy, eachof the strongvibronic bandsof hexafluorobenzene
seemsto bereplacedby a groupof severalbands.Clearly, while in thesamplewherethebeam
wasdepositedwith lower energy, aswell asin thephoto-ionizedsamplethereis onedominant
site,denotedby A, in thesampledepositedwith higherenergy thereareseveral "sites", that is
the cationsoccurin the neonmatrix in several differentlocal environments.The most intense
subsidiarysitesaredenotedby thelettersB andC, andcanbeseento occur, albeitweakly, also
in thebottomspectrum.
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Figure2.22: Câ FÓâ laserexcitationspectrafor differentkinetic energies:220eV (top trace)and
20 eV (bottomtrace).

Thefactthattheorigin of theadditionalbandsis inhomogeneous,is confirmedby examining
the emissionspectra:exciting the B andC bands,which areblue shiftedby 16 and33 cmã!ä ,
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respectively with respectto the A bands,resultsin fluorescencewhoseorigin is shiftedby the
sameamount. The presenceof several similar "spectra"shifted by similar amountsboth in
emissionandexcitationspectrumis a characteristicsymptomof severaldistinctsites,that is in
thepresentcasetheA, B andC bandscorrespondto theCâ Fåâ cations"perturbed"by a slightly
differentlocal environment.Thealmostcompleteabsenceof themultiple sitesfrom thespectra
producedby in situ ionization,andtheir presence,anddependenceof ion energy in thecaseof
ionsdepositedfrom thegasphasesuggeststhat they aretheresultof matrix damagedueto the
ion bombardment.

Sometimeagowehavenotedthatalsoin thecaseof matrix isolatedlinearcarbonchainions
of thetypeX-C æ -Y å (whereX andY canbefor instanceH or CN), thereexistsa considerable
differencebetweenthe spectraof ions producedin situ, andof the sameions depositedfrom
a massselectedion beam. While in situ studyin our laboratoryyieldedvery sharpbands,the
ion beamdepositedsamplesby Maieret al. gaveusuallybandswith morethat100cmã!ä widths
[104]. Wehavepreviouslysuggested[123] thatthisdifferenceis probablydueto matrixdamage,
and the presentresults,observingan analogouseffect for quite different type of ions clearly
providessupportfor this point of view.

Quantitati veAnalysis of Mass-SelectedIon Concentration

An visible absorptionspectrumof a sampleresultingfrom a codepositionof ç 3 nA current
at mass132 amu with pure neonfor 3 h shows clearly the known visible absorptionof the
1,3,5-Câ H è Fåè radicalcation. Thestrongest0-0 origin bandlocatedat 21769.6cmã!ä exhibited
an integratedabsorbanceof 0.094cmã!ä , andit wasfollowed to higherenergiesby weaker vi-
brationalstructure.While numerousmolecularions werepreviously studied,relatively little is
known aboutthe achievable ion concentration.In the caseof massselectedbeamdeposition,
theextentto which thegasphaseionsactuallyreachthesample,andsurvive therecombination,
fragmentationandotherreactionwhich canoccurin thematrix or on its surfaceis thereforeof
considerableinterest.

In thepresentexperiments,therearein facttwo independentwaysin whichonecanestimate
theion concentration,or at leastestablishits limits. In thefirst place,by knowing theion current
reachingthematrixandthedepositiontime,onecaneasilycomputethenumberof molesof the
sample,andcompareit with the numberof molesof the simultaneouslydepositedmatrix gas.
For thecolumndensity, oneobtainsthusé�ê�ëíìïîð ì ñ	ò�óô�õ�ö ð ìz÷�ø ã!äiùYúüû1ýþ úüÿ (2.16)

This easycomputationin the experimentwith the 1,3,5-Câ H è Fåè givesa molar concentration
of about0.9-1x10ã�� , that is onepartperbillion (ppb),providedno ion-electronrecombination,
or otherreactionsdestroying the ions take place. Very similar numberswere in this way also
obtainedfor theothermolecularionsstudiedin this work.

Thereis, however, a second,independentway, in which the ion concentrationcanbe esti-
mated. The fully allowed B-X transitionin the 1,3,5-Câ H è Fåè cation is known to have in the
matrix a lifetime of about � ì 50 ns. This valueexhibits little dependenceon temperature,does
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not changeappreciablywhenthe moleculeis deuterated,and is only slightly shorterthan the
gasphaselifetime. It is thereforevery likely thatnon-radiative processesareinsignificant,and
thelifetime is basicallyradiative. Underthis assumption,onecanusetheintegratedabsorbance
from theobtainedspectrato computetheion columndensity, andobtainagainfrom theknown
thicknessof thematrix theion concentration:éYê�ëíì ��� é ù � �õ�ö � ð	� ��
�����
������BêH÷�ø ã!ä ä úüû1ýþ ú ÿ (2.17)

with �8ì����¡ø¡ø1ø cmã!ä and the integratedabsorbance� ð�� ��
�����
 ÷ cmã!ä . While againthe
uncertaintiesin a numberof thevaluesenteringthecomputationarerelatively high,oneobtains
cationconcentrationsof theorderof 0.1-0.3ppb. Comparisonof thenumbersobtainedin thetwo
independentwayssuggests,thatapproximately20 % of theionssurvive thedepositionprocess.
Consistentwith this assessment,that recombinationshouldnot bedominant,is theobservation
that while we could observe weakly the absorptionof the CSåÿ cation, the absorptionswhich
could be attributed to eitherneutralCSÿ or to the CS fragmentwereapparentlytoo weak for
detection,seesection7.3.1.



52 CHAPTER2. EXPERIMENTAL TECHNIQUES



Part II

TungstenOxidesin Solid Neon
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Chapter 3

Vibr onic Structur eof TungstenOxides

Wennmanalle Gesetzestudierensollte,
sohättemangar keineZeit,
siezuübertreten.

JOHANN WOLFGANG VON GOETHE

Tungstenoxidesisolatedin solid neonmatricesweregeneratedusingthepulsedlaservaporiza-
tion technique,and their absorptionas well as laserinducedfluorescencespectra(LIF) were
examined.A clearly resolvedtungstenisotopicstructurepermitsunambiguousspectralassign-
ments. With the help of nearinfraredemission,several low lying electronicstatesof WO are
observedandcharacterized.Thesymmetricstretchingfrequency of thetriatomicWOÿ is identi-
fied,andthestructureof themoleculeis discussed.

55
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3.1 Intr oduction

Transitionmetalsandtheircompoundsrepresentachallengebothto experimentandtheory[124].
Thepresenceof thepartially filled d-electronshell usuallyleadsto a complex electronicstruc-
ture with a large numberof low energy states,anda very rich spectroscopy. The interactions
betweenthemoften perturbandcomplicatethe spectraandmake their interpretationdifficult.
For ameaningfultheoreticaltreatmenta largenumberof electronicconfigurationshasto becon-
sidered. While a numberof oxidesandother simple compoundsof the first andsecondrow
transitionmetalshasbeenstudied[125, 126, 127,128, 129,130], muchlessknown aretheheavy
third row species.As a consequenceof the lanthanidecontraction,they frequentlyexhibit sim-
ilarities to thesecondrow species,but asa resultof relativistic effectsthey alsodiffer in many
propertiesappreciablyfrom their lighter relatives[131].

Tungstenandmany of its compoundsarehigh melting, refractorymaterials,whosevapor-
ization requirestemperaturesrangingup to 3000K, andthis makestheir gasphasestudiesex-
perimentallydifficult. An early gasphasevisible emissionstudyin the fifties revealedseveral
electronictransitionsof diatomicWO, andyieldedfor the loweststate,presumablytheground
state,a vibrational frequency ( ò�� ä�� ÿ ) of about1055cmã!ä [132]. A decadelater Weltnerand
McLeod (WM) examinedthe absorptionspectraof tungstenoxidesin solid raregases[133].
They obtainedthe matrix isolatedspeciesby vaporizingfrom an inductively heatedcell either
thetungstenoxidesdirectly, or by vaporizingthemetalin thepresenceof gaseousoxygen.Two
infraredabsorptionbandsthey observed,astrongoneat928anda"medium"strengthoneat992
cmã!ä , wereassignedto tungstendioxide,basedmainly on the observed frequency shift in anä � O isotopicexperiment.They alsoobservedlong seriesof absorptionbandsnear7890Å, and
identifiedthemasprogressionsin thebendingfrequency of thetriatomicWOÿ .

Theinfraredabsorptionof thediatomicWO was,ontheotherhand,notclearlyidentified,but
numerousstrongabsorptionsclearlydueto WO wereobserved in thevisible. WeltnerandMc
Leodassignedtheobservedbandsto sevendistinctelectronictransitionsof WO, someof them
clearlydueto thesystemspreviouslyobservedin thegasphase.For thefundamentalvibrationof
theWO groundstate,which they believedto beof è"! ã symmetry, they recommendasthebest
availablevaluethe ò#� ä�� ÿ frequency of 1055cmã!ä derivedfrom thepreviousgasphaseemission
studies. The infraredspectraof several tungstenoxidesin matriceswere later reexaminedby
GreenandErvin [134].

SometenyearsafterWM, Samoilovaet al. (SEG)producedWO in thegasphaseby aflash-
photolysisof W(CO)â in thepresenceof oxygen,andobservednumerousfurthervisible bands
which they attribute to tenseparatesystems[135]. With thehelpof a sampleenrichedto 97%
with the ä � â W isotopethey wereableto analyzerotationally14 of theobservedbandsto obtain
themomentsof inertiaandbondlengthsof WO in severalof theelectronicstates.

EvenmorerecentlyNelin andBauschlicherhave investigatedthelowestelectronicstatesof
WO theoreticallyby abinitio techniques,andcomparedtheir resultswith theisovalentMoO and
CrOspecies[136]. They concludedthatlike its lighter relatives,WO hasa $&% groundstate,with
anumberof predictedvery low lying electronicstates.

A numberof yearsagowe have demonstratedthat high temperaturemolecularspeciesfor
spectroscopicstudiescan be very convenientlygeneratedby laservaporizinga suitablesolid
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precursorin thepresenceof aninert carriergas,andalsoshown thatthemethodis readilyappli-
cablenot only to gasphasework [70], but alsoto matrix isolationstudies[137]. In thepresent
manuscriptwe employ this techniqueto revisit the spectroscopy of tungstenoxides. We show
thatwith thehelpof modernhigh resolutionFT-IR instrumentsnotonly theoxygen,but alsothe
tungsten,isotopicstructurecanbeclearlyresolved,andthis is extremelyhelpful in assigningand
analyzingthematrixspectra.Wealsofind thatwhenexcitedby lasers,WO fluorescesin theneon
matrix efficiently. Usinglaserinducedfluorescence(LIF), we obtainextensivenew information
abouttheelectronicstructureof WO, andextendits spectroscopy into thenearinfraredregion,
beyondtheregionsstudiedin previouswork.

3.2 Experimental

In the experimentsdescribedhere, the matrix sampleswere preparedby vaporizationof the
tungstensolid usingabout30 mJof pulsed,frequency–doubledNd-YAG laserlight. A tungsten
foil (99.96%,chemPUR)waselectro–erodedinto a 13 mm dia. x 0.5 mm thick disk. Thelaser
pulsesweresynchronizedwith theopeningof apulsedvalvecontrollingtheflow of aneoncarrier
gas(99.998%,Messer-Griesheim)mixed with 0.2% oxygen(or ä � Oÿ ), andfocusseduponthe
rotatingdisk, locatedtangentiallyto a 3 mm diameterflow channel.The laser–inducedplasma
wassweptby the inert carriergasflowing throughthechannel,andexpandedinto thevacuum
enclosureof thecryostat.

About 2.5 cm downstreamfrom the orifice of the expansionchannel,both the neoncar-
rier gasandthe products(oxides)of laservaporizationarefrozenonto a silver coatedcopper
mirror cooledto about6 K by a closed-cycle refrigerator(Leybold RGD 580). Typically, the
disk is ablatedfor 1–2 hoursat a repetitionrate of 10 Hz and a neonbackingpressureof 5
bar. Thematrix is thenstudiedspectroscopicallyusinga Bruker IFS 120–HRFouriertransform
spectrometer. Absorptionspectraaremeasuredfrom 600–30000cmã!ä with equalor betterthan
0.5cmã!ä resolution.Thematrix fluorescenceis excitedby anargon–ionlaserpumped,tunable
cw dyelaseror a Ti:sapphirelaser. Thesampleemissionis focussedupontheentranceaperture
of the FT spectrometer, anddetected,dependingon the spectralrange,eitherwith the help of
a photomultiplier, or usinga liquid-nitrogencooledgermanium,indium antimonideor mercury
cadmiumtelluridedetector.

3.3 Tungstenmonoxide,WO

3.3.1 Infrar edabsorption

As notedabove the infraredabsorptionof the diatomicWO could not be clearly identified in
the previous matrix investigationof tungstenoxidesby WeltnerandMcLeod. In our present
investigationtheWO absorptionis clearlyobserved,andits assignmentconfirmednot only by
the ä � O isotopic substitution,but also by resolvingclearly the tungstenisotopic structure,as
shown in Fig. 3.1. The measuredneonmatrix frequenciesof 1056.98and1001.77cmã!ä for
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ä � â W ä â O and ä � â W ä � O respectively arein excellentagreementwith thevaluesdeducedfrom the
electronicabsorptiondataof Samoilovaet al. of 1056.7and1002.1cmã!ä , respectively.
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Figure 3.1: The IR absorptionof tungstenoxides. The main tracesshow the absorptionof
tungstenoxidesusing ä â Oÿ (upperone)and ä � Oÿ (lower). Onecaneasilyseethebandsdueto
WO (at 1056and1002cmã!ä ) andthesymmetricvibrationof W ä â Oÿ at 1030cmã!ä . Theinsert
showsthevibrationof W ä â O with isotopicalresolution.

Adjustmentof theforceconstantresultsin a fit of theobservedinfraredabsorptionsof eight
isotopicspeciesof WO with ameansquaredeviation of lessthan0.08cmã!ä , andyieldsa force
constantof 9.679mdyne/Å.This valueis nearly twice that of diatomicCrO, but accordingto
relatively fragmentarypreviousstudiesit is apparentlyconsiderablycloserto theforceconstant
of MoO [138], a finding consistentwith the above mentionedsimilarity in propertiesbetween
thesecondandthird row transitionmetals,whichis closerthanthatbetweenfirst andsecondrow
metals.

3.3.2 Absorptions in the Visible Range

Wehavealsoreexaminedthespectrain thevisible region,andwhereourdataoverlapwith those
of WM, aswell aswith the gasphasedataof SEG,our observationsshown in Fig. 3.2 arein
essentialagreement.WM reportedin this rangesevenelectronicstateswhich they denoteA-G
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[133], andwe will adherein our discussionto their notation,eventhough,aswill bediscussed
below, we detecta numberof statesat lower energies. ModernFT instrumentsprovide a more
reliable frequency calibrationthanolder grating instruments,andsomeof the bandsreported
by WM deviateby up to 5 cmã!ä from our measurements.Thehighersensitivity andimproved
signal to noiseratio alsoenabledus to extendthe observationsandobserve numerousweaker
bandsundetectedby theprevious investigators.TheX-A systemcanfor both oxygenisotopes
be followed, using the vibrational assignmentof WM from -/. ì 021 �

, and for the highest
vibrationallevelsthetungstenisotopicstructureis clearlyresolved.Wealsodetectanadditional
weakprogressionin thenearUV, with anorigin at 26972.7anda vibrationalfrequency of 901
cmã!ä . ThisH’ stateis, however, clearlynot identicalwith theH statereportedby SEG.
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Figure3.2: Visible absorptionof W ä â O in solid neon. The electronicsystemsaredesignated
accordingto Weltner.

As alreadynotedby Weltner, while mostof theobservedbandsof theW ä � O moleculecanbe
reasonablywell fittedto obtainspectroscopicconstants,thespectraof thenormalisotopomerare
moreerratic,apparentlydueto perturbationsresultingfrom interactionsbetweentheA, B, andC
states,aswell asbetweentheE andF states.In additionto therelatively strongabsorptionbands
reportedby WM, numerousweaksharpbandsthroughoutthe visible region, andin particular
above21000cmã!ä , arealsodetected.While thesecanbeassignedwithoutambiguityto theWO
molecule,since,aswill bediscussedbelow, they alsoappearin thelaserexcitationspectrumof



60 CHAPTER3. VIBRONIC STRUCTUREOFTUNGSTENOXIDES

the WO fluorescence,they apparentlydo not belongto any of the known states,andmustbe
causedby thepresenceof otherelectronicstatesin thisspectralregion.

3.3.3 Near Infrar edTransitions of WO

Sincenumerousvery low lying electronicstatesareexpectedfor tungstenoxides,we have ex-
tendedour studiesinto the nearinfraredrangebelow 12000cmã!ä usingGe andInSb infrared
detectors. A most prominentgroup of five vibrational progressionsclearly due to diatomic
WO appearscloseto 7500 cmã!ä , seeuppertraceof Fig. 3.4. Their 6 ù ù valuesare 7403.8,
7443.0,7527.6,7708.1and 8007.6cmã!ä , and they exhibit very similar vibrational frequen-
cies 798 of about950 cmã!ä , with almostexactly the theoreticallyexpectedisotopic shift of: ì;� � ä â&< 
>=�� � ä � < 
�ì ÷���ø�?�? . ThesenearNIR absorptionsarealmosttwo ordersof magnitude
weaker thanthosein thevisible spectrum.

Two additionalpairsof transitionsappearat higherenergies. For the first pair, with 6 ù ù at
10880.0(weak) and 10919.3cmã!ä (somewhat stronger)very weak -@. ì ÷ levels could also
be detected,with the vibrational frequenciesmatchingagainalmostperfectly the theoretically
expectedisotopicshift. For theotherpair with 6 ù ù at 11966and12030cmã!ä , only the - . ì ø
originwasdetectable.Thesetwopairsof closelyspacedbandsmaybedueto WOin twodifferent
matrix sites. At still higherenergiesthe spectrumis obscuredby strongWOÿ absorptions,but
onecanstill detecta sharpbandat 14143.4cmã!ä , which doesnot fit into theWOÿ pattern.The
assignmentof all thesebandsto diatomictungstenoxidewasconfirmedby their appearancein
thelaserexcitationspectrumto bediscussedin thefollowing sections.

3.3.4 Electronic Fluorescenceof WO in the Visible Range

Sincefluorescencespectracanoftenprovidevaluableinformationcomplementaryto absorption
studies,we have excited the WO-containingmatricesat a variety of frequenciesrangingfrom
about12000to 25000cmã!ä . Whenever the laserwastunedto oneof theabsorptionbandsas-
signedto WO a strongfluorescencewasindeedobserved,andwe have recordedlaserinduced
fluorescence(LIF) spectraatanumberof excitationwavelengths.Thestructureof thevisibleflu-
orescencedependssensitively uponwhich bandis excited,with somelevelsemittingefficiently,
andothersbeingabsent.Theobservedpatternis indicativeof acomplex, isotopicallydependent
relaxationpathway, involving thevibrationalmanifoldsof thenumerouselectronicstatespresent
in this region. While onecanobserve stronglyresonantfluorescencefrom somelevels,others
areconspicuouslyabsent.

For instance,whenoneexcites the -/. ì ø F-statelevel of the W ä � O sampleat 23387.61
cmã!ä , thereis no unrelaxedresonantemission.Oneobservesa weakemissionfrom - . ì$ø E,
-/. ì ø D, anda longprogressionoriginatingin -/. ìBA A. Thereis no emissionfrom -/. ì�? or 4
of theA state,but weakprogressionsfrom -/. ì�0 and2 A areobservable.In addition,numerous
bandsare detectable,which have no obvious assignment.Two relatively weak progressions
startingat 20265.41and19377.74cmã!ä exhibit a lower statevibrational frequency ò�� ä�� ÿ ì÷�ø1øDC cmã!ä distinctly differentfrom thegroundstateX ( ò#� ä�� ÿ ì�÷�ø1øh÷���� cmã!ä ), andmustbe
dueeither to a perturbed“site”, or terminateon levels of a very low lying electronicstateof
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Figure3.3: Visible LIF of tungstenoxideexcitedat theB - ì ø level at 17281.1(W ä â O) and
17273.9cmã!ä (W ä � O), respectively. Both isotopomersshow strongprogressionsoriginating
from the -/. ìH��I"0 levelsof theA state,with -/. . in therangeof 1 to 5. For W ä � O, alsotheB J
X transition,aswell asunrelaxedemissionfrom theB stateinto thegroundstate( -/. . ìPøK1L� ) is
observed.Peaksdenotedwith anasteriskcouldnotbeassignedyet.

WO, lessthan3122cmã!ä above theX state.It appearsthatfor excitationat higherenergies,the
spectraarerathercomplex anddifficult to interpretin detail. Therelaxationobviously involves
additionalelectronicstatesnot directlyobservedin absorption.

When absorptionsat lower energy are excited, the emissionspectrabecomesimpler and
easierto assign. Thusafter excitation of the -/. ì,ø level of the B stateof W ä � O at 17273.9
cmã!ä (shown in Fig. 3.3),bothunrelaxedemissionof thedirectly excitedlevel into the -/. . ì}ø ,
1, and2 levelsof thegroundX electronicstate,aswell asemissionfrom lower levelspopulated
by nonradiative processesis observed. A weakprogressionfrom a level at 16980.4cmã!ä into
the -/. . ì ÷	1BC is againthe above mentioned-/. ì 0 A fluorescence.Careful examination
of our absorptionspectrumreveals,in fact, that the -/. ìM0 A absorptionunobserved by WM
appearsvery weakly in absorptionalso,at 16980.44cmã!ä . For bothoxygenisotopeswe could
identify weakemissionfrom both the -/. ìM0 and -/. ìN� levels of the A-State. Surprisingly,
however, contraryto theusualsituationwherethe lowestvibrationallevelsaremostprominent
in fluorescence,no emissionwhichcouldbeattributedto either - . ì8ø or - . ì}÷ wasdetected.
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WM observedfor theA stateonly levelswith -/.PO C , andthey basetheir vibrationalassign-
menton isotopicshifts. They note,however, thatwhile theW ä � O spectrumcanbereasonably
well fitted,thenormalW ä â O is clearlystronglyperturbeddueto theabovediscussedinteractions
with the B andC-states.In view of the unusualrelaxationbehavior, we have retriedto fit the
A-X transitiondatausing the new informationobtainedin this work, in particularthe - . ìN�
and -@. ìQ0 emissionprogressions.Whenall thedataobtainedfor bothoxygenisotopes,which
includedA statelevels -/. ìR�S1 �

andgroundstateprogressionsupto -/. . ì �
wereusedto derive

Morsepotentialsfor bothstates,a very poorfit wasobtained.The root meansquareerrorwasç �¡ø cmã!ä , with someobservedbandsdeviating morethan60 cmã!ä from thecalculatedposi-
tion. Themeandeviationcouldbesomewhatreduced(RMSerror ç ÷TA cmã!ä ) by decrementing
theA statevibrationalassignmentof WM, but thequality of thefit remainedvery poor. If the
-/. ìUC�I"? and6 A of theW ä â O isotopeweregivenzeroweight in thefitting, theremainingdata
werefittedwith RMSerror V ÷ cmã!ä . All thetransitionsinvolving theexcluded-/. ìWCXI&?�I and6
W ä â O A-statelevelswerecomputed15,44,and73 cmã!ä respectively higherthanobserved.We
concludethattheWM vibrationalassignmentis correct,andthe -/. ì�CY1ZA levelsof thenormal
isotopomerarestronglyperturbed,asthey proposed.
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For all the excitation wavelengthsoneobservesnot only the visible fluorescence,but also
a strongemissionin the nearinfraredrange.Unlike the visible fluorescence,the nearinfrared
emissionis relatively simple,andessentiallyindependentof thespecificlevel excited.Represen-
tative spectrarecordedwith excitationof theB-X 0-0 transition(B0 band)at 17281and17274
cmã!ä for W ä â O andW ä � O, respectively, areshown in Fig. 3.4.Fromthefivetransitionsdetected
in the absorptionspectrum,only the strongestone with an origin at 7527.6cmã!ä appearsin
emission.Interestingly, the infraredspectrumof theheavier ä � O isotopomeris at leastanorder
of magnitudemoreintense,reflectingthe isotopicallydependentrelaxationpathway, so that in
fact the W ä � O emissionappearswith appreciableintensityeven in samplesof naturalisotopic
abundance.

Asexplainedin detailin chapter4devotedto theWOrelaxation,theNIR fluorescencespectra
show that theWO vibrationalrelaxationis relatively slow evenin excitedelectronicstates,and
not only - . ì ø but alsovibrationally excited levelsappear. In the caseof the strongerW ä � O
fluorescencelevelsup to - . ìW0 aredetectedin emission,andthespectracanbedetectedwith an
InSbdetectordown to about3300cmã!ä in theinfrared,with theprogressionsin thegroundstate
vibrationalfrequency extendingup to -@. . ìB? .

Statea 6c8 [cm ã!ä ] 798 [cm ã!ä ] 798edf8 [cm ã!ä ]

X $ % 0.0 1064.47 3.998b

a ( a"% ?,redsite)c 7454.3 957.9 3.27
a ( a % ?)g 7578.6 959.6 3.76
b ( a % ?)g 7761.1 958.7 3.55
c ( a % ?)g 8062.1 956.1 3.26
dg 10938.7 1022.3
eg 12075.4 970.5
f g 14132.7 1084.3
A ( $ ! or a ! ?) 14116.9 1051.2 10.84
B 17336.9 929.5 -1.07
C 19267.5 932.6 2.76
D (redsite) 20799.8 996.8 8.22
D 20821.4 998.7 8.51
E 21538.2 971.3 8.49
F 23439.4 955.4 9.52
G 23852.7 934.2 -5.1
H’ g d 27037.3 931.6 13.15

Table3.1: Molecularconstantsof ä �ih W ä â O
asymmetriesasproposedby Nelin & Bauschlicher[136].
b j�kilmkonqpsrut rvrxw&y for theX z�{ groundstate.
cpreviouslynotobserved.
dnot identicalwith Samoilova’sH state[135].
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3.3.5 Electronic Structure of WO

Theabinitio work of Nelin andBauschlichersuggestsa $ % groundstatefor WO,andtheirSCCI
calculationpredictsthelowestexcitedelectronicstateto be a % near7400cm|~} . Thework gives,
however, no indicationof themagnitudeof thespinorbit multiplet splittings,whichmustsurely
be quite substantial.Thusthe splitting betweenthe two componentsof the X ÿ ò groundstate
of TaOis over3500cm|~} [139]. Ourfluorescencespectraandthevibrationalrelaxationprocess
in the groundstategive no direct evidenceof any participationof theothercomponentsof the
multiplet. Thegroupof statesin the infrarednear7500cm|~} lies almostexactly at theenergy
predictedfor the a"% state,but this may be at leastpartially fortuitous. The appearanceof five
differentoriginsin thisspectralrangeis dueto theexistenceof WO in two distinctsitesin neon;
thereareat leastthreedifferentstatesin this range,andthesemay well be componentsof the
multiplet state.
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Thetheoreticalwork alsopredictstwoadditionalstates,$ ! and a ! , in thevisibleat17500and
16000cm|~} , respectively. Our work, aswell asthepreviousstudiesof WM andSEG,suggests
a whole multitudeof statesin this spectralregion. A list with all the molecularconstantsof
WO observedin theseexperimentsis givenin Table3.1 anda diagramof theWO energy level
structureis presentedin Fig. 3.5. A detailedinterpretationandassignmentof the statesin this
rangewould requiremoretheoreticalwork, andin particularstate-of-the-artcalculationstaking
into accountspinorbit interactionsandotherrelativistic effects.

3.4 Infrar edAbsorption and Structur eof WO �
As notedbefore,WeltnerandMcLeod assignedin the matrix infraredspectrumbandsat 928
(strong)and992cm|~} (medium),with counterpartsin the } � O experimentsat883and941cm|~} ,
respectively, to � è and � } vibrational fundamentalsof WOÿ . The sametwo absorptionswere
some15 yearslater also detectedby Greenand Ervin [134]. Theseauthorsalso assigntwo
absorptionsto themixed } � OW } � O in theheavier raregasmatrices,but fail to identify themin a
neonmatrix. They alsocommenton someinconsistenciesin theassignment,with the � è and � }
exhibiting unusualdifferentialshiftsfrom Kr to Nematrices.
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Thewell-annealedsamplesproducedby our pulseddepositiontechniquehave theadvantage
of yielding a well-resolved isotopicstructure,which is of greatassistancein assigningthe ob-
servedbands.In thetop traceof Fig. 3.6onecanseeastrongbandat 984cm|~} , whichexhibits
thedistinct "fingerprint" of a specieswith a singleW atom. All themajor isotopiccomponents
arefully resolved(28.6% } �e� W, 30.7% } �ih W, 14.28%} � è W, and26.3% } � ÿ W, with theindividual
frequenciesat 983.26,983.87,984.19and984.50cm|~} ), andthe bandshifts appropriatelyto
934cm|~} in an experimentemploying } � O. On theotherhand,the "strong"928cm|~} bandof
WM is not detectedat all, with only a ratherpoorly definedbroadfeaturewith a maximumnear
931cm|~} appearingin this region. This feature,which appearswith varyingintensitiesrelative
to the 984 cm|~} band,is not consistentwith assignmentto WOÿ , andis likely to be dueto a
largermoleculewith probablymorethanonetungstenatom.

If the WOÿ moleculewerelinear, centrosymmetric,thenthe symmetric � } vibration would
beinfrared-inactive,but theobservationof a long bendingprogressionin thevisible absorption
spectrum,aswell asourDFT calculationsusingGAUSSIAN94 [40], indicatethatWOÿ is bent,
suggestingthatthesymmetricstretchshouldbeobservable.

A carefulsearchof thespectrain Fig.3.6revealedasomewhatweakerbandnear1030cm|~} ,
shown in the top trace,which shiftedto 977 cm|~} in an experimentusing } � O (bottomtrace),
with both bandsagainexhibiting the isotopicsplitting signatureof a compoundwith a single
tungstenatom. The relative intensitiesof the featuresat 1030and984 cm|~} apparentin the
spectraareconsistentwith the intensityratio for � } and � è vibrationspredictedby the density
functionalcalculations(50and134km/mol),andalsotheobservedfrequenciesagreereasonably
with thecomputedvaluesof 1078and1023cm|~} . Thespectrumin thebottomtraceof Fig 3.6
alsoshowsweaklytheW } � Oÿ bandsdueto normaloxygenpresentasanimpurity.

A normalcoordinateanalysisusingtheabovevaluesof � } and � è of bothW } � Oÿ andW } � Oÿpredictedfrequenciesnear1015and945cm|~} for the } � OW } � O isotopicmolecule.Theseab-
sorptionswerethenindeedeasilyfoundandidentifiedin experimentsusingastatisticallyscram-
bled mixture of } � Oÿ and } � Oÿ . In a spectrumshown asthe middle traceof Fig. 3.6, a 50:50
isotopicmixturewasused,with completescramblingbeingconfirmedby thepresenceof all six
possibleisotopicspeciesof ozonein the appropriateintensityratios[140]. New bandsdueto
} � OW } � O, which arecompletelyabsentin the experimentsusingeitherpure } � Oÿ or unscram-
bled } � Oÿ - } � Oÿ mixtures,appearwithin a coupleof wavenumbersof thepredictedvalues.As
expectedfor a statisticalmixture, they areabouta factorof two strongerthanthe absorptions
of thepureisotopicspecies.Interestingly, in this casetheratio of the � è : � } intensitiesis only
abouttwo, which is undoubtedlythe resultof the isotopicasymmetryof the molecule.Due to
the differentmasses,the two stretchingfrequenciespartially uncouple,andhave now to some
extent thecharacterof W } � O andW } � O stretching,ratherthanpuresymmetricandasymmetric
modes.Theassignmentof the } � OW } � O bandsis againunambiguouslyconfirmedby their fully
resolvedtungstenisotopicstructure.

We show severalof theWOÿ bandsat higherresolutionin Fig. 3.7, identifying thetungsten
isotopicspecies.As expected,the isotopic � } symmetricstretchingvibrationexhibits a consid-
erablysmallerisotopicsplitting thantheasymmetric� è . Shiftedaboutonecm|~} to theblueof
thehighestfrequency isotopicline (dueto } � ÿ W), onecanseethat thetungstenisotopicpattern
is weaklyrepeated.This is dueto aslightly blue-shiftedminor site,which appearswith a some-
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canseein detailthecharacteristicisotopicsplitting of tungstenin theWO£ molecule.

whatvariableintensityratio relativeto themajorsite,dependingontheexactsamplehistoryand
depositionconditions.

As notedabove,if WO£ werelinearcentrosymmetric,thenthe � � vibrationwouldbeinfrared-
inactive in the pure isotopicmolecules,andshouldalsoexhibit no tungstenisotopicsplitting,
sinceit involvesno motion of the centraltungstenatom. On the otherhand,as the molecule
becomesbent,thevibrationgainsactivity andconcurrently, theisotopicsplitting shouldappear
andincrease,sincethestretchingmodenow alsoinvolvesamotionof thetungsten.Theisotopic
patternandshiftsareconsequentlya sensitive functionof thebondangle,andwe have included
themeasured� � and �T¡ vibrationalfrequenciesfor all thetwelveobservedWO£ isotopicspecies
in aglobaladjustmentof theforceconstants.It turnedout thattheobservedisotopicshiftscould
indeedbe correctly reproducedonly with the OWO anglein the rangeof 95-105¥ . This is in
excellentagreementwith the104¥ valuepredictedby ourDFT calculationfor thebondingangle
in theWO£ groundstate.

We list the observed vibrational frequenciesof the WO£ stretchingvibrationsof the nine
majorWO£ isotopicspeciesin Table3.2. Theglobalfit of thevibrationalspectrumdatayields
force constantsof ¦D§©¨«ªX¬­ªX®�¯ mdyne/Å and ¦ §°§±¨²®�¬­ª�³@¯ mdyne/Å,which reproduceall the
combinedisotopicdata(for 12 isotopicspecies)with an rms deviation of lessthan0.6 cḿ � .
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µ�¶ vibration µ�· vibrationisotopiccomposition
calc. obs. calc. obs.

16-182-16 1031.46 1030.64 984.36 984.31
16-184-16 1031.10 1030.25 983.83 983.79
16-186-16 1030.75 1029.88 983.31 983.28
16-182-18 1016.15 1015.55 946.92 947.12
16-184-18 1015.75 1015.14 946.39 946.59
16-186-18 1015.37 1014.74 945.88 946.08
18-182-18 976.47 977.25 933.83 934.64
18-184-18 976.09 976.86 933.28 934.08
18-186-18 975.71 976.46 932.73 933.53

Table3.2: Comparisonof observedandfitted frequencies(in cm̧
¶

) of the µ/¶ and µ�· vibrations
of themajorWO¹ isotopomers

Evenmoreimportantly, the tungstenisotopicshifts arereproducedto 0.02cm̧
¶

, that is basi-
cally within theexperimentalaccuracy limited by theobservedwidthsof theisotopiclines.The
computedstretchingforceconstantis only slightly loweredcomparedwith thatof thediatomic
oxide, º »½¼R¾�¿�À/ÁD¾ mdyne/Å.A comparisonof ourexperimentalandtheoreticalconstantsof WO¹
with theresultsof WeltnerandGreenis summarizedin Table3.3.

Neon Neon Krypton Theory1

(thiswork) (Weltner[133]) (Green[134]) (DFT, this work)µ/¶ [cm ¸ ¶
] 1030.2 992 975.5 1078µ ¹ [cm ¸ ¶
] Â 3802 378µ�· [cm ¸ ¶
] 983.8 928 937.2 1023Ã

(OWO) 99Ä 114Ä 104.4Ä
r(O-W) [Å] 1.686
º » [mdyne/Å] 8.812 7.961
º »i» [mdyne/Å] 1.892 0.581

Table3.3: Comparisonof molecularmonstantsof the
¶ÆÅ ¶ groundstateof

¶ ÇiÈ
W

¶ É
O¹

1calculationswereperformedwith Gaussian94[40] usingthe B3LYP methodwith the LanL2DZ relativistic-
core-potentialbasissetandadditionald orbitalsfor theoxygensresultingin a singletA Ê symmetryfor theground
state.

2obtainedfrom aprogressionin thebendingvibrationin theextremelybroadenedemissionof WOË afterexcita-
tion of theA stateat12670cmÌ Ê .
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3.5 Summary

Absorptionandfluorescencespectraof WO andWO¹ wereinvestigatedin the spectralregion
rangingfrom theinfraredto theUV. BesidestheWO statespreviously detectedby Weltnerand
McLeod,severalotherstateswereidentifiedin thenearinfraredrange.Dueto theunusuallyslow
relaxationof the diatomic oxide, thereis observed, besidesfluorescencefrom several visible
electronicstates,emissionfrom the low lying electronicstatesin the infrared, and extensive
groundstatevibrationalemissionis observed,providing a wealthof spectroscopicinformation,
andspectroscopicconstantsof nearlyunprecedentedaccuracy for a matrix molecule. Spectral
lines of tungstenoxidesin solid neonareunusuallysharp,so that even the tungstenisotopic
structureis clearly resolved. This facilitatesthe assignmentsandanalysisof the spectra,and
allowedusto identify in theinfraredspectrumunambiguouslythesymmetricstretchingvibrationµ/¶ of WO¹ . Thespectroscopicinformationthusobtainedis analyzed,discussedandtabulated.
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Chapter 4

Relaxationand Vibrational Fluorescenceof
WO

Studiesof laserinducedfluorescenceof tungstenoxidesin solid neonat 6 K provide interesting
insightsinto the mechanismsof WO relaxation. The relaxationoccursby inter-electroniccas-
cadebetweenthevibrationalmanifoldsof excitedelectronicstates,reachingeventuallythe Í#¼�Á
of thegroundelectronicstate.Remarkably, for theheavy WO oxidethenon-radiativeprocesses
aresurprisinglyinefficient, with relaxationin the groundstateapparentlyoccurringpredomi-
nantlyby sequentialvibrationalfluorescence.Therelaxationpathwaysof WO arediscussedand
comparedwith relaxationin lighter, first row moleculesexemplifiedby CN.

71
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4.1 Intr oduction

Low temperatureraregassolidsareaveryusefulmediumfor studiesof molecularrelaxationand
non-radiativeprocesses[141, 142,143,60]. While relaxationin thecondensedphaseis usually
fast,oftenproceedingonapicosecondor evensub-picosecondtimescale,at low temperaturesin
solidraregasesit oftenslowsdown remarkably. In smallmoleculesoftenvibrationallyunrelaxed
hot electronicfluorescenceis observed,andin particularin thegroundstatesof light molecules
thenonradiative relaxationmaybevery slow. In a numberof light molecules,mostly involving
hydridesor simplecompoundsof first row elements,vibrationalfluorescencewasalsoobserved
andinvestigated[144, 145, 146, 147, 62, 148]. The diatomicCN is an exampleof a molecule
whichexhibitsaveryslow relaxationandfor which intensevibrationalfluorescenceis observed
[149].

Relaxationfor moleculesinvolving heavier elementsis usuallyvery efficient, andeven in
electronicspectraonemostly seesonly vibrationally relaxedfluorescenceor phosphorescence.
Particularly in transitionmetals,with their densemanifold of electronicstates,fast relaxation
is usuallythe rule, andonly in relatively few casesis extensive hot fluorescencedetected.The
spectroscopy and photophysicsof the oxidesof the third row transitionmetal tungstenwere
examinedin detailin Chapter3. Rathersurprisinglywehaveobservedthat,in spiteof theessen-
tial differencesbetweenthetwo molecules,theenergy relaxationin WO parallelstheprocesses
previously detectedin CN [64, 150]. Extensive vibrationally unrelaxed emissionfrom several
electronicstatesis observed,andevenmoresurprisingly, quite intensegroundstatevibrational
fluorescenceis easilydetectable.Ourobservationsof theWO relaxationbehavior arethesubject
of this chapter.

4.2 Experimental

Tungstenandits oxidesarehigh-melting,refractorymaterials,andtheir vaporizationrequired
temperaturesrangingup to 3000K. We hereemploy a techniquedevelopedin our laboratory
morethana decadeago[70], laservaporizationof themetalin thepresenceof a largeexcessof
cold carriergas,neongasbeingusedto grow the matrix. The frequency-doubledpulsesof an
Nd-YAG laser(30mJ)usedto vaporizea tungstentargetaresynchronizedwith theopeningof a
fastvalveadmittingpulsesof thecarriergas.Thevalvewith openingtimesof 0.1msis operated
with abackingpressureof 5 barof a500:1mixtureof neonwith O¹ (or

¶ Ç
O¹ ). Theneongaswith

the productsandoxidesformedin the vaporizationfixture arethencondensedon a 6 K silver
coatedcoppersubstrate.

The depositsareexaminedspectroscopicallywith thehelp of a Bruker IFS 120 HR FT in-
strumentwith a spectralrangefrom 500 to 30 000 cm̧

¶
. Spectrahave beenrecordedwith

resolutionsof 0.5 cm̧
¶

and0.06cm̧
¶

(IR). To excite thesamplefluorescence,eitheranargon
ion laserpumpeddye laser, or a Ti-Sapphirelaserwereused.A PMT detectorwasusedin the
visible and UV range,while germaniumand indium antimonidedetectorswere available for
studiesin thenearinfraredrange.
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4.3 Resultsand Discussion

4.3.1 Fluorescenceand Relaxationof the Excited WO Electronic States

Fluorescencespectracan often provide a valuablecomplementarycontribution to absorption
studies.As explainedin theexperimentalsection,we have usedour tunablelasersourcesto ex-
citetheneonmatrixabsorptionsdueto WO.Suchanexcitationatavarietyof frequenciesranging
from about10000to 25000cm̧

¶
resultedin afairly strongvisibleandnearinfraredfluorescence,

whoseintensityandspectraldistribution dependedsensitively uponthe excitation wavelength,
anduponthe isotopicspeciesexcited. While somelevelswereemittingefficiently, otherswere
conspicuouslyabsent,indicativeof acomplex isotopicallydependentpatternof relaxation.This
relaxationprocessis quite complex, andinvolvesvibrationalmanifoldsof the numerouselec-
tronic statespresentin this region, both thoseobserved in absorption,andprobablyof other,
"dark" states.Ratesof suchinterelectronicrelaxationprocessesareknown to dependsensitively
uponthe quantummechanicalcouplingbetweenthe differentelectronicstates,but alsoon the
"energy gap"betweentherelaxinglevels,andareoftengovernedby thepresenceof accidental
resonancesor nearresonances.

Whenthe lower energy levelsat the redendof thespectrumreportedby Weltner[133] are
excited,thefluorescenceis relatively simpleandeasyto understand.Thusexciting thesamplein
the ÍÎ¼;Ï level of theW

¶ Ç
O in theB stateof Weltnerat 17273.9cm̧

¶
, oneobservesemission

from theexcitedlevel into Í/Ð Ðo¼UÏ , 1, and2 levelsof thegroundelectronicstate,ascanbeseen
in the lower traceof Fig. 3.3. A further progressionoriginatingfrom a level at 16980.4cm̧

¶
into the Í Ð Ð ¼HÑÓÒÕÔ groundstatelevelscanalsoeasilybeidentifiedasbeingdueto the Í Ð ¼BÖ A
statelevel, 293.5cm̧

¶
lower in energy. The19680.44cm̧

¶
is alsoseenweakly in absorption,

althoughnot previously observed by Weltner. Excitationof the correspondingÍ Ð ¼MÏ B state
level of W

¶ É
O (17280.5cm̧

¶
), on the other handproducesalmostno B-stateemission,but

mainly weakemissionsfrom the Í Ð ¼;Ö and2 A-statelevels. Owing to theisotopicshift, in the
W

¶ É
O the Í@Ð�¼�Ö A level is only 150cm̧

¶
below Í/ÐX¼�Ï B, andthesmallerenergy gapresultsin

amoreefficientdepopulationof theB state.
As oneproceedstowardshigherenergies,thefluorescencegetsprogressively morecomplex.

As onecanseein Fig. 4.1,excitationof the Í Ð ¼R× D (22635.9cm̧
¶
), producesnot only aweak

resonantemissionfrom the excited level, but extensive relaxedfluorescencefrom a numberof
otherlevels. No emissionis seenfrom Í/ÐØ¼«Ñ D, but severalbandsoriginatingfrom Í/ÐØ¼ÙÏ E
(21493.0cm̧

¶
) andafairly strongprogressionfrom Í Ð ¼�Ï D (20789.3cm̧

¶
), andaweakerone

from Í Ð ¼ÚÏ B (17274.1cm̧
¶
). Anotherratherlong progressionoriginatesfrom the A6 level

(19675.5cm̧
¶
), andextendsdown to 11867.9cm̧

¶
into the Í Ð Ð ¼�Û groundstate.In additionto

theclearlyidentifiableprogressions,numerousveryweak,sharpbandsareobservedconfirming
that in addition to statespreviously detectedby Weltner, several other "dark" or very weakly
absorbingstatesmustbepresentin this region,andparticipatein therelaxationprocess.

It maybenotedthatsomeweakbandsappearingin theabsorptionspectrumaredueto "site
effects". Thebandsdueto "sites"are,however, easilyidentified,sinceunlike excitationof WO
in the"main" site,theirexcitationresultsin spectrallyshiftedemissionbands.Thusall thebands
of the D progressionexhibit a much weaker satellitesome24 cm̧

¶
lower in energy, whose
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Figure4.1: Laserinducedfluorescencespectraof W
¶ Ç

O excited at Íà¼�Ï B (top), Íà¼á× F
(middle)and Íâ¼ãÏ F electronicstate(bottom). Themostprominentprogressionswhich could
beassignedto known statesareshown.

excitationproducesfluorescencebandsuniformly shiftedby thesame24 cm̧
¶
.

4.3.2 Infrar edPhosphorescence

Whenthevisible bandsareexcited,oneobservesnotonly visiblefluorescence,but alsoastrong
emissionin thenearinfraredrange,clearlydueto thebandsystemalsoobservedin absorption.
Representativespectraobtainedwith theGedetectorby tuningtheexciting laserto theB-X 0-0
transition(B0 band)at 17281and17274cm̧

¶
for W

¶ É
O andW

¶ Ç
O, respectively, areshown in

Fig. 3.4. Unlike thevisible fluorescence,theemissionappearanceis essentiallyindependentof
whichof thevibronicbandsof thevisibleor nearIR progressionsis excitedby thelaser, andfrom
themultiple"systems"detectedin theabsorptionspectrum,only thestrongestonewith its origin
at 7527.6cm̧

¶
appears.As alreadynotedabove, it may be dueto the "spin forbidden"phos-

phorescencefrom the ä"å state, althoughæ is probablynot well definedin a moleculeasheavy
asWO. In contrastwith thevisible fluorescence,thenearinfraredemissionis relatively simple,
andeasyto analyseto yield themolecularconstantsof the "a" state.Interestingly, the infrared
spectrumis at leastoneorderof magnitudemoreintensein theheavier W

¶ Ç
O isotopicmolecule,
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whichappearswith appreciableintensityevenin thenaturalisotopicabundancesamples.
The spectrashow that vibrational relaxationof WO in neonis relatively slow even in the

electronicallyexcited"a" state,sincenot only Í Ð ¼UÏ , but alsoemissionoriginatingfrom vibra-
tionally unrelaxedlevelsis observed. In thecaseof thestrongerW

¶ Ç
O fluorescence,levelsup to

Í/Ðo¼;Ö aredetectedin emission,andthespectracanbefollowedwith anInSbdetectordown to
about3300cm̧

¶
in theinfrared,with theprogressionsin thegroundstatevibrationalfrequency

extendingto Í Ð Ð ¼èç . The relaxationof the lighter W
¶ É

O is apparentlymoreefficient, andthe
correspondingemissionappreciablyweaker. In this case,besidesthe vibrationlesslevel only
Í Ð ¼UÑ emissionis observed.

4.3.3 Vibrational Fluorescenceof WO

At thevery redendof thespectrumobtainedwith the indium antimonidedetectoronecanob-
serve startingat around3000cm̧

¶
a slowly rising background,which reachesa maximumnear

1900cm̧
¶

andthendropsto zerodueto a cutoff of theInSbdetector, seeFig. 4.2. This broad
maximumis clearlydueto thehighenergy endof "blackbody"radiationfrom theroomtempera-
tureapparatuswalls. Superimposedoverthismaximumonecanseein theexperimentemploying
naturalabundanceoxygenthreestrongabsorptionsat 2312.4,2330.6and2347.4cm̧

¶
, aswell

asagroupof eightmoderatelystrongemissionbandsat1991.5,2007.8,2024.1,2040.4,2056.6,
2072.7,2088.8and2104.9cm̧

¶
. The threeabsorptionbandsareclearly dueto threeisotopic

speciesof carbondioxide,C
¶ Ç

O¹ , ¶ É
OC

¶ Ç
O, andC

¶ É
O¹ , probablyformeddueto oxygenreaction

with aminor carbonimpurity in thetungstentarget.
The emissionbandsarereadily identifiedasvibrationalovertonefluorescenceof diatomic

WO,with theeightstrongbandsbeingthe9-7,8-6,7-5,6-4,5-3,4-2,3-1and2-0transitions,and
in addition,alsothevery weak10-8bandsaredetected.This assignmentis quiteunambiguous,
andis furtherconfirmedby theclearlyresolvedtungstenisotopicstructure.In anexperimentwith
18-oxygen,theappropriatelyshifted7-5,6-4,..., 2-0bandsareobserved.A carefulexamination
of the region around3000cm̧

¶
revealedalso the é	Íê¼MÖ sequence.Finally, asonecansee

in Fig. 4.3, the é	Íq¼ëÑ transitionscouldeasilybe observedbetween1000-1100cm̧
¶

usinga
mercury-cadmiumtelluridedetector.

Severaladditionalobservationscanbemadein connectionwith theseIR emissionspectra.In
thefirst place,it appearsthatbesidesinefficient relaxation,thereis alsolittle evidenceof energy
transferbetweenthe WO molecules.In the caseof long lived vibrationally excited molecules
oneoftenobservesratherefficient energy transfer, evidencedby accumulationof theexcitation
in the heavier isotopic species,e.g. C

¶ Ç
O or

¶ ·
CN [62]. The low temperatureof the matrix

favors exothermicprocesses,resultingin the flow of energy to the heavier isotopomerswith
smallervibrationalspacing.Examinationof thespectrumindicatesthattheisotopicratiosfrom
thehighestlevel observed, Í Ð Ð ¼WÛ , down to Í Ð Ð ¼R× remainrelatively constant.

In thesecondplace,the ratesof nonradiative vibrationalrelaxationusuallyincreaserapidly
with increasingvibrationalquantumnumber. If the observed sequenceof é	Íì¼«× bandswas
the resultof a competitionbetweenradiative andnonradiative processes,onemight expectthe
intensityof theemissionbandsto decreasewith the increasingvibrationalquantumnumber, as
thehigherlevelsareprogressively moreefficiently depopulatednonradiatively. Thefactthatthe
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Figure4.2: Vibrationalovertonefluorescenceof W
¶ É

O. Themaintracedisplaysthe é	Í#¼R× and
theweaker é	Íñ¼ãÖ transitionsof groundstateW

¶ É
O in solid neon.Superposedby blackbody

radiation,the 9-7, 8-6,... ,2-0 bandsareeasilyobserved. The 8-5, 7-4, 6-3 and5-2 transitions
appearnear3000cm̧

¶
with aboutoneorderof magnitudeweaker intensity. The insertshows

thestrong8-6 transitionwith tungstenisotopicalresolution.Peaksdenotedwith anasteriskare
probablydueto impurities.

intensitiesarefrom Í Ð Ð ¼òÛ down to Í Ð Ð ¼ò× relatively constantwould seemto suggestthat the
relaxationin theWO groundstatemaybepurelyradiative.

A thirdobservationinvolvesthedoublingof all thebandsdueto the
¶ ÇeÉ

WOisotopicmolecule,
seetheinsertin Fig. 4.2.Thisdoublinginto two bandswith comparableintensitiesseparatedby
about0.2cm̧

¶
is quitereproducible,andis observedfor bothoxygenisotopicspecies.Wehave

at this point no explanationfor the origin of this doubling. All threemajor isotopicspeciesof
tungsten

¶ Ç ¹ W,
¶ ÇiÈ

W, and
¶ ÇeÉ

W haveanuclearspinof 0.

As notedabove,thevisiblebandsof WO exhibit, in agreementwith Weltner, stronginterstate
interactionsandperturbations,sothatonly theW

¶ Ç
O spectrumcanbereasonablyfitted to obtain

thespectroscopicconstantsof theexcitedstates.On theotherhand,employing theappropriate
isotopicrelationships,the groundstatevibrationaldataincludingsome80 transitionsfor eight
differentisotopicspeciesof WO,andinvolving levelsupto Í Ð Ð ¼R¾ , canbealmostperfectlyfitted.
A Morsepotentialwith ó9ô = 1064.65cm̧

¶
andó9ôÆõfô = 4.046cm̧

¶
(for the

¶ ÇiÈ
W

¶ É
O isotopomer)
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¶ Ç
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reproducestheobservedlevelswith a RMS deviation of <0.09cm̧
¶
. While a somewhatbetter

fit (RMS< 0.03cm-1)is obtainedwith ó9ôÆü ô = -0.0034cm̧
¶

(theotherconstantschangeslightly
to ó9ô = 1064.49cm̧

¶
and ó9ô�õfôY¼ 3.998cm̧

¶
), inclusionof ó9ô>ýþô or highertermsresultsin no

furtherimprovement.

4.3.4 X-StateVibrational Relaxationof WO

Theobservationof groundstatevibrationalfluorescenceof WO is rathersurprisingfor at least
two reasons.In thefirst place,while oneoccasionallyobservesvibrationallyunrelaxedfluores-
cencein electronictransitionsof similar matrix isolatedsmallmetalcontainingmolecules,such
observationsin theinfraredarequiteuncommon.In view of themuchloweroscillatorstrengths
and longer radiative lifetimes associatedwith vibrational transitions,vibrational fluorescence
is usuallyobserved only for hydridesandvery light moleculesinvolving first row atoms,with
high vibrational frequenciesusuallyabove 1500-2000cm̧

¶
. In the secondplace,the ground

statepotentialof WO is relatively harmonic,andthereforeonemightnotexpectstrongovertone
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transitions.
Unfortunatelywe arenot equippedfor the direct measurementof the vibrationallifetimes.

Estimatingabsoluteemissionquantumyields is alwaysdifficult, but semiquantitativeconsider-
ation of the observed bandintensitiessuggeststhat it is very high, and that for every excited
moleculeseveralIR photonsmaybeemitted.Suchahighquantumyield of vibrationalemission
indicatesthatthenonradiative relaxationof WO groundstatevibrationallevelsmustbeexceed-
ingly slow. The fact that they arelong in the WO caseis, however, alsodemonstratedby the
fact that absorptionsoriginatingin excited vibrationallevelscaneasilybe detected.An ineffi-
cient energy transferbetweenthe light neonatomsandthe muchheavier WO moleculemight
bea contributing factor. In many moleculeswherestrongvibrationalfluorescenceis observed,
e.g. OH, NH, CH· F or hydrogenhalides,it hasbeendemonstratedthat the relaxationinvolves
a V-R process,with the rotationalmodesof theguestmoleculebeingtheprimaryacceptorsof
thevibrationalenergy [151]. Therotationalconstantsof WO areverymuchsmaller(B ôSÂ 0.415
cm̧

¶
) andtherotationsprobablycontributelittle, sinceveryhighrotationallevelswouldhaveto

beinvolved.
Theappearanceof theovertonesin thevibrationalspectrumwill, of course,beaidedby the

Í È
dependenceof the coefficient of spontaneousemission,which will favor the é	Íÿ¼ × and

3 transitionsby factorsof 16 and81, respectively, andthuscounteractthe harmonicoscillator
selectionrules.Eventhoughthemechanicalanharmonicityof WO is small,theovertonescanbe
favoredby electricanharmonicity. TheWO moleculemaybefairly ionic, but at largerdistances
it dissociatesinto neutralatoms,andits dipoleis surelynota linearfunctionof � .

To the bestof our knowledge,vibrational infrared emissionfrom small metal compound
moleculeshaspreviously not beendetected.Theobservedrelaxationprocesses,whereabsorp-
tion of a single visible photonis followed by emissionof a seriesof IR photonsseemsthus
far to be unique. It may be notedthat similar processes,that is UV pumping,followed by an
internalconversionandgroundstatevibrationalfluorescencearethoughtto be responsiblefor
theso-calledunidentifiedinfraredemissionbands(UIE), with polycyclic aromatichydrocarbons
(PAH) beeingthesuggestedcarriers[152,153]. Thesearchfor emissionof thesespeciesin neon
matrix might beof interest.Theexcellentsignalto noiseratio,andclearlyhigh quantumyields
of infraredfluorescenceobservedin WO raisethequestionif suchabehavior mightnotbemuch
morewidespread,andif studiesof vibrationalemissioncouldnot provide a usefulgeneraltool
for characterizingsmallmetaloxides,carbidesor nitrides.

4.3.5 Pathwaysof Relaxationof WO in Solid Neon

Oneof themoleculesfor whichstronginfraredemissionhasbeendetected,andwhoserelaxation
in matriceshasbeenmostextensively investigatedis probablytheCN radical.Eventhoughthe
propertiesandelectronicstructuresof the two moleculescouldhardlybemuchmoredifferent,
andwhile WOhasavibrationalfrequency abouthalf of thatof CN, therelaxationpathwaysof the
two moleculesin thematrix areremarkablysimilar. In thehigherenergy region, the relaxation
proceedsin bothmoleculesby aninterelectronicprocessinvolving thevibrationalmanifoldsof
severalexcitedelectronicstates.Thusasin theCN theexcitationzig-zagsbetweentheB ¹�� and
A ¹ å electronicstates[150], alsoWO cris-crossesin thevisible betweentheseveralelectronic
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statesavailableat thatenergy. This relaxationbehaviour is shown schematicallyin Fig. 4.4.The
nonradiative interelectronictransitionsaredominatedby accidentallevel degeneraciesandthe
ratesaregovernedby FranckCondonfactorsandtheenergy gaplaw.
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Figure4.4: Schematicrelaxationpathwaysof W
¶ Ç

O in solid neonafterexcitationof theA Í±¼
Ï state. Solid arrows denoteradiative transitions,whereasdottedarrows denotenonradiative
transitions.For thesakeof simplicity, severallow-lying electronicstateswereommited.

Whenthe lowestexcited electronicstate,the A ¹ å statein the CN or the "a" WO stateis
reached,the processslows down further, and in both moleculesextensive vibrationally unre-
laxed,"hot" emission,is observed[64]. In CN it wasshown thatratherthanproceedingdirectly
down thevibrationalmanifoldof theA state,further relaxationoccursexclusively by repeated
crossingsbetweenthe vibrational levels of the A ¹ å state,and the nearestX ¹ � groundstate
levels. Similarly it is almostcertainthatalsoin the lowesta ( ä å ?) excitedstateof WO there-
laxationproceedsby aninterelectronicmechanism.In thelight CN moleculetheA ¹ å spinorbit
constantis relatively small (A= -52.64cm̧

¶
), with relaxationbetweenthe componentsbeing

extremelyfast,andthesplitting haslittle effect upontherelaxationin thematrix. While in WO
thespinorbit effectsaresurelymuchlarger, andthecomponentsof thewidely separated"septet"
statecouldbe involved in therelaxation,it appearsvery likely thatheregroundstatelevelsare
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involved,too.
After therelaxationreachesthevibrationlessÍ Ð ¼RÏ level of thelowestelectronicallyexcited

state,only oneintramolecularnonradiative processis possible:crossinginto oneof thenearby
groundstatelevels. From that point on the interelectronicchannelis closed,andthe molecule
canonly relaxintrastate,eithernonradiatively, or by emittinginfraredphotons.Thusin thecase
of CN, the Í Ð Ð ¼òÔ X ¹�� groundstatelevel is populatedfrom Í Ð ¼ Ï A ¹ å . Furtherrelaxation
proceedsby sequentialinfraredfluorescence,and the groundstate Í Ð Ð ¼ Ñ	ÒRÔ levels appear
strongly in emission. In W

¶ Ç
O the vibrationlessÍ Ð ¼ Ï a ( ä"å ?) level occurs7529.39cm̧

¶
above theX Í Ð Ð ¼QÏ level, with thenearestgroundstatevibrationallevel beingat 6857.7cm̧

¶
,

671.69cm̧
¶

lower in energy. Quite analogousto the CN relaxation,asdiscussedabove, the
highestlevel from which vibrationalinfraredfluorescenceis observed is Í/Ð Ð ¼ëÁ . Clearly also
herefurtherrelaxationapparentlyoccursby sequentialvibrationalfluorescence.

As notedabove,in contrastwith theheavier isotope,in W
¶ É

O thea-stateemissionis weaker,
andconversely, the vibrationalemissionconsiderablymoreefficient. An explanationis easily
found by examiningthe vibrational level structuresof the two oxygenisotopicspecies,which
alsoprovides further supportfor the relaxationin the lowesta ( ä å ?) proceeding,as in CN,
via the groundstatevibrational levels. While in W

¶ Ç
O the Í/Ð ¼ Ï�Ò�Ö are located671, 623,

576 and526 cm̧
¶

above the closestgroundstatelevel, for W
¶ É

O the numbersare300, 252,
205, and158 cm̧

¶
, seeFig. 3.5. This providesan easyexplanationfor the fact that stronger

emissionandmoreextensive vibrationally unrelaxed fluorescenceareobserved in the heavier
W

¶ Ç
O molecule. The smallerenergy gapsin W

¶ É
O result in a muchmoreefficient relaxation

into the groundstatevibrational manifold, while converselythe larger gapsin W
¶ Ç

O lead to
enhancedphosphorescence,bypassingtheexcitedgroundstatelevels.

The involvementof the groundstatein a-staterelaxationis thendirectly evidencedby the
observationof emissionfrom levelsabove Í Ð ¼HÏ a ( ä"å ?). As notedabove, also Í Ð ¼HÛ
	"¾ , and
very weakly also Í Ð ¼²ÑTÏ X levels, located779, 740, and701 cm̧

¶
above the Í Ð ¼«× , 1 and

0 a statelevels,areseenin emissionin W
¶ É

O. Theserelatively large "energy gaps",combined
with poorFranckCondonfactorsmake reversetransitioninto thea-stateoncethecrossinginto
the X-statehasoccurredinefficient, and vibrational emissionbecomescompetititve. On the
other hand, in the heavier isotopethe correspondinggapsare only 360, 320, and 280 cm̧

¶
,

respectively. Thismakesthereversecrossinginto thea-statemoreefficientcomparedwith direct
sequentialradiativevibrationalrelaxationwithin thegroundstate.

4.3.6 Intrastate vs. Interstate Relaxation

As describedabove, the relaxationin thequite dissimilarmolecules,CN andWO, proceedsin
both casesvia the sameinterelectronicmechanism,andsimilar observationshave beenmade
for a variety of othersystems. In fact, even when the energy gapsfor the two processesare
comparable,the interstateprocessis in generalmuchmoreefficient. As explainedpreviously,
the physicalreasonsareto be found in FranckCondonargumentsappliedto the local phonon
modes,andto the responseof the lattice to thechangeof stateof theguest.Thenearbylattice
atomsexperiencelittle changewhen the guestmoleculechangesits vibrationalstate. This is
evidencedby vibrational spectraof guestmolecules,which mostly exhibit only strong"zero
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phononlines",andlittle evidenceof phononsidebands.
Ontheotherhand,theelectrondensitydistributionin theneighborhoodof theguestmolecule

changesmuchmoredrasticallywhenanelectronictransitiontakesplace,for instancefrom a �
to a å state. This againis usuallyevidencedby the muchmoreprominentphononsidebands
associatedwith electronictransitions.Thusin theopticalA ¹ å (unknown char)X ¹ � transition
in matrices,ratherstrongphononsidebandsare observable. In the caseof WO, the phonon
wings areweaker, but clearly observable. ThesesameFranckCondonfactorswhich channel
energy into the lattice phononsduring optical transitionbetweenthe two electronicstatesalso
facilitatethecorrespondingnonradiativerelaxationprocess.

4.4 Summary

Pathwaysof relaxationof electronicallyexcited WO moleculesin solid neonat 6 K were in-
vestigated.In spiteof the muchlower vibrationalfrequency, andentirely dissimilarmolecular
propertiesandstructure,thepatternof relaxationprocessesresemblesthosefound in themuch
lighter CN radical. The relaxationoccursby interelectroniccascadebetweenthe vibrational
manifoldsof excitedelectronicstates,reachingeventuallythe Í Ð Ð ¼ÙÁ of thegroundelectronic
state.Thenonradiativeprocessesin thegroundstatearesurprisinglyinefficient,with relaxation
apparentlyoccurringpredominantlyby sequentialvibrationalfluorescence.
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Chapter 5

Photodissociationof Hydr ogenHalides

Wer eseinmalsoweitgebracht hat,daßer nicht mehrirrt,
der hatauch zuarbeitenaufgehört.

MAX PLANCK

Spectraof hydrogenhalides,their oligomersandcomplexeswith the heavier raregasatoms,
xenonand krypton, and their photolysiswere investigated.The monomersexhibit rotational
spectrawith a prominentbroadR(0) line, andvery sharp,weakQ(0) line. Their rotationalcon-
stantsareconsiderablyloweredcomparedwith thegasphase.TheYH specieshydrogenbond
readilyto form rigid oligomersor complexeswith Xe or Kr, which in generalexhibit sharpzero
phononline spectraof nonrotatingmolecules,with clearly resolvedhalogenisotopicstructure.
Thenonrotatingpolymersphotolyseat193nmmoreefficiently, but theYH �����Rgcomplexesless
efficiently thanthemonomers,with thephotolysisof the dimersyielding BrH �����Br “hydrogen
dihalide” products. Annealingand diffusion result in formation of the HXeY rare gascom-
pounds,andpartialrecoveryof theYH monomers,but only veryweakreformationof the(YH) 

oligomers.Themechanismsof thephotolysis,annealinganddiffusionprocessesarediscussed.

85
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5.1 Intr oduction

Solventshaveaconsiderableeffectuponthedynamicsandphotochemistryof dissolvedspecies,
andtheweaklyinteractinglow temperatureraregasmatricesprovideaverysimplemodelsystem
for both experimental[154, 155] and theoretical[156, 157, 158, 159] investigationsof these
effects.Thecondensedenvironmentprovidesanenergy sink for dissipatingtheexcessenergy of
a photoexcitedmolecularor atomicguest,andthesolvatingshellcanaffect, andin factprevent
molecularphotodissociation.Early studiesof this “cageeffect”, for instancein halogensin rare
gases,have revealedthat even for moderatelyhigh energy excessof 2-3 eV the cagingis in
many casesessentiallycomplete,andno detectablepermanentdissociationtakesplace.On the
otherhand,alreadythe trailblazingexperimentsof Milligan andJacoxhave shown thatwith a
sufficiently large energy excessthe cageeffect canbe overcome,andat leastatomichydrogen
canexit the latticecage[160]. In fact,oneof thestandardmethodsfor generatinga varietyof
radicalsandothertransientspeciesis to selecta precursorcontainingonemorehydrogenatom
thanthe desiredtarget molecule,andsubjectingit to vacuumUV photolysis,usuallywith the� -Lyman121.6nmhydrogenline.

Thewidespreadavailability of intense,energeticUV sources,coupledwith progressin com-
puter hardware andsoftware permittingnow meaningfultheoreticalmodellingof many body
systemsand their dynamics,have led to renewed interestin the cageeffect [158, 161, 162].
While guestmoleculesor atomsin solid raregasesrepresentparticularlysimple,tractablesys-
tems[17], theimportanceof cageeffect studiesextendswell beyondlow temperaturematrices,
andhasimplicationsfor thephotochemistryof solutions,radiationdamagein solids,andmany
otherphenomenaof considerablepracticalimportance.

Most of thestudiesthusfar have treatedthesimplestsystems:a molecularguestpresentin
the host lattice asan interstitial or muchmoreoften substitutionalimpurity [163]. Whenone
dealsin thematrixwith stronglyinteractingsystems,for instancehydrogenbondedspeciessuch
ashydrogenhalides,preparingtruly isolatedmoleculesis anon-trivial task,andunlessonetakes
specialprecautions,andgoesto extremelylow concentrations,an isolatedsinglesubstitutional
impurity is more an exceptionthan the rule. Even at dilutions of 1:10

È
a significantfraction

of thegueststendsto becomplexed,dimerizedor polymerized.Thespectroscopy of hydrogen
halidesandtheir oligomershasbeenratherextensively studied,in particularin theheavier rare
gases- argon,kryptonandxenon[164,165,166]. It hasalsobeennotedthatthedimerizationhas
a considerableeffect upontheguestdynamics:nonradiative relaxationprocessesarein general
stronglyaccelerated,andin factdimersbecomethesinksfor vibrationalenergy. In thepresent
paperwe focuson a differentaspectof the dimer or complex dynamics:on the effect of the
hydrogenbonduponthecageeffectandtheguestphotochemistryanddissociation.

5.2 Experimental

TheHCl andHBr gaseswerecommercialproducts(Aldrich, purity � 99.8%),andHI waspro-
ducedin a standardway by reductionof the halogenby red phosphorusandwater. The cor-
respondingdeuteratedhalidescould begeneratedby substitutingD ¹ O for regularwater. After
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extensive passivation of the gassystem,mixturesof the matrix gas,neon(Messer-Griesheim,
purity � 99.999%)in mostexperiments,with thehydrogenhalideswerepreparedby standard
volumetric techniques.The concentrationsof the hydrogenhalidesrelative to the matrix gas
werein therangeof 1:1000-1:20000,andin someexperimentscomparablequantitiesof a sec-
ond raregas- Xe, Kr or Ar werealsoaddedin ordertogenerateandinvestigatethe XH �����Rg
complexes.

The sampleswere depositedon a coppermirror substratecooledby a Leybold RGD 580
closedcycle refrigerator. While this is nominallycapableto attain6 K, currentlyits basetem-
peratureis only about8 K. Thepremixedgaswereexpandedvia a pulsedvalve througha 1mm
orifice,usingabackingpressureof about2 bar, andcondensedonthe8 K substrate.Thesamples
could thenbephotolysedby meansof anexcimerArF laser, operatingat 10 Hz anddelivering
Â 20mJ/pulseat193nm. Following photolysis,thesamplescouldbeannealedby carefullyrais-
ing thesubstratetemperatureto 10-12K, but attemptsto increasethetemperaturemuchbeyond
12 K usuallyresultedin anirreversiblelossof thematrix.

Thesampleswereinvestigatedspectroscopicallyusinga Bruker IFS 120HR Fourier trans-
form spectrometer, equippedwith beamsplittersanddetectorsfor the500-30000cm̧

¶
spectral

range. An argon ion laser, aswell asa Ti:Sapphirelaserwereavailableto excite samplefluo-
rescence.In mostexperiments,first backgroundinfraredspectrumwasrecordedusingtheMCT
(mercury-cadmiumtelluride) detectorin the spectralrangeof 500-4000cm̧

¶
. Subsequently

thespectrawererecordedaftersampledeposition,afterdifferentperiodsof 193nm photolysis,
andfinally againafter carefulannealingof the sampleby raising its temperatureto a desired
temperature,typically 10-12K, for timesrangingfrom 5-20min.

5.3 Resultsand Discussion

5.3.1 Rotating Molecules in the Matrix and the Effect of Rotation upon
their Spectrum

While theweaklyboundraregasmatrixhindersandstopstherotationof mostlargermolecules,
somesmallspeciescanevenin thesolidrotaterelatively freely, andtheirspectraexhibit gas-phase
like rotationalstructure.A very clearpictureof diatomicrotation in solid raregasesemerged
from high resolutioninvestigationof thevibrationalinfraredemissionof CN [149,167]. While
in the gasphasethe Q branchtransitionsareforbidden,dueto the barrierto free rotationthey
may becomeweakly allowed in the matrix, andone thenobservesa sharpQ(0) line. As the
temperatureis raised,a broadenedP(1) line andother transitionsinvolving excited rotational
levelsmay becomeobservable. The Q(0) lines connectingthe long livedJ=0 levelsare,when
observed,very sharp- in thecaseof CN their width is � 0.03cm̧

¶
. Rotationallyexcited levels

with J� 0 are,on the otherhand,immersedin the continuumof quasi-resonantlattice phonon
stateswhich leadsto a rapidrelaxationanda lifetime broadeningof all transitionsotherthanthe
Q(0) line, resultingin widthsof typically many cm̧

¶
.

Presenceof othermoleculesin theneighbourhoodof thegueststronglyincreasestheaniso-
tropicpotential,andinvariablyresultsin arrestingits freerotation[168]. Therotationalstructure
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andthe usuallyratherbroadrotationaltransitionsarereplacedby sharp“Zero PhononLines”,
effectively theQ-branchesof nonrotatingmolecules.This wasdemonstratedin thecaseof CN,
where,for instance,additionof � 1% of xenonor krypton to theargonmatrix gasresultedin a
completedisappearanceof its rotationalstructure[169]. Understandingof theseeffects,that is
appearanceof sharp,forbiddenQ(0) lines, the fact that transitionsinvolving excited rotational
levelsarestronglybroadened,andcollapsingof therotationalstructureinto asharpzerophonon
line for nonrotatingspecieswill beof greatassistancein interpretingthehydrogenhalidespectra
in solid neon.

5.3.2 Hydr ogenHalide Oligomers,and Rotation of the Monomer in Solid
Neon
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Figure5.1: Typical IR absorptionspectraof neonmatricescontainingdifferentamountsof HBr
andxenon.The lower traceshows pureHBr at theusualconcentrationof 1:1000.Onecansee
therethe broadR(0) and the muchweaker Q(0) bandsof the monomer, aswell as the much
strongerdimerabsorption.Theuppertraceshowsamoredilutematrix thatadditionallycontains
somexenon(HBr:Xe:Ne = 2:1:20000),with the well featuredabsorptionsat 2515 and 2550
cm��� beingdueto complexeswith xenon.

A typical absorptionspectrumof a dilute,1:10� hydrogenbromidein neonmatrix produced
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by thepulseddepositionis shown in Fig. 5.1.Hydrogenhalideshydrogenbondreadily, andeven
at the10

È
fold excessof theneongasabsorptionsdueto thecomplexesandpolymersdominate

thespectrum,andtheir intensitiesexceedoftenconsiderablythoseof themonomer. Thesituation
actuallyappearsworsethanit really is since,aswewill discusslater, thecomplexationin general
substantiallyincreasestheoscillatorstrengthof theinfraredabsorptions,sometimesby ordersof
magnitude,sothatthedegreeof clusteringandcomplexationis muchlessthanonemightsuspect
by superficialexaminationof thespectrum.

Thestrongestfeaturesin theinfraredspectraof coldmonomerichydrogenhalidesshouldbe
the fully allowed R(0) lines. In the caseof hydrogenbromide,thereappearin this region two
broad,incompletelyresolvedlinesat 2566.6and2568.6cm̧

¶
, undoubtedlydueto monomerin

two differentsites. In the region of the deuteriumstretchingvibration thereareactually three
features:a broadbandat 1842.3cm̧

¶
, andtwo sharperlinesat 1839.81and1840.36cm̧

¶
. We

assignthe former to theR(0) line of DBr in onesite,while theothertwo areclearlydueto the
isotopicD ä�� Br andD

Ç ¶
Br lines in a differentsite. We will return to this questionlater when

presentingtheHCl spectrum.
As notedabove, even at the lowestconcentrationsusedin our work the strongestinfrared

bandsaredueto the(HBr) 
 polymers,andthespectraarefurthercomplicatedby multiple trap-
ping sites. As well known, andconfirmedby DFT calculationsto be briefly discussedbelow,
the dimershave a bentstructure,with the “free” BrH unit orientedat about92Ä to the linear
BrH �����Br entity. The hydrogenbondingresultsin a substantialredshift of thevibrationalfre-
quency andanincreaseof its intensity, with thestrongestabsorptiondueto thehydrogenbonded
HBr unit appearingaround2520cm̧

¶
. For theprominentmajorsiteabsorptionat2520.51cm̧

¶
the two bromineisotopicspeciesarenot clearly resolved,but in the deuteratedmoleculesone
fully resolvesthe ä�� BrDBrD and

Ç ¶
BrDBrD bandsat 1811.23and1810.71cm̧

¶
, respectively.

Theeffectsof the isotopicstructureof the“free” BrH subunit uponthefrequency of thehydro-
genbondedHBr areapparentlysmall,andarenot resolved.Theobserved Â 36cm̧

¶
shift in the

dimer frequency from thatof themonomerindicatesthat theshiftsareoverestimatedconsider-
ably by our densityfunctionalcomputationswhich predicta valueof 77 cm̧

¶
. Higherpolymer

absorptionsareshiftedstill further towardsthered,with thestrongesttrimer bandappearingat
2487.56for (HBr) · , and1783.46and1783.80cm̧

¶
for thetwo deuteriumbromideisotopomers.

��� ¸! #"$"$" �  #"$"$" � � "$"$" � ¸! 
%
 &"$"$" � ¸! µ "$"$" � ¸! µ'� ¸! #"$"$" µ'� ¸! #"$"$"

[Å] [Å] [Å] [deg] [cm ¸ ¶
] [cm ¸ ¶

] [cm ¸ ¶
]

Species ( Intensity ( Intensity exp. value
[km/mol] ) [km/mol] ) in neon

ClH �����ClH 1.296 2.546 1.291 94 2874(46) 2802(297) 2840.3
BrH �����BrH 1.427 2.748 1.423 92 2602(5) 2533(233) 2520.5
ClH �����BrH 1.297 2.663 1.423 92 2601(19) 2786(362) 2826.6
BrH �����ClH 1.427 2.641 1.291 94 2876(45) 2548(177)

Table 5.1: Ab-initio structureand IR spectraof hydrogenhalide dimers at the B3LYP/6-
311++G(3df,3pd)/SECPlevel.
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Theresultsof our calculationson thehydrogenhalidedimers,aswell astheexperimentalfre-
quencies,aresummarizedin Table5.1.

Returningto themonomer, ana priori observationandassignmentof theforbiddenQ(0)lines
is mademoredifficult notonly by theirweakness,but alsodueto thefactthatin thesameregion
absorptionsdueto theterminalHBr units (with thefreehydrogen)of the(HBr) 
 oligomersare
expected.Also a methodusuallyusedto determinefrequenciesbelongingto the samespecies
in the matrix, that is the correlation(or lack of it) betweentheir intensities,would fail in the
presentcase.The Q(0) lines areforbidden,andtheir intensitiesareextremelysensitive to the
local environmentandits symmetry, andtheir relative intensitiesmaychangesubstantiallywith
sampleconcentration,depositionconditions,annealingandphotolysishistory, etc. Fortunately,
in spiteof thesedifficulties,with thehelpof photolysisandannealingexperimentsto bedescribed
later, onecanconfidentlyidentify the Q(0) lines. Both the monomerand the (HBr) 
 species
canbealmostcompletelydestroyedby prolongedphotolysisof dilute neonmatrices,asshown
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Figure5.2: Detail of the HBr monomerabsorptionsin solid neon. The lower traceshows that
extensive photolysis(193 nm, 20000shotsat 20 mJ) dissociatesall HBr monomers.But after
annealingat 12 K for 5 min, asonecanseein the uppertrace,the life-time broadenedR(0)
transitionandthe weak,forbiddenQ(0) bandof the rotatingmonomerin two sites,labelleda
andb, reappear. Due to theextremesharpnessof theQ(0) transition,the isotopicalsplitting of
thebromineis well resolved.
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by the middle traceof Fig. 5.7. Upon subsequentannealingof the sampleanddiffusion, the
monomercanbe partially reformedandrecovered,but in dilute samplesthe destructionof the
(HY)n aggregatesis virtually irreversible.Theannealingalsocontributesto furtherreducingthe
inhomogeneoussitebroadening.As shown in thetop tracein Fig. 5.2,simultaneouslywith the
broadlines assignedabove to the R(0) transitionsof the monomerHBr in two differentsites,
alsotwo pairsof sharplinesat2554.14and2554.53,aswell as2555.95and2556.34cm̧

¶
grow

in. Thesecanbeconfidentlyattributedto theQ(0) transitions
Ç ¶

BrH and ä�� BrH in thetwo sites,
andcomparisonwith thegasphaserevealsthat theHBr vibrationalfrequency is redshiftedby
some8.2cm̧

¶
in solidneon.If onetakesthemaximumof thebroadbandsasthepositionof the

R(0) lines,thentheQ(0)-R(0)splitting is reducedin thematrix from thegasphasevalue16.9to
Â 12.4cm̧

¶
. TheHBr rotationalconstantin solidneonis thusonly Â 74%of its gasphasevalue,

andtheHBr rotationmustinvolveaconsiderablemotionof theneoncageatoms.
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Figure5.3: TheR(0) transitionsof bothHCl andDCl in solid neon(1:10000).While theHCl
bandis stronglylife-time broadened,thecorrespondingDCl transitionshowstwo groupsof three
lineseach.Thetriplet structureis attributedto threedifferentsites,whereasthesplitting in two
groupsis causedby thechlorineisotopicspecies

·0/
Cl and

· ä Cl.

In thecaseof HCl, shown in Fig.5.3,onefindscloseto theexpectedpositionof thegasphase
R(0) linesa ratherstrong,structuredandbroadbandat 2899.8cm̧

¶
. Whenthecorresponding

regionof DCl is explored,aninterestingisotopiceffect is observed. Insteadof a similarly broad
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band,heretwo well resolvedgroupsof threelineseachappear. Therelative intensitiesof about
3:1 of the two groupsandthe appropriateshift of 3.1 cm1�2 clearly indicatethat they areto be
attributedto the chlorineisotopicspecies3 / Cl and 354 Cl in naturalabundance.The presenceof
threelines for eachisotopeis probablydueto the presenceof threedistinct sites. This strong
isotopiclinewidth effect is againundoubtedlydueto lifetime broadening,with aboutanorderof
magnitudefasterrelaxationof theJ=1level of HCl. Thisapparentlycouplesmorestronglyto the
latticephononsdueto its energy beingcloserto themaximumof thephonondensitydistribution
of theneonmatrix. As explainedabove, a similar effect wasalsoobserved for oneof thesites
of DBr: while theR(0) lines of HBr in two differentsiteswerequite broad,in theDBr region
only onebroadR(0) line near1842.3cm1�2 wasfound. In theplacewheretheotheronewould
be expected,a sharpisotopicdoubletat 1839.81and1840.36cm1�2 appeared.This indicates
that the rotationalrelaxationratesarenot only a function of the natureof the matrix, but can
alsobestronglyaffectedby thespecificsitegeometryandproperties:if theinterpretationof the
linewidthsin termsof lifetime broadeningis correct,theDBr J=1rotationalrelaxationin oneof
thesitesis slowerbymorethananorderof magnitudethanthatof theothersite.

5.3.3 The Effect of Site Symmetry, and Hydr ogen-Halide-Rare GasCom-
plexes

Whendealingwith matrix isolationexperiments,oneof thefirst experiencesis theobservation
of severalso-called“sites” for onetransition.Thesesitesaretheresultof differentlocalenviron-
mentsof theindividual guestmoleculesleadingto slightly changedfrequenciesfor oneandthe
sametransition.Generally, thelargertheguestmoleculeis, themoredifferentpossibilitiesexist
to embedit into thehostmatrix. Also thecrystalstructureof thehostinfluencesthesitedistri-
bution. Onecanthusobserve in thecaseof neonmatrices,in general,two majorsitesresulting
from thedifferentfccor hcp local environments.

To probein moredetail theeffect of local environment,we have studiedneonmatricescon-
taining small amountsof anotherraregas,Ar, Kr, or Xe. In the top traceof Fig. 5.1 we have
shown for comparisontheH-Br stretchingsectionof thespectrumof a samplewith a smallad-
dition of xenon(HBr : Xe : Neon= 2 : 1 : 20 000). The presenceof xenonhad, in spiteof
its veryminuteconcentration,a profoundeffect upontheinfraredspectrum,with a wholeseries
of new strongabsorptionsappearing.Themostprominentnew groupbetweenabout2547and
2552cm1�2 consistsof severalpairsof bands,separatedalwaysby 0.39cm1�2 . Theseareclearly
dueto theisotopic 4�6 BrH 7�7�7Xe and 892 BrH 7�7�7Xe complexesin differentlocal environmentswith
themostprominent“site” having frequencies2549.40and2549.01cm1�2 . Upondeuterationthe
majorsiteabsorptionsshift to 1831.46and1830.91cm1�2 , againexhibiting theappropriate,0.56
cm1�2 splitting expectedfor thetwo DBr isotopicspecies.

Noteworthy is the observation, that in spiteof the minuteconcentrationof xenonused,the
overall intensityof thenew bandsexceedsconsiderablythoseof theHBr monomer. This is at
leastpartially dueto thefact, that the formationof hydrogenbondto theraregasatombesides
shifting thefrequency alsoincreasesconsiderablyits intensity. Our computationsagainoveres-
timatetheshift causedby theBrH 7�7�7Xe complex formation,with theabinitio 9.24cm1�2 value
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exceedingconsiderablytheobserved : 7 cm1�2 shift, andthey alsopredictan increaseof its in-
tensityby abouta factorof four. Most conspicuousfactaboutthenew bandsis thatunlike the
broadenedR(0)bandsof theunboundmonomer, thexenoncomplex absorptionsarequitesharp,
with widths of about0.06cm1;2 . This is again,asdiscussedabove, dueto the fact that in this
caseoneviews the lowestlevel of a nonrotatingmolecule. The strongR(0) bandsof the HBr
(or in generalHX) freerotor, involvetheexcitedJ=1levels,whicharelifetime broadeneddueto
interactionswith thelatticephonons.

In additionto thestrongbandsdueto theBrH 7�7�7Xe complex, in thepresenceof xenonthere
appearsimilargroupsof additionalbandsneartheabsorptionsassignedto thepolymeric(HBr) <
species,which are clearly due to complexes of thesepolymerswith xenonatoms,that is to
speciesof the typeBrH 7�7�7BrH 7�7�7Xe or BrH 7�7�7BrH 7�7�7BrH 7�7�7Xe. Thesehave, comparedto the
uncomplexed bandslower relative intensitiesthan thoseof the monomercomplex. As noted
above, the large intensityof the BrH 7�7�7Xe complex absorptionsrelative to the free HBr is due
to thelargeenhancementcausedby thecomplexation. Sincetheintensitiesof theuncomplexed
dimer andtrimer bandsarealreadyenhancedby the hydrogenbondformation, the additional
effect of thexenoncomplexationis smaller. Thusfor instancebandsbetween2511-2518cm1�2 ,
redshiftedfrom the2520.51cm1�2 freedimerbandareattributedto BrH 7�7�7BrH 7�7�7Xe complexes,
with the correspondingdeuteridebandsappearingbetween1804-1807cm1�2 . Again multiple
sitesare observed, with the most prominentone being at 2514.35and 2513.98cm1�2 for the
4�6 Br and 892 Br species,respectively, andshifting to 1807.01and1806.47cm1�2 in thedeuterated
samples.

The situationdescribedfor HBr is parallelledby the behaviour of other hydrogenhalides
examined,HCl andHI. In eachcaseadditionof smallamountof xenonresultsin theappearance
of strongnew bandsdueto thehydrogenbondedYH 7�7�7Xe complexes,aswell ascorresponding
complexesinvolving theYH oligomers.Also herethesituationwascomplicatedby thepresence
of numeroussites,but in thecaseof chlorinetheappearanceof doubletswith relative intensities
of 3:1 andwith thecharacteristicisotopicsplitting dueto the 30= Cl and 354 Cl isotopesfacilitated
greatlytheassignmentsanddatainterpretation.

Besidesxenon,we have investigatedbriefly alsotheadditionof smallquantitiesof krypton
or argon,whoseeffect was,ascouldbeexpectedqualitatively identical. In eachcasenew sharp
and intensebandsdue to the hydrogenbondedYH-Kr complex appearat the expenseof the
broadenedbandsdueto thefreely rotatinghydrogenhalides.In view of thelower polarizability
of the lighter raregasatoms,the interactionis correspondinglyweaker, and the shifts of the
complex frequenciesfrom thatof thefreehalidearesmaller. Theinformationobtainedaboutthe
varioushydrogenhalide- raregascomplexesis summarizedin Table5.2.

5.3.4 Photolysisof Hydr ogenHalides in Solid Neon

As mentionedin the introduction,the condensedsolvent mediumcanhave a considerableef-
fect uponthephotophysicsof theguest.We have examinedthephotolysisof theHY hydrogen
halidesin solid neon,with hydrogenbromidebeingmostextensively investigated.The193nm
UV radiationof theArF laserconvenientlyoverlapstheHBr absorption,andtheavailablephoton
energy of 6.425eV is morethanadequateto dissociatethemoleculewith D >?: 3.758eV. Even
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species @�A @�BDCFE GHBICFE G'J GKA [cm 1�2 ] LMGKA GKA [cm 1�2 ]
[Å] [Å] [cm 1�2 ] [cm 1�2 ] (Int. [km/mol]) [cm 1�2 ] exp. value

ClH 1.289 2885(37) 0 2899.8
ClH 7N7O7 Kr 1.290 3.167 6.2 90 2876(79) 9 2877
ClH 7N7O7 Xe 1.291 3.222 26 185 2865(126) 20 2867
ClH 7N7O7Cl 1.291 2.578 65 138 2822(210) 63
ClH 7N7O7 Br 1.296 2.650 61 184 2792(321) 93
ClH 7N7O7 I 1.297 2.861 54 178 2776(421) 109

BrH 1.461 2610(12) 0 2566.6/2568.6
BrH 7O7O7 Kr 1.422 3.482 11 45 2606(24) 4
BrH 7O7O7 Xe 1.422 3.495 8.4 129 2600(42) 10 2549.4
BrH 7O7O7Cl 1.426 2.595 36 72 2550(61) 60
BrH 7O7O7 Br 1.427 2.705 29 126 2534(185) 76 2527.9
BrH 7O7O7 I 1.429 2.914 35 154 2514(295) 96

Table 5.2: Hydrogen bonding of hydrogenhalides to rare gas and halogenatoms at the
B3LYP/311++G(3df,3pd)/SECPlevel.

though,asmentionedabove, all of the bandsbetween2450-2580cm1�2 involve HBr, onefinds
that their ratesof dissociationdiffer substantially, asshown by the logarithmicplot of intensity
againstphotolysistime in Fig. 5.4. In generalonecanseethat thephotolysisrateof thedimers
andtrimersis considerablyhigherthanthatof thefreemonomer. While apartof theeffectcould,
of course,beattributedto thefactthatin thecaseof an“n–mer”, n HBr unitsareavailableto ab-
sorbthephoton,theobservedratedifferenceis largerthancouldbeexplainedin this wayalone.
It shouldalsobenotedthatwhile dimersphotolysemuchfasterthanmonomer, thereis little dif-
ferencebetweendimersandtrimers. Concerningthefact thatnonradiative relaxationprocesses
in dimersandpolymersin matrix areinvariablymuchmoreefficient thanin themonomers,one
mightevenadvancetheideathataggregatesshouldphotodissociatelessefficiently.

A possibleexplanationof theefficient aggregatedissociationlies in theorientationaleffects
detectedexperimentallyby Apkarian,andfoundby dynamicalsimulationsby Gerberetal [170].
The (HBr) < oligomersobviously do not rotatein the matrix, and the unboundproton of the
terminalHBr will presumablybe orientedtowardsthe potentialminimum, in the directionof
the cageexit. This may obviously favour photodissociation,and increaseits rate relative to
that of the freely rotatingmonomer. An additionalfactormay be the possibility of alternative
reactive channelsavailableto theaggregates.ThustheenergeticH atomformedin thetransient
dissociationeventmayovercometheactivationbarrierandreactwith oneof theotherHBr units
within thecage,yielding an H P moleculeandprobablymolecularhalogen.That suchreaction
mustoccurat leastto someextentis evidencedby theobservationthatthe(HY) < aggregatesare
essentiallynot recoveredduring the annealingprocess.While small amountsof the monomer
canberegeneratedby extensiveannealing,thelossof theaggregatesis virtually irreversible.

Interestingis thephotolysisof samplescontainingasecondraregas,with addedxenonbeing
studiedin most detail. Unlike the situationwith the (BrH) < oligomers,the formation of the
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Figure5.4: Photolysisof differentspeciesin a HBr:Xe:Ne(1:1:7000)matrix. This logarithmic
plot shows theintegratedabsorptionintensitiesof severalspeciesagainstthenumberof 193nm
ArF lasershots( T 10 mJ energy). As onecanclearly see,the higherHBr polymersphotodis-
sociatefasterthanthe monomer, whereasthe formationof Xe complexesdecreasesthe rateof
dissociation.After annealingHBr andHBr 797U7 Xe arealmostcompletelyrecovered,but thehigher
(HBr) < oligomersshow only veryweakreformation.

BrH 7�7�7Xe complex considerablyretards,ratherthanenhancingthe rateof dissociation.In this
case,the hydrogenatomis ejectedin the directionof the Xe atom,andbouncesthenbetween
theheavy raregasandthehalogen.After severalreflectionsenoughenergy is transferredto the
latticeto reducetheprobabilityof acageexit andpermanentdissociation.

5.3.5 PhotolysisProducts,and the Hydr ogenDihalide Species

As previously explained,during the initial phasesof irradiationthemostefficiently photolysed
speciesarethedimersandtrimers,whoseabsorptionsdiminish,with a concurrentgrowth of in-
tenseproductbands.Themostprominentproductabsorptionsin thecaseof hydrogenbromide
appearasa groupof sharpbandsbetween2523-2528cm1�2 . This is exemplifiedby Fig. 5.5,
wherethetop traceshows thestrong(HBr) P bandwith incompletelyresolvedBr isotopicstruc-
ture in the top trace,with the almostcompletephotolysisof the dimer, andappearanceof the
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slightly blue shiftedproductabsorptionsevident in the middle trace. Correlationsof the rate
of growth of theproductbandswith the ratesof photolysisof the (HBr) < speciesin a seriesof
sampleswith variousconcentrationsindicatesquiteclearly that theseabsorptionsaretheresult
of a hydrogenatomlossfrom the(HBr) P dimer, andshouldbeassignedto theBrHBr, hydrogen
dibromidespecies. It is also easyto understandwhy the vibrational frequenciesare closeto
thoseof thedimer: in bothBrH 7�7�7Br andBrH 7�7�7BrH species,theBrH frequency is red-shifted
by interactionwith anotherBr atom,with thepresenceor absenceof thefreehydrogenmaking
little difference.
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Figure5.5: Theformationof thehydrogendihalidespeciesin solid neon.Fromtop to bottom:
(a) theisotopicallyincompleteresolved(HBr) P dimerat2520cm1�2 directlyafterdeposition.(b)
thesamematrix after20000shots193nm photolysis,showing theBrH 7�7�7Br species.(c) After
annealingat 11 K for 5 min, thedimer is slightly recoveredandBrH 7�7�7Br (two prominentsites
with clear 4�6 Br/ 892 Br splitting) gainsevenhigherintensity.

Many yearsago,a schemewasproposedfor thebondingof hydrogenbihalideanionswhere
the 1s orbital on hydrogen,andthe half filled p-orbitalson the two halogenatomscombineto
form threecentermolecularorbitals,oneof thembonding,onebasicallynonbonding,andone
antibonding.With four electronsavailablein theanionthebondingandnon-bondingorbitalsare
filled, forming thewell known andratherstable,stronglybounddihalideanions.Extrapolating
thismodel,theremoval of oneof thenon-bondingelectronsshouldnotaffect thebondingsignif-
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icantly, andthedihalideradicals,HX P shouldhavesimilarpropertiesandsimilarspectrumto the
anions,andanintensesearchby matrix isolationfor thesespecieswasinitiatedin thelaboratory
of Pimentel. This searchindeedresultedin identificationof absorptionsbelieved to be dueto
theHCl P andHBr P radicals[171]. At that time the possibility of their beingdueto the anions
wasconsideredbut dismissed,sincethey werealsoproducedundercircumstances,wherefrom
the point of view of understandingof matrix photophysicsat that time, ion formationshould
have beenimpossible.However, theoreticalcalculationscarriedout at the time, suggestedthat
HFP shouldbeanasymmetricmolecule,essentiallyanHF perturbedby a secondfluorineatom,
ratherthana linear, centrosymmetricradical[172]. Elegantexperimentsby JacoxandMilligan
havecastincreasingdoubtontheradicalassignment,andshown thatthespeciesobservedshould
morelikely bematrix isolatedbihalideanions[173]. It is now understoodthatsolvationby rare
gasatomscanstabilizeionic speciesin matricesby severaleV, andtheoriginal objectionto the
ionic assignmentwasfallacious.

The HBr P speciesproducedhereappearagain,like the (HBr) P dimersfrom which they are
formed,in severaldistinctsites,with themostprominentabsorbingat2527.88and2527.50cm1�2
for 4�6 BrH 7�7�7Br and 892 BrH 7�7�7Br, respectively. The : 28.5cm1�2 shift of thevibrationalfrequency
from that of the free HBr indicatesthat the interactionis relatively strong,but it is againcon-
siderablysmallerthanthevalueof 75.28cm1
2 predictedby our DFT computations.Evenmore
thantheBrHXe species,theBrHBr complexesphotolyzequite inefficiently. By very prolonged
irradiationof thematrix they canbedestroyed,yielding undoubtedlyeventuallymolecularBr P
product.BesidesHBr, wehavealsoattemptedto photolyzeHCl in solidneon.While HCl canbe
photolyzedby prolongedirradiationin solid xenonwhereits absorptionis shiftedtowardslower
energies,in neonits UV absorptionoccursfurthertowardstheblue,essentiallyout of therange
of the193nm ArF radiation.Only in matricescontainingXe, a smalldegreeof photolysiscan
bedetected,perhapsdueto theClHXe complexesabsorbingat lower energies. Interestingwas
the photolysisof HCl samplescontaminatedby HBr (a contaminationwhich is ratherdifficult
to avoid whenbothHCl andHBr experimentsareto becarriedout). In thesesamplesonecan
by observingthephotolysisbehaviour readily identify speciescontainingHBr, sincehydrogen
bromidephotolysesvery readily. In thesesamplesabsorptionsdueto complexeslike HCl \ HBr
or (HCl) P HBr arecompletelyphotolyzed,while thoseinvolving only HCl units remainessen-
tially unchanged.In thiswaytheabsorptionsdueto themixedaggregatescouldbeassignedwith
confidence.

5.3.6 Annealing and Diffusion in NeonMatrices

It is well known thatwhile at sufficiently low temperaturesmostatomscanbestabilizedin rare
gasmatrices,they canbemobilizedif thetemperatureof thematrix is increased.In our cryostat
whenheld at its currentbasetemperatureof around8 K the spectraof both initially deposited
andphotolyzedneonmatrix sampleswerestable,indicating that appreciablediffusion on the
time scaleof our experimentdoesnot occur. We could explore the reactionsoccurringin the
photolyzedmatricesduring a controlledwarm up to about12 K, with attemptsto increasethe
temperaturefurther usuallyresultingin an irreversiblematrix loss. An onsetof diffusion and
selective mobilizationof hydrogenatoms,resultingin changesin theinfraredspectrumbecame
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in solid neonapparentalreadyabove about9-10K. Thechangescouldeffectively beclassified
into threecategories:changesin thesitedistribution of existing guests,recovery of photolyzed
species,andagrowth of new products,andall threeeffectsaredocumentedin Figs.5.6and5.7.
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Figure 5.6: The H-Xe stretchvibration of the new HXeBr speciesin neon. The lower trace
shows a HBr andXe containingNe matrix (2:1:20000)after193nm photolysis.Annealingof
thismatrixat12K leadsto theappearanceof thenew HXeBr molecule,shown in theuppertrace,
wherethemostprominentsitesareat 1450.5and1452.5wavenumbers.

As notedabove,initial depositionusuallyyieldedfor mostspeciesanumberof distinctsites,
reflectingprobablyimperfectionsof thematrix structure,anddistribution of differentlocal en-
vironmentsandgeometriesof theneonatomssolvating theguest.Usingannealingthespectra
weresimplified,with theintensityconcentratinginto theabsorptionsof presumablythemoststa-
ble site,andmany absorptionbandsbecamesharper. Besidestheobviousspecieswhich do not
appearin the infraredspectrum:halogenmolecules,andin particularmolecularhydrogen,the
mostinterestingnew productsaccompanying the annealinganddiffusion in our matriceswere
thenovel, hydrogencontainingraregascompoundsof thetypeof HRgX or HRgH,which were
previouslyextensivelystudiedin solidxenonandkryptonmatrices[26,174]. Thisis exemplified
by Fig. 5.6,showing asectionof thespectrumof Ne:Xe:HBr= 20000:1:2,with theregionof the
H-Br stretchingvibrationsof thesamespectrumshown for comparisonin Fig. 5.7. In theinitial
spectrumin the top traceof Fig. 5.7, strongabsorptionsdueto HBr monomer, bandsassigned
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nm photolysisandafter11 K annealing.Thecompletephotodissociationof all species(except
BrH d�d�dXe) after prolongedtreatmentwith 30000shotsof an ArF laseris shown in the middle
trace. Annealing then allows the recovery of photolyzedspecies,as well as growth of new
products,for exampleBrH d�d�dBr.

to the(HBr) e oligomer, aswell asthesharpBrH d�d�dXe complexescanbeseen.After extensive
photolysisthereis still no absorptionin the bottom traceof Fig. 5.6, but almostall the HBr
stretchingvibrationsin Fig. 5.7 (middle trace)disappear, with theexceptionof a smallamount
of the BrH d�d�dXe complex, andthe photolysisresistantBrH d�d�dBr product. Upon annealingof
thesamplenear11-12K, hydrogenatomdiffusionsetson, accompaniedby partial recovery of
theHBr monomerabsorptionsandof theBrH d�d�dXe complexes,aswell asa slightgrowth of the
BrH d�d�dBr absorptions.Onecanalsonotetheabovementionedchangesin therelativesiteinten-
sitiesanddistribution. In addition,onecanseein theFig. 5.6 a strongpair of absorptionsnear
1450.48and1452.54cmf;g dueto the HXeBr moleculeappears[26]. The formationof these
speciesin solid neonis interestingin that it confirms,that theexistenceof thesecompoundsis
not solelydueto stabilizationby thepolarizablexenonandkryptonsolvents,andthis aspectis
thesubjectof theseparatechapter6. Their formation,however, alsoprovidessomeinteresting
insightinto thediffusionprocessesin solid matrices.

While theformationof specieslikeHXeBr in solidxenonduringannealingof samplesresult-
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ing from HBr photolysiscanbewell understood[174], their similarly efficient growth in dilute
neonmatricesis muchmoresurprising.A hydrogenatomdiffusingthrougha xenonmatrix to-
wardsa halogen(e.g Br) atomcan,regardlessof the directionof approach,not avoid passing
throughthe appropriateconfigurationfor HXeBr formation,with a first solvation shell xenon
atombetweenthehydrogenandthebromine.Thesituationis quitedifferentin solid neoncon-
tainingonly typically 1 part in 20000of xenonatoms.Evenif preexisting XeBr complexesare
present,thehydrogenhasonly abouta onechancein 12 to beapproachingfrom theright direc-
tion to form HXeBr, ratherthaninteractingwith thehalogen,andyielding themuchmorestable
BrH 7�7�7Xe complex. To makemattersconsiderablyworse,thematrixundoubtedlyaboundswith
many moreBr atomsthanpreexistingBrXe complexes,andonethusmightexpectapreferential
recoveryof thehydrogenbromide.In spiteof thatonenotesthatrecoveryof thehydrogenhalide
monomeris only a relatively minor process,andthatthe(HBr) < polymersdo not reformalmost
at all. Againstall statisticalconsiderations,theformationof theraregashydrogenhalideseems
to bethemostefficientprocess.

Figure5.8: Schematicdrawing of theformationprocessof HXeBr in solid neon:A XeBr com-
plex surroundedby neonatoms,whichis “attacked” byhydrogenatomsfromdifferentdirections.
Only thehydrogenapproachingfrom thexenonside“tunnels” throughthefirst solvationshell.

It appearslike the hydrogenatomsareselectively avoiding the bromineatoms,andwhen
approachinganXeBr complex, preferto interactwith thexenonend. A possibleinterpretation
would be to postulatethat eachatom in the matrix is protectedby a shell of host atoms. In
general,thebindingpotentialbetweene.g.neonhostatomandtheguestwill bedeeperthanthe
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neon-neoninteractionof ca. 30 cm1;2 . The activationenergy for penetratingsucha protective
solvation shell may thenbe considerablyhigher than the barrierforsimplediffusionalmotion
througha pureraregas(neon)matrix. This ideahasan interestingparallelin a seriesof recent
studiesby Gordonandcoworkers[175,176]. They foundthatby evaporatingliquid heliuminto
which impurity atomshave beeninjected,they obtaina solid residue,which remainsstableup
to temperaturesof about9-10 K when it decomposesexplosively, yielding 90-98 % gaseous
helium. The interpretationof this experimentis the formationof an impurity stabilizedsolid,
consistingof helium “snowballs” consistingof a heavy atom e.g. nitrogenor xenon,with a
relatively tightly heldsolvationshell. We thereforesuggestthatsimilarly alsoin a solid matrix,
eachguestatomor moleculein generalcanbeviewedasbeingsurroundedby sucha solvation
shell(seeFig. 5.8),whichcan,dependingonits stability, retardor enhanceits reactions.Thefact
thatagainststatisticalconsiderationsthehydrogenatomsappearto preferreactingwith xenon,
ratherthan with the halogen,would then reflect the fact that the activation energy neededto
penetratetheneonsolvationshellof axenonatomis lower thanthatof thehalogen(bromine).

As notedabove, andascould be seenin Fig. 5.7, somereformationof HBr doesoccur, so
that thebrominesolvationshell is not quite inmpenetrable.We took advantageof the fact that
thesharptransitionsdiscussedaboveandassignedastheQ(0) linesof HBr in two differentsites
appearin parallelwith thebroadR(0) linesof monomericHBr, andin theabsenceof any (HBr)n
polymerbands,to confirmtheir assignment.It shouldbenoted,that theBrH 7�7�7Xe complex is
alsoformed,in parallelwith HXeBr, duringannealingof thephotolyzedsamples,althoughagain
to a muchlesserextentthanonewouldexpectstatistically. A final productwhichalsoreappears
onannealingof thecompletelyphotolyzedmatricesis theBrH 7�7�7Br complex. Its formationmay
bedueto thereactionof hydrogenatomswith molecularBr P .

5.4 Theoretical Methodsand Computational Results

The calculationswere carried out on Silicon GraphicsPower Challengework stationswith
the help of the Gaussian94 programpackage[40]. In most densityfunctional computations
the B3LYP hybrid functional was used,althoughin somecasesthe resultswere checked by
other methods. For the light atomsH and F all electronswere treatedexplicitly, using the
311++G(3df,3pd)basissetwith two diffuseandfour polarizationfunctionson eachatom. For
theheavier atoms,Cl, Br, or I thequasi-relativistic effectivecorepotential6s6p1d/4s4p/1dbasis
setsof theStuttgart/Dresdengroupwereemployed[177].

Wehavefirst computedthegeometriesof thediatomichydrogenhalides,HY, themselves,to
checkthemethodsandprovide comparisonwith experiment.We have thenexaminedtheeffect
of formationof hydrogenbondedcomplexesuponthegeometryandvibrationalfrequency of the
hydrogenhalides.Theresultsof our computationsarelisted in Tables5.1 and5.2. Remaining
with a givenYH species,the shift uponformationof an YH 7�7�7X complex is smallestwhenX
is a raregas,increasingfrom Kr to Xe with the raregaspolarizability. Much larger shifts are
obtainedfor the“hydrogendihalide” species,whereX is a halogenatom. Hereagaintheshifts
increasewith thesizeandpolarizabilityof thehalogen.
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5.5 Summary

HydrogenhalidesHY nearlyfreelyrotatein solidneonmatrix,andtheir8 K IR spectraconsistof
strong,lifetime broadenedR(0) lines,andweakandverysharp,matrixinducedQ(0) transitions.
The free rotationis stoppedin stronglyboundoligomers,andcomplexeswith the morepolar-
izableraregasesKr andXe, which exhibit sharpzerophononline spectra,with well resolved
Br or Cl isotopicsplitting. Thespectraof both themonomers,aswell asof theoligomersand
complexesaresomewhatcomplicatedby thepresenceof multiple sites.Thehydrogenbonding
resultsin a redshift of theboundYH 7�7�7X frequency, andaconsiderableincreasein its intensity.
The interpretationof the resultsis facilitatedby extensive densityfunctionalB3LYP computa-
tions.

Thehydrogenbondingalsohasa considerableinfluenceupontheYH photolysisbehaviour.
The 193 nm excimer laserradiationphotolysesmuchmoreefficiently the oligomersthan the
monomers,an effect which is attributed to the molecularrotation. Photolysisof the dimers
resultsin well defined,asymmetrichydrogendihalideproductssuchasBrH 7�7�7Br. Formationof
complexeswith raregasatomsontheotherhandretardsthephotolysis.Annealingof thematrices
above : 10 K resultsin selective mobilizationof hydrogenatoms,resultingin partial recovery
of theYH monomers,aswell asin formationof theHXeY compoundsin neonmatrix. There
is, on theotherhand,virtually noreformationof thedimersandtrimers.A modelexplainingthe
observedannealingbehaviour andthe formationof the raregashydrogenhalidecompoundsis
proposed.



Chapter 6

New RaregasCompoundsin Solid Neon

TherecentlydiscoveredhalogenxenonhydridesClXeH andBrXeH, theirdeuteratedanalogues,
and tentatively also the HXeH dihydridesweregeneratedin solid neonmatrices,andcharac-
terizedby infraredabsorptionspectroscopy. Thepreparationof theseinterestingspeciesin the
weakly interactingneonmatrix, aswell asextensive DFT calculationssuggestthat their obser-
vation is not solelydueto stabilizationeffectsby thematrix, but that they shouldbecapableof
independentexistenceasfreemoleculesin thegasphase.

103
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6.1 Intr oduction

Eventhoughseveralsmallionsor metastablespeciesinvolving raregaseswereknown for a long
time, until fairly recently, its raregaselementsweregenerallyregardedaschemicallyinert. In
1962Neil Bartletthasshown in his trailblazingstudy[178,179] thatthey arecapableof forming
of whatonecouldconsiderasnormalchemicalcompounds,compellingchemiststo readjustcon-
siderablytheir thinkingregardingtheseelements.In aburstof activity in theyearsthatfollowed,
a numberof compoundsof noblegaseshave beenreported[180, 181, 182, 183, 184]. While
many of thesecanbe regardedasmetastablespecies,several areactually thermodynamically
stablecompoundsandcanbeobtainedcommercially. For example,xenondifluoridehasfound
a relatively widespreaduseasafluorinatingagent,andhasusefulapplicationsin semiconductor
processingfor etchingsilicon.

Very shortly after the discovery of the first raregascompounds,matrix isolation special-
ists madeconsiderablecontributionsto the understandingof their chemistry, with for instance
xenondichloride[185], kryptondifluoride[186] andmixedxenonchloro-fluoride[187] having
beencharacterized.Infraredspectraof the HAr hP andHKr hP specieshave alsobeenobserved,
althoughinitially their structureand ionic naturewere in doubt [163], but recentcalculations
helpedto clarify theexactstructure[188, 189]. Theprogressin the following 20-30yearswas
thenrelatively slow, with thechemistryof raregasesbeingeffectively restrictedto a few com-
poundsof xenoninvolving themostelectronegativeelements,fluorineor oxygen.Quiterecently,
anew breakthroughin thisdirectionoccurredin thelaboratoryof Räsänen,whenawholegroup
of novel neutralraregascompoundswasobserved. Theseincludednot only several hydrido-
halogenidesof thetypeHRgX with botha halogen(Cl, Br, or I) anda hydrogen(or deuterium)
atomboundto Kr or Xe [26], but alsothesymmetricdihydrides[190], aswell asseveralcom-
poundswith CN, SHandothergroupsbounddirectly to theraregas[191,192].

While thesespecieswerecarefullycharacterized,thequestionremainedasto theability of
the moleculesto exist outsidethe stabilizingenvironmentof the polarizablexenonor krypton
hostmatrix [27]. To addressthis question,we explore in thepresentpublicationtheproperties
andchemistryof thesespeciesin solid neon,whereany stabilizationdueto thesolventwill be
appreciablydiminishedwith respectto theheavier raregases.We alsoexplore thequestionof
solvent stabilizationby extendingour earliertheoreticalcomputationswith additionalraregas
atominteractionswith theHRgY species.Webelievethattheresultsshow clearlythatthesolvent
stabilizationis not essential,at leastin thecaseof HXeCl andHXeBr , andthatonceprepared,
thespeciesshouldbecapableof existenceasfreegasphasemolecules.

6.2 Experimental

To producethesamplesin ourexperiments,commerciallyavailableHBr andHCl gases(Aldrich,
purity> 99.8%)wereused.HI wasproducedin astandardwayby reductionof thehalogenby red
phosphorusandwater. Thecorrespondingdeuteratedhalidescouldbegeneratedby substituting
D P O for regularwater. After extensivepassivationof thegassystem,mixturesof theneonmatrix
gas(Messer-Griesheim,purity > 99.999%)with xenon(Messer-Griesheim,purity > 99.998%)
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andthehydrogenhalideswerepreparedby standardvolumetrictechniques.Theconcentrations
of thehydrogenhalidesrelativeto thematrixgaswerein therangeof 1:1000-1:20000,while the
xenon:hydrogenhalideratiovariedfrom 0.5:1to 10:1.

The sampleswere depositedon a coppermirror substratecooledby a Leybold RGD 580
closed-cycle refrigerator. While it shouldbenominallycapableto attain6 K, currentlyits base
temperatureis only about8 K. Thepremixedgaswasexpandedvia a pulsedvalve througha 1
mm orifice, usinga backingpressureof about2 bar, andcondensedon the8 K substrate.The
samplescould then be irradiatedby meansof an excimer ArF laser, operatingat 10 Hz and
delivering : 10 mJ/pulseat 193 nm. Following irradiation, the samplescould be annealedby
carefully raisingthesubstratetemperatureto 10-12K, but attemptsto increasethe temperature
muchbeyond12 K usuallyresultedin anirreversiblelossof thematrix.

Thesampleswereinvestigatedspectroscopicallyusinga Bruker IFS 120HR Fourier trans-
form spectrometer, equippedwith beamsplittersanddetectorsfor the500-30000cm1�2 spectral
range. In mostexperiments,a backgroundinfraredspectrumwasfirst recordedusinga MCT
(mercury-cadmiumtelluride) detectorin the spectralrangeof 500-4000cm1�2 with 0.06cm1�2
resolution.Subsequentlythespectrawererecordedaftersampledeposition,afterdifferentperi-
odsof 193nm photolysis,andfinally againafter carefulannealingof thesampleby raisingits
temperatureto thedesiredvalue,typically 10-12K, for timesrangingfrom 5-20min.

6.3 Resultsand Discussion

In thepreviousstudies,theHRgY specieswerein mostcasespreparedby photolysinghydrogen
halidesHY in matrix of a raregasRg, andby subsequentannealingof the samples[26, 190].
Irradiationof thesamplesresultsin apermanentdissociationof theHY species,andpresumably
in the formationof halogenandhydrogenatoms.The presenceof halogenatomsis evidenced
by theinfraredabsorptionbandsdueto theP35i Pkjl P2 i P transitionbetweenthegroundstatespin-
orbit componentswhichappearin theirradiatedsamplesnear3600cm1�2 in Br and : 7600cm1�2
in I [193]. Subsequentcontrolledannealingof thematricesresultsthenin diffusionof hydrogen,
andis accompaniedby the growth of strongabsorptionbandsof the products,assignedto the
HRgY species.In several investigationsof thesespeciesit wassuggestedthat they arestrongly
ionic structuresof the type HRgh Y 1 [26, 27]. We have recentlyinvestigatedprotonsolvation
in raregases,andshown that the effectively dimensionlessprotonwill alwaysbe solvatedby
two raregasatoms[156]. This naturallyraisedthequestionof wetherthestability of theHRgY
speciescouldbedueto thestabilizationby theraregassolvent,thatis, if they couldbeactually
consideredto bethe four-atomspecies(RgHRg) h Y 1 . We useheretwo approachesto testthis
question:we examinethe solvationof theHRgY speciesby raregasesandthe stability of the
(RgHRg) h Y 1 four atomicspeciesby densityfunctionalcalculations,andwe try to preparethe
HRgY speciesin solidneon,where,in view of themuchlowerpolarizabilityandhigh ionization
potentialof neonatoms,thestabilizingeffectof theraregassolventshouldbenegligible.

Theinfraredspectraof eventhemostdilutedHY+Xe : neonsamplesmeasuredimmediately
afterdepositioncontainednot only themonomericHY bands,but alsoratherstrongdimerand
trimer absorptions,seeFig. 5.1. This is in partdueto formationof thecomplexesin thesuper-
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sonicexpansionandduringdepositionon thematrix surface,andmayalsobecontributedto the
relativelyhigh,8 K temperatureof thematrixsubstrate.Thespectraare,however, somewhatmis-
leading,sincehydrogenbondinggreatlyenhancestheoscillatorstrengthof theYH absorptions,
in somecasesby morethananorderof magnitude[194].

In the presenceof xenon,additionalstrongandsharpbandsappearin the spectrum,which
canbeidentifiedasYH 7�7�7Xe species,complexesof thehydrogenhalidewith axenonatom.The
complex formationresultsin aredshift of theHY infraredabsorption,andagainin aconsiderable
enhancementof its intensity.

6.3.1 The HXeBr and DXeBr species

Fromtheexperimentalpointof view it wasmostexpedienttostudythephotolysisof HBr sinceits
absorptionoverlapswell the193nmline of theargonfluoridelaser. Whenexposedto the193nm
line, theHBr samplesarebleachedquiteeffectively, sothataftersome60minutestheabsorptions
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Figure6.1: A seriesof spectraof an HBr/DBr:Xe:Ne mixture showing the xenoncompound
formation process. The DBr (and HBr) bandspresentin the top traceright after deposition
disappearcompletelyafterextended193nmirradiation(middletrace).Annealingof thesample
at 12 K allows H atomdiffusion, andleadsto appearanceof bandsof the HXeBr andDXeBr
products.
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bothof the(HBr) < aggregates,aswell asof themonomerichydrogenbromidedisappearalmost
completely. Although BrH 7�7�7Xe photolyzeslessefficiently than the free species,even these
complexesarebleachedafteranextendedirradiation. Thephotochemistryof hydrogenhalides
in raregasmatrices,aswell as the effect of hydrogenbonding,were studiedin detail in the
previouschapter.

More dilute samples(HBr:Xe:Ne= 1:1:10000)show immediatelyafterUV irradiationlittle
evidenceof any new raregascompoundformation. When,however, the samplesarecarefully
annealedto temperaturesabove : 9.5 K allowing hydrogenatomdiffusion, a groupof strong,
sharpbandsappearsnear1450cmp�q asshown in thelowesttraceof Fig. 6.1. Specifically, new
bandsgrow in at1436.61,1442.61,1450.49and1452.57cmp�q , with thelattertwobeingfavoured
with increasingdilution of the samples.Prolongingthe sampleannealing,andincreasein the
annealingtemperatureresultsin a gradualdisappearanceof the lower frequency absorptions,
andtheintensityshiftsin favourof the1452.57cmp�q band.In moreconcentratedsamplessome
absorptionin thisregion,andin particularthe1442.61cmp�q band,appearsimmediatelyafterthe
sampleirradiation,but the intensityagainincreasesdrasticallyuponannealing,with intensity
shifting to thehigherfrequency 1450.49and1452.57cmp�q absorptions.
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Figure6.2: The hydrogenstretchingvibration of HXeBr in solid neonin sampleswith differ-
entXe concentrations.As theXe concentrationis increased,theabsorptionsbroadenandshift
towardsblue.ThelowesttraceshowstheHXeBr bandin apurexenonmatrix.
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Thesebandsclearly correspondto the H-Xe stretchingfrequency of the HXeBr molecule.
With increasingxenonconcentration,additionalbandsprobablydueto speciesinvolving more
thanoneXe atomappearathigherenergies,andwhentheconcentrationof xenonis increasedto
1%,the1452cmp�q absorptionis followedby abroadstructuredabsorptionextendingto beyond
1503.2cmp�q , thepositionof thecorrespondingHXeBr absorptionin a purexenonmatrix [26].
Thisdependenceon thexenonconcentrationis shown in Fig. 6.2.
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Figure6.3: Thehydrogenstretchingvibrationof DXeBr in solidneonusingtwo differentxenon
concentrations.The insertshows thevery weakabsorptionsat 1163.19and1169.98cm��� of a
highly diluted HBr:Xe:Ne = 1:0.5:10000matrix after photolysisandannealingat 12 K. These
absorptionsareassignedtentatively to theasymmetricstretchof HXeH (two sites).

The HXeBr bandsshift appropriatelyin deuteratedsamples,asonecanseein Fig. 6.3. A
nearly identicalpatternof bandsappearsnear1050cm��� , with the DXeBr bandsat 1053.94,
1058.13,1062.67and1064.07cm��� mirroring the four major sharpbandsin the HXeBr re-
gion. Increasingsampledilution, andmorethoroughsampleannealingagainfavour thehighest
frequency 1064.07cm��� band.In neonthefrequenciesareagainconsiderablyredshiftedcom-
paredwith the1100cm��� absorptionbandin apurexenonmatrix. Besidesthexenonhydrogen-
bromide,in themostdiluteexperimentsthediffusionalsoproducedabsorptionsbandsat1163.19
and1169.98cm��� (seeinsertof Fig. 6.3), very closeto bandsassignedin solid xenonto the
xenondihydride. Accordingly, we assigntheseneonmatrix bandssomewhattentatively alsoto
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theHXeH species.
Irradiationof thesamplesusinga tungstenlampwasfoundto photolyzevery efficiently the

HXeBr species.Thisconfirmedtheirrelatively labilenature,but alsopreventedmeaningfulmea-
surementsof their visible andnearIR absorptionspectra.After thesespeciesweredecomposed
andtheir absorptionsbleached,only a very minor amountcould be regeneratedby additional
annealinganddiffusion. This suggeststhatthereactioninvolvedis probablynot dissociationto
H + XeBr (or HXe + Br) but morelikely to bromine-hydrogenrecombinationandpresumably
conversionto theBrH 7�7�7Xe "isomer". Similar photo-instabilityhasalsobeenobservedin pure
xenonmatrices[26].

It is interestingto notethataround9 K temperature,wherewe observe theonsetof a long-
rangehydrogendiffusion in solid neonandformationof the HXeY molecules,changesin the
matrix Ramanspectrumwerepreviously observed,andinterpretedin termsof a partialhcp-fcc
phasetransition[53]. If this is accepted,it is conceivable that the onsetof global hydrogen
mobility is connectedwith suchaphasetransition.

6.3.2 The HXeCl and DXeCl species

Hydrogenchlorideabsorptionsoccursat considerablyhigherenergies thanthoseof hydrogen
bromide,andarethereforenotefficientlyexcitedby the193nmlaser. Onlyafteraveryprolonged
irradiationthereis aminorphotolysisof theHCl monomer, with basicallynochangein thesharp,
spectrallyshiftedabsorptionsof theClH 7�7�7Xe complexes.Annealingof suchirradiatedsamples
leadsto growth of absorptionsdueto theHXeCl species,asonecanseein Fig. 6.4. These,like
the correspondingbrominecompound,exhibit in solid neonseveral distinct trappingsites,all
of themagainconsiderablyredshiftedcomparedwith their positionsin purexenon.In samples
thoroughlyannealedto 11-12K, the HXeCl absorptionsconcentrateinto a quintetat 1607.03,
1608.25,1609.88,1611.80and1614.22cmp�q , with theunderlinedfourth componentbeingthe
strongest.Usinga deuteratedsample,thecorrespondingDXeCl absorptionsappearat 1167.40,
1168.75,1170.33,1172.14and1172.96cmp�q .

WhenanHBr impurity wasaddedto theHCl/Ne sample,this of coursecouldbephotolyzed
veryefficiently, asdid themixedHBr 7�7�7HCl complexes,andannealingof suchirradiatedmixed
samplesleadsalsoto anenhancedformationof theHXeCl species.Thismaybedueto thereac-
tion HCl+H � H P +Cl, followedby reactionsof theCl atomwith Xe andeventuallywith another
hydrogenatom.Interestingly, eventhoughthe193nm laserline overlapsideally theHI absorp-
tion, andindeedHI is easilyphotolyzedin solid neon,we hadno successtrying to generatethe
correspondingHXeI compoundby annealingof the photolyzedmatrices. This may eitherbe
dueto an intrinsic instability of the iodine compoundwhich needsthe stabilizingenvironment
of solid xenon,or perhapsto the dynamicsof the matrix diffusion andreaction,which do not
favour thecompoundformationin solid neon. In this connectionit is appropriateto note,that
theoreticalcalculationsalsopredicttheHXeI moleculesto beboundconsiderablyweaker than
thecorrespondingbromideor chloride[27]. Thelower stability of theHXeI speciesis alsoevi-
dencedby theobservationthatin solid xenonit canbereadilyphotolyzedby infraredexcitation
near3000cmp�q , causedby thelow dissociationenergy D > = 2950cmp�q [174].
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Figure6.4: Theeffectof annealinguponsitedistribution. Spectrashow thehydrogenstretching
vibrationsof HXeCl andDXeCl in asampleof H(D)Br:Xe:Ne= 1:0.5:10000.

6.3.3 The formation of HRgY in rar egassolids

If oneconsidersmoreclosely the problemof the mechanismof their formation, it is, in fact,
remarkablethattheHRgY compoundsform in solidneonwith anefficiency comparableto thatin
solidxenon.They areundoubtedlyformedwhenlighterandmoremobilehydrogenatomsdiffuse
throughthematrix andeventuallyapproachanRgY, e.g. XeBr complex. ThesubstitutionalBr
atomwill presumablyhave twelve nearestneighbourxenons,andregardlessof thedirectionof
approach,whenthehydrogenreachesthesecondsolvationshell,therewill bea quasi-linearH-
Xe-Br configurationappropriatefor HXeBr formation[27]. The situationis quite different in
solid neon,whereevenif anXeBr complex is alreadypresent,only oneof thebrominenearest
neighboursis xenon,andtheapproachinghydrogenwould thusappearto have a lessthan10%
chanceof arriving exactly from theright direction.Onemight thusexpectthatin morethan90%
of eventsthehydrogenwill encounterthehalogen,andfind theglobalminimumon thepotential
surface,that is the BrH �����Xe complex, ratherthanthe shallow, muchlessstableHXeBr local
minimum.

To explain theexperimentalobservationthat this doesapparentlynot occur, that thehydro-
genbromiderecombinationis relatively minor, andthat the HXeBr forms efficiently, we have
proposedthateachmatrix isolatedatomcanbeviewedasbeingsurroundedby a protective sol-
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vationshellof thematrixatoms.Sincetheinteractionof theguestatomwith theraregasatomsis
usuallystrongerthantheinteractionbetweentwo raregasatomsthemselves,suchashellmaybe
relatively stable,andtheactivationenergy for penetratingit maybeconsiderablyhigherthanthat
for diffusionthroughthepurematrix. If thebarrierfor penetratingsucha solvationshellaround
Cl or Br atomsin neonweretoohigh to overcomeat the10-11K temperaturewheretheH atom
diffusion takesplace,this would explain why the hydrogenhaliderecombinationis relatively
inefficient. Thehydrogenwould thenpreferentiallyhave to attacktheXe-Br complex from the
xenonside- supposingsucha solvationshellaroundthexenonatomis easierto penetratethan
thataroundthehalogen- explaining theefficient HXeBr formation. Extendingthis idea,in the
caseof the large iodineatomtheneonsolvationshellmight be lessstableandmorepenetrable,
andthis couldleadto efficient HI recombination,andprovide analternativeexplanationfor our
failureto observe theHXeI speciesin solid neon.

Species Xenon(from ref. [26, 190]) Neonafter12K annealing

HKrCl 1476 - (tried to observe,but failed)
DKrCl 1106 -
HXeF - -
HXeCl 1648 1607.03,1608.25,1609.88,1611.80, 1614.22
DXeCl 1198 1167.40,1168.75,1170.49,1172.14, 1172.96
HXeBr 1504 1436.61,1442.61,1450.49, 1452.57
DXeBr 1100 1053.94,1058.13,1062.67, 1064.07
HXeI 1193 -
DXeI 893 -

HXeH 1166,1181 1163.19,1169.98

Table6.1: � (H-Rg) [cm ��� ] for H(D)RgY moleculesin solid xenonandneon,with thestrongest
absorptionsunderlined.

Thevibrationalfrequenciesof theHXeY andDXeY speciesobservedin this work arelisted
in Table6.1, andcomparedwith the valuespreviously found in solid xenon. The comparison
revealsa ratherlarge matrix effect, with the frequenciesbeingappreciablyblue shiftedwhen
going from neonto xenon. Theguest-hostinteractionsarequitecomplex, andtheir magnitude
anddirectiondependon thenatureof thetrappingsite,polarizabilitiesof boththeguestandthe
host,anda numberof otherfactors.Very largematrix shiftsare,in general,indicative of ionic
or stronglypolarbonds.Thebondsin theHXeY moleculesindeedhaveapartialionic character,
andthe relatively large blue shifts observed could be rationalizedby stabilizationof the polar
structuresby thepolarizablexenonsolvent.

6.4 Theoretical Calculations

As explainedin theintroduction,theconsiderablestability of thelinearRgHRg� ionsled to the
questionof whethertheHRgY compoundsin thematrixcouldbeviewedasRgHRg� Y � species,
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ratherthanasHRg� Y � aspreviously proposed,andif they owe their stability to thestabilizing
effect of thematrix. To explorethis idea,we have carriedout densityfunctionalcalculationson
thesesystemsusingtheGaussian94programpackage[40]. Mostof thecalculationswerecarried
out by thehybrid B3LYP method,althoughseveralresultswerecheckedby othermethods.On
thelight atoms(H,F) all electronswereexplicitly treatedwith the6-311++G(3df,3pd)basissets.
For theheavier halogens,Kr andXe, thequasi-relativistic effectivecorepotential6s6p1d/4s4p1d
basissetsof theStuttgart/Dresdengroupswereused[177].

Species � (Xe �����H) � (H-Xe) � (Xe-Y) � (Xe-Y) � (HXeY) � (H-Xe)

HXeF 1.6915 2.1670 434.0(153) 603.2(0.9) 1882.8(401)
Xe �����HXeF 4.5082 1.6914 2.1670 433.9(160) 610.3(1.1) 1883.7(403)
HXeCl 1.7252 2.6884 246.8(64) 523.2(0.5) 1698.0(1148)
X �����HXeCl 4.0798 1.7248 2.6898 246.2(68) 531.0(0.5) 1699.5(1133)
HXeBr 1.7437 2.8437 172.5(30) 499.4(0.6) 1616.9(1518)
Xe �����HXeBr 4.1961 1.7431 2.8449 172.1(33) 509.0(0.5) 1618.5(1524)
HXeI 1.7749 3.0756 137.1(17) 468.0(0.5) 1491.3(2163)
Xe �����HXeI 4.4708 1.7744 3.0763 136.9(18) 477.0(0.5) 1493.2(2210)

Table6.2: The computationalpropertiesof different(Xe ����� )HXeY moleculesat theB3LYP/6-
311++G(3df,3pd)/SECPlevel. Bond lengthsaregivenin Å andfrequenciesin cm��� , with the
correspondingintensities[km/mol] in parentheses.

B3LYP/6-311++G(3df,3pd)/SECP
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Figure6.5: Schematicrepresentationof theDFT (B3LYP) geometryoptimizationof XeHXeCl.
Startingfrom a linear (XeHXe)� cation and a Cl � anion at a large distance,the calculation
smoothlyconvergesto an HXeCl molecule,with the secondXe atom being pushedleft to a
distanceappropriatefor a weak Van-der-Waalsbond. The resultinggeometryof the HXeCl
"perturbed"by thesecondXe atomis almostidenticalto thatof the"free" HXeCl.
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Someof theresultsaresummarizedin Table6.2. Thecalculatedgeometriesandvibrational
frequenciesfor the HRgY speciesare in goodagreementwith the previous theoreticalresults
[26], andthey overestimatesomewhatthefrequenciesobservedin solidneon.To checktheeffect
of additionalsolvation,we have optimizedthe four-atomicRgHRgY species,startingfrom the
geometryonemight expectfor theRgHRg� Y � species,that is from theoptimizedgeometryof
RgHRg� , with thehalogenat a relatively largedistancefrom oneof theraregasatoms.As one
canseein Fig. 6.5,theoptimizationsmoothlyconvergedto aRg�����HRgY geometry, yieldingthe
HRgY specieswith analmostidenticalgeometryandfrequenciesasobtainedfrom thetriatomic
calculations. The remainingraregasatomwaspushedaway to a comfortablylarge van-der-
Waalsdistance.This result, coupledwith the ability of the HRgY compoundsto exist in the
weaklyinteractingneonmatrixprovidesastrongevidence,thatthesedonot owetheir existence
solely to thestabilizationby thematrix, but shouldbecapableof independentexistenceasfree
gasphasemolecules.

6.5 Summary

Theinfraredspectraof thenoblegascompoundsHXeCl, HXeBr andtheirdeuteratedanalogues,
andpossiblyalsoof thexenondihydridemoleculeswereobservedin solidneon.Theirdetection
in theweaklyinteractingneonsuggeststhatthey shouldbecapableof existenceasfreemolecules
even without the stabilizationeffect of the matrix, a conclusionsupportedalsoby DFT calcu-
lations. A mechanismfor the formationof thesexenoncompoundsis proposed,explaining the
observationthatthey form in thehighly dilutedneonmatriceswith similarefficienciesasin solid
xenon.
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Chapter 7

Mass-selectedCS
�
� and C � F

�
� in Neon

Die Wahrheitender Menschensinddie unwiderlegbarenIrrtümer.
FRIEDRICH NIETZSCHE

Infrared, visible as well as laserinducedfluorescenceandexcitation spectraare obtainedfor
several simple cationsdepositedfrom a massselectedion beam. In the presentchapterwe
demonstratethesuccessfulandcleanmassselectionby presentingspectraof samplesobtainedby
depositingtheisotopic ��� S��� C�0� S� ion in naturalisotopicabundance,andanalyzingits spectrum.
Spectraof C� F�� depositedfrom a 20 eV ion beamexhibit quite different inhomogeneousline
profiles,suggestingthat even the moderatelyhigh kinetic energiesresult in considerablesolid
damage.Analysisof thespectraindicatesthat theJahn-Teller distortedvibrationalstructurein
the doubly degenerategroundstateof C� F�� is strongly perturbedin the newly formed sites,
whicharepresumablyof lowersymmetry. A 33-46cm��� splittingof theorigin andothertotally
symmetricbandsin emissionis tentativelyattributedto thespin-orbitsplittingin the � E ��� ground
state.
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7.1 Intr oduction

Oneof themajor aimsof thematrix isolationtechniquewasthepreparation,stabilization,and
spectroscopiccharacterizationof radicals,ions, clustersand similar highly reactive, transient
species[15, 17]. While thereare many methodsfor generatingthesereactionintermediates
andtransients,mostof themsharethesameshortcoming,in that thespeciesof interestarenot
preparedin pureform, but in amoreor lesscomplex mixturewith avarietyof otherspecies.Also
sincethe early days,an obvious solutionto this problemwasfrequentlyconsidered:isolating
thedesiredionsor moleculesby meansof massselection.While conceptuallyit appearssimple,
implementationof thismethodprovedfor awholevarietyof reasonsto bequiteelusive[25,102].

In thefirst place,only for relatively few speciesit is easyto generateion beamsof sufficient
intensityto accumulatesufficientconcentrationfor theirspectroscopiccharacterization.Another
difficulty lies in thefactthatin orderto massselecttheions,they typically haveto beaccelerated
to ratherhigh energies,and to slow themdown sufficiently for successfuldepositionis not a
trivial task.Evenif their energy canbereducedto 10-20eV, anion with this energy striking the
matrixwhoseatomsareboundby few meVwill producea lot of damage,canvaporizehundreds
of atoms,penetratedeepinto thematrix [81], andreactwith impuritiesandotherspeciespresent
in the solid [101], thusdefeatingthe major aim of matrix isolation. Final problemlies in the
spacecharge resultingfrom accumulationof thechargedspeciesin thenonconductingraregas
matrix [25]. Thismayresultin strayelectricfieldsdeflectingthemolecularion beamandfurther
complicatingtheion deposition.

In spiteof theproblemsoutlinedabove, therehasbeenin the lastdecadea steadyprogress
in this field, indicatingthat theproblemsarenot insurmountable.Severaldifferentgroupshave
reportedsuccessfuldepositionof massselectedions andobservationsof their spectra[81, 82,
85,86, 25, 100,116, 117],andin particularthetrailblazingexperimentsof MAIER andhisgroup
[23, 102, 103] havedemonstratedthattheproblemscanbesolved.

We have now constructedan apparatusfor massselectedion depositionin our laboratory,
which is in many respectsimilar to thesuccessfuldesignof MAIER andcoworkers.Thesubject
of the presentchapterwill be someinterestingresultsandinsightsobtainedin the first exper-
imentsusingthe new apparatusinvestigatingindividual isotopicspeciesof the CS�� andC� F��
cations.

7.2 Experimental

As notedabove, the apparatusconstructedin our laboratoryhasfeaturessimilar to that of the
Maiersgroup,andit is describedin detail in section2.4. Theion sourcein our experimentcon-
sistssimplyof a12mmSwagelokT piece.Theprecursorgasflowsthroughthecollinearsections
and50W of 2.45GHzmicrowavepowerareappliedto aneedleelectrodelocatedin theperpen-
diculararm.Thepressurein thesourcechamberevacuatedby a360l/s turbo-molecularpumpis
10��� -10��� mbar. To improve theconfinementof thechargedspeciesproducedin thedischarge,
we usethe magneticfield from a ring shapemagnetsurroundingthe Swagelok. The sourceis
typically heldat +20 V, andthe discharge productspassthrougha grid andareacceleratedto-
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wardsa 2 mm skimmerheldat -20 V. Sincebothcw experiments,aswell asexperimentswith a
pulsedlaservaporizationsourcewereforeseenin our apparatus,wehaveoptedfor aquadrupole
massfilter which,unlike for instanceTOF, allowsbothmodesof operation.

The ionsproducedin thesourcepassthrougha skimmer, arefocusedusinganeinzellense
anddeflected90� in a quadrupoleelectricfield. Dependingon polarity, the ionic speciesare
eitherdeflectedtowardsa Faradaycup,permittingto measurethetotal sourceion current,or in
the oppositedirection, to be focusedby a secondlense,L2, onto the entranceapertureof the
quadrupolemassfilter. Theneutralsjet remainsundeflectedandis pumpedby a second360l/s
turbo-molecularpump.

Themassselectionis accomplishedwith amodifiedcommercialtriple stageHIDEN HAL/3F
quadrupolefilter with 12 mm rods,which hasa specifiedmassrangeof up to 500 amu,anda
betterthanunit massresolutionthroughoutthis range. Thereis a trade-off betweenresolution
andtransmissionwhichis 10%,but canbemadehigherby sacrifyingresolution.Thequadrupole
massfilter wasfitted with 7 mm entranceandexit apertures,andis differentiallypumpedby a
150l/s pump.

Following massselection,theion beamis directedtowardsthematrix substrateby meansof
a furthereinzel-lensL3. Thesubstrate,a silver coatedcopperplate,is cooledby a LEYBOLD
RDG580closed-cycle refrigeratorto 7-8K. Theion beamis depositedon thesubstratesimulta-
neouslywith thematrix gas,neonin thepresentcase.In orderto maintaintheoverall neutrality
of thematrix, andavoid building up spacechargesandstrayfields, the matrix wassprayedby
electronsfrom a hot tungstenfilamentheldat negative potentialsof up to �¡ ;¢¤£¦¥¨§ª©¬«®­N­ V. We
experimentedwith alternatingthe ion andelectrondeposition,but in the endcontinuousoper-
ation provedto be mostefficient, with optimal resultsbeingobtainedwith theelectroncurrent
beingmaintainedat aboutfive timestheion current.

In orderto optimizetheexperiment,theability to measurethe ion currentis essential.For
this purpose,oneFaradaycuppermittingmeasurementof the total ion currentis locatedin the
deflectionchamber. A seconddetectorcloseto the cold surfaceallows measuringthe mass
selectedion current.TheweakcurrentsareamplifiedbyaFEMTODLPCA 100currentamplifier
anddigitized in the quadrupolecontrol unit. Currentsaslow as100 fA canbe easilydetected
andwe obtainmassspectrawith S/N betterthan10000:1.With themassfilter setto thedesired
mass,all theexperimentalparameterscanbeadjustedfor maximumcurrent.With ourmicrowave
dischargesourcewecouldproducefor bothCS�� andC� F�� mass-selectedcurrentsof upto 2 nA.

After deposition,thematrix is rotated120̄ andthenthematricesarecharacterizedspectro-
scopicallyusinga BRUKER IFS 120HR Fourier transformspectrometer, equippedwith beam
splittersanddetectorsfor the500- 30000cm��� spectralrange.IR absorptionspectraaremea-
suredwith a liquid nitrogencooledMCT (mercury-cadmiumtelluride)detectorataresolutionof
0.06cm��� , whereasall otherspectrawererecordedwith 0.5 cm��� resolution.Laserexcitation
spectraaremeasuredusinganAr � laserpumpedandpowerstabilizeddyelaseroperatingwith a
stilbene-3dye.Thetotalemissionof thesampleis detectedwith aPMT (andappropriateoptical
filters) connectedto a lock-in amplifier. Laserinducedfluorescencespectraaremeasuredwith
theFT spectrometerusingthesamedetectorat a resolutionof 0.5cm��� .
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7.3 Resultsand Discussion

In our initial experimentswehaveinvestigatedseveralionswhosematrixspectraarewell known
from previousstudies.To producetheions,wehaveemployedamicrowavedischargethrougha
low pressureprecursorgaseitherpureor dilutedwith an inert buffer gas. In thefirst place,the
massspectrumof theionsemanatingfrom thedischargewasrepeatedlyrecorded,andthesource
conditionswereoptimizedfor theion of interest.

7.3.1 The CS°± Cation

A typical massspectrumobtainedusing CS� is presentedin the Fig. 7.1a, which shows the
ion currenton a logarithmicscaleagainstthe selectedion mass.After someoptimization,the
strongestpeakis indeedtheparention, CS�� , accompaniedwith ��� C and ��� S isotopicsatellites.
Also presentis anumberof easilyidentifiablefragments,in particularS� , CS,S,andC.Typically
themostintensemasspeaksfrom thesourcecorrespondedto anion currentof about1-2 nA.
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Figure7.1: Massspectraobtainedfrom ourmicrowavedischargesourcefor theionsinvestigated
in this work: CS�� (a) andC� F�� (b).

In the small insetof Fig. 7.2 we presentan infraredspectrumof a sampleresultingfrom a
3h depositionof 1.5nA currentof ion mass76 amu.In spiteof thenearlya factorof 10 shorter
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depositiontime thanin theexperimentsof Leroi et al, a weaksharppeakat 1206.92cm��� , very
closeto the1207.1cm��� frequency assignedby themto the ¸ � asymmetricstretchingvibration
of CS�� in solidneon[101], is clearlyobservablein thespectrum.In contrastwith theirstudy, we
find in oursampleslittle evidenceof eithertheCSfragmentat1273.7cm��� , or of theCS�� anion
at 1159.4cm��� . If presentat all, their concentrationsrelative to thatof theCS�� cationmustbe
at leasta factorof tenweaker thanin theearlierexperiments.We have thereforeno information
as to the identity of the negatively chargedspeciesmaintainingneutralityof the matrix. The
absenceof CS suggeststhat dissociative recombinationwith of the CS�� cation with electron
doesnotoccurto any appreciableextentin our study.
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Figure7.2: Partialexcitationspectraof themass-selected��� C�0� S�� (a)and �0� S��� C��� S� (b) ionsin
solid neonmatrices.Theinsetshows theinfraredabsorptionspectrumof theformerion.

The presenceof CS�� is then unambiguouslyconfirmedby the laserinducedfluorescence
experiments.Fig. 7.2ashows a total excitationspectrumof the matrix obtainedby scanninga
laserdirectedonto thematrix sampleover thespectralrangeneartheorigin of thewell known
A ��¿ÁÀÃÂ X ��¿ � CS�� transition Ä 47,48Å . The spectrumshows clearly the (0,0,0)origin bandat
21010.57cm��� , aswell asseveralexcitedvibrationallevels,the(1,0,0),(0,2,0)Fermiresonance
doubletat 21567.27and21628.72cm��� , andthe(2,0,0)level at 22101.0cm��� .

The remaining,andmost importantquestionwhich hasto be answeredis whetherthe ob-
served CS�� arereally dueto the ion deposition,or whetherthey could be dueto neutralCS�
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from thesourcereachingthematrix, andbeingionizedby theelectronsfrom the tungstenfila-
ment,or by theionsfrom themolecularbeam.This questionis unambiguouslyresolvedby the
Fig. 7.2b from a separateexperiment,wherethe massfilter wastunedto mass78 ratherthan
76,anda currentof 0.15nA depositedagainover 3 hours.Oneobtainsa spectrumvery similar
to Fig. 3a,but with thebandsdistinctly shiftedto 21011.05,21562.05,21622.50,and22092.46
cm��� . Theseareclearlyattributableto the ��� S��� C�0� S� molecularion presentin anaturalisotopic
abundancein our sample.

( ¸ � ,̧ � ,̧ � ) �0� S��� C�0� S� �0� S��� C�0� S� �0� S��� C�0� S� ��� S��� C�0� S�
from Ref. [195] this work

(2,0,0) 22063 22114 22101.1 22092.5
(0,2,0) 21601 21639 21628.7 21622.5
(1,0,0) 21541 21578 21567.3 21562.0

(0,0,0) 21011 21016 21010.6 21011.0

(1,0,0) 20402 20398 20392.9 20398.5
(0,2,0) 20325 20318 20312.9 20317.4
? 19935.7
(2,0,0) 19809 19792 19788.3 19797.4
(1,2,0) 19710 19700 19695.6 19710.1
(0,4,0) 19627 19600 19595.4 19604.2
(3,0,0) 19218 19188 19202.1? 19197.2?
(2,2,0) 19101 19082 19076.6 19094.3
(1,4,0) 19019 18996 18992.7 19009.0
(0,6,0)? 18912 18863.0
(0,0,2) 18671 18598 18592.8 18598.6
(1,0,2) 18080 17994.2 18006.0
(0,0,4) 16170.3
(1,0,4) 15589.7

Table7.1: Observedbandsof mass-selectedCS�� in solidneon.

A resolvedfluorescencespectrumof CS�� is shown in Fig. 7.3, anda similar spectrumwas
alsorecordedfor theisotopic ��� S��� C�0� S� cation,with theobservedbandsandtheir assignments
listedin theTable7.1.Themeasuredfrequenciesarein generalin goodagreementwith previous
studies,but in view of the highersignal to noisein the presentwork, a numberof new bands
wasdetected.Themostprominentfeaturesin the emissionspectrumare“Fermi polyads”due
to thenearresonancebetweeņ � and2̧ � . While theassignmentsof thefirst two polyads,that
is the resonant(1,0,0),(0,2,0)levelsandthe levels involving the 2̧ � overtone:(2,0,0),(1,2,0)
and(0,4,0)arequiteunambiguous,for thehigherovertonesthespectrabecomemorecomplex,
andmorelevelsaredetectedthanexpected.Someof this complexity probablyarisesfrom the
Renner-Teller splitting in thedegenerateX ��¿ � state,or is causedby additionalresonancesin-
volving the ¸ � asymmetricstretchingmode.
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Figure 7.3: Laser inducedfluorescencespectrumof the mass-selected��� C�0� S�� molecularion
excitedat 21567cm��� (1,0,0).

A strongbandat 18592.98cm��� is clearly theovertoneof theasymmetricstretchingvibra-
tion, yielding a valueof 2̧�Æ Æ� =2417.75cm��� . This bandis againorigin of a seriesof polyads
dueto combinationswith ��Ç Ç� and2��Ç Ç� . Combiningthe frequenciesof 2� � ” = 2417.80and4� � ”
= 4840.30cm��� , one can deducethe molecularconstantvaluesof È � ” = 1207.14and x �0� =
-0.5875. The asymmetricpotentialdisplaysnegative anharmonicity, that is the level spacing
increaseswith thevalueof thevibrationalquantumnumbeŗ . This is usuallyattributedto the
presenceof a quartic term in the potentialenergy expression,andonetreatsthe energy levels
in termsof eithera harmonicoscillatorwith a perturbingquarticterm,or morecommonlyasa
mixedharmonic-quarticoscillator, wheretheconstantÉ changesfrom 0 to 1 asonegoesfrom a
pureharmonicto apurequarticoscillator

ÊÌË §ÎÍ �¡ÏÎÐ5Ñ ©ÒÉ!ÓFÔ �ÕÏ É �5Ö�� Ô � (7.1)

By settingupthe Í and Ô matricesin aharmonicoscillatorbasisset,onegetsfrom theobserved
2� � ” and4� � ” levelstheconstantÉÌ§Î­
×Ø­N­®Ù�ÚN«KÙ . In eithercase,eitherusingtheMorseoscillator,
or mixedharmonic-quarticoscillatoronecancomputeanalmostidenticalvalueof thevibrational
frequency � � = 1208.31cm��� . Examinationof the infraredabsorptionspectrumin this region
revealsa weak, sharpbandfairly closeto the computedfrequency, at 1206.92cm��� , which
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disappearsuponannealingof thesample.
In Table7.1 we alsolist the frequenciesmeasuredfor the isotopic ��� S��� C�0� S� ion. In the

previous studiesboth normal ��� C�0� S�� as well as the isotopic ��� C�0� S�� ions were investigated
[196, 195]. Basedon the isotopicshifts it wasconcludedthat in bothelectronicstatesinvolved
in the transitionthe � � and2� � levelsarealmostperfectlymixed. While onewould expectthe
symmetricstretchingvibration � � to exhibit no ��� C isotopicshift, ÛÝÜ 1.0,while for � � anisotopic
parameterÛÞÜ 1.034canbe predicted,both � � and2� � exhibited almostidenticalshifts just in
themiddlebetweenthesetwo values.Basicallythesameconclusioncanbemadein thepresent
work basedon the observed ��� S isotopicshifts. Strictly speaking,��� S��� C�0� S� is no longer a
symmetricD ßkà molecule,and thereforealso the odd overtones,for instancethe � � and 3� �
levelscouldin principleappeardirectly in thespectrum.Unfortunately, dueto therelatively low
isotopicabundanceof ��� S thespectraof themixedisotopomerexhibit a somewhatlower signal
to noiseratio,andtheselevelswerenot detected.

7.3.2 The C á F °á Cation

Anotherpreviously well known ion which we havenow investigatedwith our new experimental
apparatusis C� F�� , the hexafluorobenzenecation. It is known that it possessesa fully allowedâ Â âäã transitionin thevisible,andis known to fluorescein matriceswith closeto unity quan-
tum yield [122]. To producethe ion, we have againemployeda microwave discharge through
a pureparentC� F� at a pressureof about10��� mtorr. Oneof theproblemsof suchapproachis
theextensive fragmentationof theparent,resultingin averycomplex massspectrum.As shown
in Fig. 7.1bafter optimizationthe parention is the strongestpeakin the spectrum,but a large
numberof fragmentsandotherreactionproductsis observed,with justaboutany Cå F�Ë ion with
n andm rangingup to at least8 beingpresent.

In Fig.7.4wecompareanabsorptionspectrumof asampleresultingfrom 4 h depositionwith
themassfilter setto 186amuwith thecorrespondingexcitationspectrum.Thiswasobtainedby
monitoringtheintensityof thesamplefluorescence,andscanningtheexciting laserin this spec-
tral region. A very strongemissionclearlyattributableto C� F�� is indeedobserved,but boththe
absorptionandlaserexcitationspectraexhibit someinterestingdifferenceswhencomparedwith
the previous studies,wherethe cationwasproducedby in-situ 1216Å Lyman-æ vacuumUV
radiationphotoionizationof theparenthexafluorobenzene.While thephoto-ionizedspectraex-
hibitedessentiallyasinglesiteandanarrow inhomogeneousdistribution,theion-beamdeposited
samplescontain,besidesthe“major” C� F�� siteA with origin at21551.77cm��� , numerousother
sites,whichexhibit appreciablespectralshifts,bothto higherandlowerenergies.

Sometime agowe have similarly comparedspectraof several ionic speciespreparedin our
laboratoryby in situ photolysisof theparentneutralsin neonmatrices,with thecorresponding
speciesdepositedby Maier andcoworkersfrom massselectedion beams[104, 105]. While the
ionizationproducedmatricesyieldingwell defined,sharplines,theion beamdepositionresulted
in broad,structuredbandswith widthsexceeding150cm��� . We haveat thattime explainedthis
differenceby inhomogeneousbroadening,dueto damageto theneonmatrixcausedby theimpact
of the energetic, Ü 60 eV ions. The presentinvestigationseemsto confirm this interpretation.
While thein situ photolysisproducesa singlesitewith origin at 21551.77cm��� , eventhoughin
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Figure 7.4: Laserexcitation (top) and absorption(bottom) spectraof the hexafluorobenzene
radicalcation,C� F�� . Besidesthe bandsdueto the “main” site A, notethepresenceof several
additional,spectrallyshiftedsites.

ourcasetheenergy of theionsis believedto be Ü 20eV, theirdepositionresultsin aboutadozen
discretesites,whoseorigins spana rangeof morethan200 cm��� , from 21409.43to 21640.44
cm��� . In oneexperiment,ontheotherhand,wheretheenergy of thedepositedionswaslowered,
thesubsidiarysitesalmostdisappeared,andthe“main” sitewhichwasobservedandinvestigated
in thepreviousstudieswasdominant.

Mode from Ref. [122] SiteA SiteB SiteC

��Æ� 540 537.4 537.5
�íìÆ �ïî 426 422.5 420.8 424.0
��Æ��ð 265 263.9 263.2 263.5

0-0X � 21558 21551.8 21565.3 21607.0

0-0X � 32.8 46.1
� ��ð 289 288.8 294.7 296.9
� ��ð ¥ 305.0 308.3
� �ïî 417 417.2 432.8 440.9
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Mode from Ref. [122] SiteA SiteB SiteC

� �ïî + � ��ð 498 497.9 500.9 503.0
2� ��ð 508 508.8

529.9 528.6 541.1
� � 554 553.1 553.6 554.7

560.3 560.4 560.5
567.2

� � X � 585.5 599.1
688.2 710.2 707.6ñ � ��ð 699 698.5 721.9 731.4

759 758.4
770 770.0

«N� �ïî 797 797.3 814.7 816.2
801.2 823.8

826 825.9
830.1

� � + � ��ð 843 842.6 848.9 851.9
� � + � ��ð ¥ 859.0 862.7
4� ��ð 919 919.3
� � + � �ïî 972 971.2 986.8 995.4
� � + 2� ��ð 1052 1052.0
2� � 1107 1106.5 1107.0 1108.5
2� � X � 1141.0 1153.1
� � � 1226 1225.0 1246.5
� � + 3� ��ð 1253 1252.2 1274.8 1286.2

1280 1278.8
1310.1

� � + � �ïî + 2� ��ð (?) 1324
� � + 2� �ïî 1352 1350.7
2� � + � ��ð 1397 1396.0 1402.3
2� � + � ��ð ¥ 1412.5
� � + 4� ��ð 1474 1473.3
2� � + � �ïî 1526 1524.9
2� � + 2� ��ð 1605 1604.6
3� � 1661 1659.6 1660.2 ?

1682 1681.4
� ��ò 1698 1694.1 1696.2 1706.6

1734 1732.9
1805 1805.2

1966.5
2172 2165.2
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Mode from Ref. [122] SiteA SiteB SiteC

2220 2219.9
� ��ò + � � 2250 2248.9

2281.6
2432

Table7.2: Observedtransitionsof C� F�� in solid neon.All valuesin cm��� .

In Table 7.2 we list the observed transitionsof C� F�� both for the “main” site A, aswell
as for the two strongest“new” sitesB andC, which areblue shiftedby 12.9 and55.3 cm��� ,
respectively. In Fig. 7.5, a comparisonof the spectraand frequenciesof the “main” site A
with thoseof thenew sitesB andC reveals,thatwhile theprogressionin thetotally symmetric
mode, � � , is essentiallyidenticalfor thethreesites,andalsoidenticalwith theknown gasphase
frequencies,the other levels involving the Jahn-Teller active modes� ��ð and � �ïî [197] exhibit
strongperturbations.Thusthe 288.8cm��� � ��ð level, is in both of the strongestperturbedsites
split into two components,bothof themblueshiftedto about295and305cm��� , respectively.
Similarly, � �ïî which occursat 417.2cm��� in themainsiteis shiftedto 432.8and440.9cm��� in
the two othersites. This appliesalsoto their combinationandovertonebands.In general,the
vibrationallevelsinvolving theJahn-Teller activemodesarein all thenew sitesstronglyshifted
andsometimessplit in several components,and new absorptionsappear. Also the 0-0 band,
andeachof thebandsof thestrong,totally symmetric� � progressionwhich is seenup to v � =3,
exhibit in thespectraof thenew sitesa broadersatelliteband,shiftedin emissionby Ü 33 and
46 cm��� , respectively.

A tentativeinterpretationof theseobservationsis thatwhenproducedby in situphotolysisof
theparent,theC� F�� cationis in anunperturbedsitewith relatively highsymmetry. When,how-
ever, theion is depositedin thematrix from thegasphasewith kineticenergiesof Ü 20eV, lower
symmetrysites,perhapswith nearbyvacancies,areproducedandpopulated,which stronglyaf-
fect the Jahn-Teller distortion,perturbthe relatedvibrationalstructure,andrelax the selection
rules.An interestingquestioninvolving thedoublydegenerategroundstateof C� F�� andsimilar
cationsis themagnitudeof thespin-orbitsplitting. Severaloldertheoreticalworkssuggestedthat
this is probablysmall[198], but thereis little a priori evidenceonthispoint. Comparedwith the
spinorbit constantsin a numberof small compoundsof first row elements,theobserved33-46
cm��� separationof the two componentsof the origin band,aswell asof the othertotally sym-
metric levelswould seemto beof the right orderof magnitudeto beassignedto thespin-orbit
splitting of thedegenerateX � E ��� groundstateof theC� F�� cation.

If oneacceptsthis assignment,thenconsideringthat themagnitudeof thesplitting changes
by some30% betweenthe two sitesexamined,the questionarisesas to how muchof this is
intrinsic, free C� F�� splitting, andhow much is due to the asymmetricenvironment. In other
words,onemightaskif oneseesanextracomponentbecausetheselectionrulesarerelaxed,and
a level which is not accessiblein a symmetricsite becomesvisible whenthe site symmetryis
lowered,or becausethe initially degenerateandunresolvablelevelsweresplit by theasymme-
try. An unambiguousanswerto this questionwill requireadditionalstudy. It shouldbe noted,
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Figure7.5: Overview of the LIF spectrumof the main site A comparedwith thoseof two of
the “perturbed”sites,denotedB andC. For easeof comparison,thespectraof thesesiteswere
shiftedto make the 0-0 origins overlap. Note the splitting of the spectrallines, aswell asthe
presenceof broadersatellitebandsnearthe0-0origin andothertotally symmetricbands.

thatthespin-orbitsplittingwasneglectedin mostprevioustreatmentsof thesubstitutedbenzene
cations.Strictly speaking,however, thespin-orbitandJahn-Teller interactionsarenot indepen-
dentof eachother, andif bothsplittingsarenon-negligible,bothwouldhaveto besimultaneously
consideredin a rigoroustreatmentof theX � E ��� groundstatevibrationalstructure.

Jahn-Teller Effect in the BenzeneCation and its Symmetrically SubstitutedHomologues

Halogenatedbenzenesrepresenta groupof compoundswhoseradicalcationshave beenexten-
sively studiedby matrix spectroscopy [199, 122]. Simple Hueckel Molecular Orbital theory
shows that the unhybridizedp electronson the six carbonatomsof the benzenegroundstate
occupy ana� À anda doublydegeneratee��� binding molecularorbital, yielding a stable,closed
shellstructure.In thecationoneof theelectronsfrom thehighestoccupiede��� molecularorbital
(HOMO) is missing,resultingin a doublydegenerateX � E ��� groundstate.A â © â promotion
of oneof thea� À electronsinto thee��� orbital yieldsa low exciting B � A � À electronicstate,and
representsthe lowestenergy fully allowedelectronictransitionof the cation. In benzeneitself
anotherelectronicstateresultingfrom promotionof oneof the ø electronslies below the � A � À
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state,andprovidesa"gatewaystate"for its non-radiativerelaxation,thatis its interactionresults
in severebroadeningof theB stateandshorteningof its lifetime. When,however, at least2-3
hydrogenatomsonthebenzenering aresubstitutedby halogens,theenergy neededfor the â © â
relative to the øù© â excitationis loweredto theextentthattheB � A � À statebecomesthelowest
excited electronicstate. The pathway for its non-radiative relaxationis closed,the spectrabe-
comesharp,andthe radicalcationsfluorescewith nearunity quantumefficiency, andcanthus
beconvenientlyinvestigatedby laserinducedfluorescence.

Figure7.6: Normalvibrationsof anX � Y � moleculewith D � à symmetry. FromRef. [45]

As we explainedin previous publications[122, 197], the emissionspectrumshows clearly
thedistortionof the ion dueto Jahn-Teller effect. While in a symmetryallowedtransitionof a
moleculewith a D � à symmetryonly thea� modes� � and � � shouldappear, mostprominentin
thespectrumareactuallyvibrations � ��ð , � �ïî , � � � , and � ��ò (seeFig. 7.6)– preciselythemodesof
e��� symmetrywhich accordingto theoryshouldbecomeactive, if thegroundstatesymmetryis
loweredfrom D � à to D � à . Thepresenceof Jahn-Tellereffect is thenconfirmedby analysisof the
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resolvedemissionspectra,which unlike theabsorptionspectraappearquiteirregularanderratic
– they reflectthevibrationalstructureof thedegenerategroundstatedistortedby theJahn-Teller
effect.

Local SiteSymmetry and SpectroscopicSelectionRules

Interestinginsightscanbe gainedby comparingthe spectraof the ions in differentsites. Or-
dinarily, suchspectraappearto be almostidenticalexceptof a uniform shift of all the bands,
correspondingto slight differentialshifts in theenergiesof theelectronicstatesinvolvedin the
transition. Also in the presentcaseof C� F�� , the absorption-laserexcitation spectrashow just
suchaneffect, theresolvedfluorescence,however, exhibitsbesidestheusualuniformshift of all
bands,additionalchangesin thespectrum,reflectingchangesin thevibrationalstructureof the
X � E ��� groundstate.As notedpreviously, thestructureof this stateis distorteddueto theJahn
Tellereffect,andwhile theexcitationspectrum,reflectingthestructureof theupperB � A � À elec-
tronic stateconsistsof regulararraysinvolving severalnearlyharmonicvibrationalfrequencies,
theemissionspectrumlacksthis regularity, with only a progressionin thetotally symmetrica���
mode � � , the"ring breathing"frequency, beingclearlyrecognizable.

The bandsof this progressionareobservableat leastto � � =2, and they areshown for the
main site A in Fig. 7.7, and comparedwith the correspondingsectionsof the spectrain the
subsidiarysitesB andC in thelowerpanels,whosefrequency scaleshavefor clarity beenshifted
in frequency by 12.9and55.3cm��� , sothatthe0-0bandsoverlap.Onecanclearlyseethatwhile
for themainsiteasinglesharpbandis observedfor eachvalueof � � , in thepanelsB andC each
bandhasa broadersatelliteshifted Ü 34 and Ü 45 cm��� , respectively, towardslower energies.
This suggeststhe presenceof a very low lying level above the vibrational level of the ground
stateaswell asabove eachexcited � � ” level. Theseenergiesareway too low to correspondto
anintramolecularvibrationalmodeof the ion, andsurelytoo high to correspondto its rotation.
While, in principle,thepossibility that this modecouldcorrespondto a "translational"modeof
theion, it is significantthatsimilarly shiftedsatellitesarenot observedfor theother, non-totally
symmetricvibrationallevels.

As notedabove, thegroundstateof thecation,X � E ��� , is a doubletstate,whosespin orbit
splitting is unknown. While a few theoreticalworksdiscussingthis problempredicteda smaller
splitting betweenthefinestructurecomponents,theobservedvalueis of thesameorderof mag-
nitudeas,for instance,thefine structureconstantA úM§ûÚNÚ�× Ñ «¨©ü­
×ØýOþNþH¸ Ï ­!×ÿ­N­NþNÚH¸ � (in cm��� )
observedin theX ��¿ groundstateof diatomicCF [200]. This raisesthepossibilitythattheextra
level detectedin thesubsidiarysitesis dueto thehigherspinorbit componentof thegroundstate.
Hereagaintwo possibilitieshave to beconsidered.Eitheris theforbiddentransitionin themain
siteA too weakto beobserved,but becomesallowedin the"perturbed"sitesB andC, or is the
splittingin themainsitetoosmallto beresolved,but theneardegeneracy is split in thesesites.In
eithercase,thespin-orbitsplitting interpretationis consistentwith thebroaderappearanceof the
satellitebands.In almosteverycasewherespin-orbitsplitting in multipletstatesin matriceswas
observed,thehigherlevel wasbroadenedasa resultof fastnon-radiativerelaxationinto phonon
statesbuilt uponthethelevelsof thelowerspinorbit component.

In eithercase,themostlikely causeof this differencebetweenthe"main" and"subsidiary"
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Figure7.7: Detail of the LIF of C� F�� showing the total symmetricvibration � � in the doubly
degeneratedelectronicgroundstateX � E ��� .

sitesis the local geometryand symmetry, and it is of interestto considerfrom this point of
view the likely natureof the trappingsite. The lowest energy structureof rare gassolids is
experimentallyknown to beFCC,but neutronscatteringstudieshave suggestedthatgasphase
depositedsamplecontainbothFCCandHCPregions,with thepresenceof impuritiesfavoring
thegrowth of theHCPabundance.In eithercase,thestructureconsistsof identicalplaneswith
hexagonallyarrangedraregasatoms,with thedifferencebetweentheHCPandFCCstructures
beingonly in thearrangementof theseplanes.Consideringthenearestneighbordistancebetween
two neonatoms,andthe geometryof the C� F� molecule,it appearsthat the mostnaturalway
to accommodatethe guestis to replaceseven neonatomsin oneof theseplanes,asshown in
Fig. 7.8,yielding in eachcaseasiteof relatively highsymmetry. Thesitewill exhibit in anHCP
latticeahexagonalD � à local symmetry, while in thecaseof FCCit will beD � � with a three-fold
improperrotationaxisandacenterof inversion.

In thecaseof thein situ producedions,thegeometryof thesiteis unlikely to changeduring
thephotoionizationprocess.Wesuggestthatthesymmetryin thesubsidiarysites,resultingfrom
thedepositionof theenergeticionsfrom theion beamis loweredasaconsequenceof thedamage.
Theexactnatureof thesite is unknown, but it maysimply be anadditionalvacancy, that is an
additionalmatrix atommissingin theimmediateneighborhoodof theisolatedion. Thelowered
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Figure7.8: TheC� F�� cationembeddedin a neonmatrix in asitewith highsymmetry.

symmetryhaslittle effect upon the intramolecularvibration - the valuesof the � � vibrational
frequenciesandtheir overtonesareto within about1 cm��� identicalin all the threesites,but it
appearsto affect theselectionrules,andalsoinfluencesthespinorbit splitting betweenthe1/2
and3/2 components,sincecomparisonof theB andC sitesyieldsconsiderablydifferentvalues
of Ü 33 and45cm��� , respectively.

Effect of Siteson the Jahn-Teller Distortion

As noted in the above section,the frequenciesof the totally symmetric � � mode,and of its
overtonesarebasicallyunaffectedby the changesin the trappingsite andits symmetry. Quite
different is the behavior of the Jahn-Teller active e��� vibrational modes,as is exemplifiedby
Fig. 7.9. Herethe top panelshows sectionsof the fluorescencespectrumof C� F�� in the main
"unperturbed"siteA. As shown in theright handsection,easilyidentifiablein emissionarethe
lowestfrequency e��� modes� ��ð = 288.8cm��� , � �ïî = 417.2cm��� , with severalbandspreviously
shown to bedueto their combinationsandovertonesbeingpresentat higherenergies.An iden-
tical patternof bandsis thenrepeatedbuilt uponthetotally symmetric� � level, aswell asupon
its overtones,asshown in thetwo spectralsectionsfurthertowardstheleft.

Thebottomtwo spectrathenshow thecorrespondingsectionsof thespectrain theperturbed
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Figure 7.9: Detail of the LIF of C� F�� showing the Jahn-Teller active modes � �ïî and � ��ð in
combinationwith � � .

subsidiarysitesB andC, which have againbeenshiftedby the appropriateamountsneededto
make the 0-0 origin bandsof all the sitescoincide,to make moreapparentthe changesin the
vibrationalstructure.It is immediatelyvisible that in theplaceof the � ��ð level now appeartwo
bands,bothof themshiftedto higherenergiescomparedwith themainsite frequency. Thetwo
bandsareat 294.7and305.0cm��� in thesiteB and296.9and308.3cm��� in siteC. Similarly
alsothe � �ïî modeis blue shiftedfrom its 417.2cm��� frequency in the main site to 432.8and
440.9cm��� in theB andC sites,respectively. Thesamespectrallyshiftedbandpatternsareagain
repeatedin combinationwith � � and2� � , asclearlyvisible in theFigure.

In previous studiesof halogenatedbenzeneradicalcationsit wasalreadynotedthat while
the groundstatestructuresin neonmatrix arevery similar to the structureobserved in the gas
phase,the shifts and perturbationsof the Jahn-Teller active modesand levels were distinctly
larger thanthoseof the levelsnot involvedin thedistortion,asin thepresentcaseof thetotally
symmetrica� � � . Thepresentstudyof theeffectof sitesgivesadditionalevidencedemonstrating
this sensitivity of theJahn-Tellerdistortionto local environmentandits symmetry.
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7.4 Conclusion

In thepresentmanuscriptpreliminaryresultsarepresentedwhichareobtainedwith anew appa-
ratusfor depositionof massselectedions in low temperaturematrices.With this apparatuswe
obtaininfraredandvisible absorption,aswell asfluorescenceandfluorescenceexcitationspec-
traof massselectedions.Wedemonstratethesuccessfulandcleanmassselectionby presenting
spectraof samplesobtainedby depositingtheisotopic ��� S��� C�0� S� ion in naturalisotopicabun-
dance. Experimentswith C� F�� demonstrate,that depositionof ions with high kinetic energy
from thegasphase,producesquitedifferentinhomogeneousline profile,andresultsin a variety
of “perturbed”sites,presumablydueto nearbydefectsandvacancies.Theemissionspectraof
the perturbedsitesarecharacterizedby appreciableshifts anddoublingof the vibrational lev-
els of the degenerateX � E ��� groundstate,which may be dueto combinationof the spin-orbit
splitting andtheJahn-Tellereffect.



Summary and Outlook

In thescopeof this thesis,a new apparatusfor thedepositionof mass-selectedions in low tem-
peraturematriceswasconstructed.The successfulandcleanmass-selectionwasdemonstrated
by presentingspectraof samplesobtainedby depositionof isotopic ��� S��� C�0� S� cationsfrom a
dischargesourceusingCS� in naturalisotopicabundanceasprecursor. With thenew apparatus,
infraredandvisibleabsorption,aswell aslaser-inducedfluorescenceandlaserexcitationspectra
areobtainedfrom mass-selectedandmatrix-isolatedions. Experimentswith the C� F�� cation
demonstratedthat thedepositionof ionswith high kinetic energy from thegasphaseresultsin
a varietyof perturbedsites,presumablydueto nearbyvacanciesandlatticedefects,producinga
differentinhomogeneousline profilecomparedwith in-situexperiments.Theeffectsof ion beam
deposition,like fragmentationor matrix damage,werediscussedin detailandtheconcentration
of mass-selectedionsin raregasmatriceswasexaminedquantitatively.

Unfortunately, the original purposeto coupleour remarkablysuccessfullaservaporization
sourcewith themass-selectionapparatuscouldnotbeachievedsincethesourceemittedtoo low
averageion currentsfor spectroscopicalinvestigations.For futureexperiments,it is thusplanned
to applyfor anew vaporizationlaserwith ahigherrepetitionrateallowing sufficient ion currents.

Parallel to the planningandimplementationof the new mass-selectionapparatus,research
wascontinuedusingtheold, conventionalsetupwith themostinterestingresultsbeingpresented
in this thesis:New insightsinto thevibronicstructureandrelaxationof tungstenoxides,aswell
as the photodissociationof hydrogenhalidesand, connectedwith that, the formationof new,
neutralraregascompoundsin solid neon.

Absorptionandfluorescencespectraof WO andWO� in thespectralrangefrom IR to near
UV have beeninvestigatedidentifying several,previously unknown electronicstatesof WO in
thenearinfraredrange.Besidesfluorescencefrom theknown visible electronicstates,emission
from the low lying electronicstatesin the nearinfraredandextensive groundstatevibrational
emissionwasobserved, providing a wealthof spectroscopicinformationwith nearlyunprece-
dentedaccuracy for a matrix molecule. The interestingrelaxationpathways of WO suchas
inter-electroniccascadeprocesses,which areleadingto theseemissions,werediscussedin de-
tail.

IR absorptionspectraof hydrogenhalidemonomers,thestronglyboundoligomers,aswell as
complexeswith theheavy raregasesKr andXe have beenexaminedshowing thatthehydrogen
bondingresultsin a redshift of theboundYH �����X frequency anda considerableincreasein its
intensity. Theinfluenceof thehydrogenbondinguponthehydrogenhalidephotolysisbehaviour
wasdiscussedandthephotolysisproductswereexamined.Annealingof theneonmatricesafter
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photolysisresultedin partialreformationof themonomers,aswell astheformationof thenovel
HXeY compounds.A mechanismfor the formationof theseneutralnoblegascompoundsin
solid neonis proposedand their detectionin the weakly interactingneonsuggeststhat they
shouldbecapableof existenceasfreemoleculesin thegasphase.This conclusionis supported
by ab-initio quantumchemicalcalculations,whichwerealsoperformedfor thetungstendioxide
asacomparisonwith experimentalresults.

Theseresults,which were obtainedwith the old setup,the first resultsof the new mass-
selectionapparatus,aswell assomeadditionalstudiesnot coveredby this thesis,led to a series
of publicationspresentedin thefollowing list of publications.
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2. A.M. Smith,M. Lorenz,J.AgreiterandV.E.Bondybey: "ElectronicStructureof Diatomic
BoronCarbide", Mol. Phys.88, 247-254(1996).
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