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Intr oduction

La perfectionnonestatteinte quandneresterien a ajoutet
maisquandneresterien a enlever.
ANTOINE DE SAINT EXUPERY

Undernormalconditions,molecularions are highly reactve andthusappearonly asshort-
livedintermediatesn chemicalreactions Besidegheir frequentappearancen earthassolvated
ionsin aqueousolutionsthey arefoundin thegasphasdor examplein flameq1, 2] andplasmas
[3], aswell asin higherlayersof our atmospherethe stratospherandtheionospherd4, 5]. In
additionto theseterrestrialoccurrencest is well-known that molecularions play animportant
role in the photochemistrypf comettails [5, 6] andinterstellarclouds[7, 8], with the simpleH;
ion beingthe mostimportantmolecularion in interstellarspace9]. Due to thesewidespread
occurrencesnolecularions have attractednoreandmoreattentionin thelastdecades.

Although massspectometry(MS) allows an easyproof of the existenceof molecularions
andtheir identificationby the mass/chaje ratio, it is more difficult to obtain structuralinfor-
mationaboutthem. To establishgasphasestructuresof ions, techniquedik e collision-induced
fragmentationjon/moleculereactionsjsotopiclabelingandcombinationwith ab-initio calcula-
tionshave beendeveloped10]. Spectoscopyontheotherhand,yieldsdirectinformationabout
the geometryandstructureof the examinedspeciesprovidedthatthey have appropriatdransi-
tionsthatcanbeinducedby electromagneticadiation. The combinationof thesetwo methods,
massspectrometrnandspectroscop thusappearso bethe“Holy Grail” of physicalchemistry
sinceit closeghe gapbetweenvhatmassspectrometristsrantandwhatspectroscopistsando.
This combinationwasfirst introducedin 1978 combiningthe multiphotonionizationof neutral
moleculesandthe mass-selecte detectionof the chagedproductg11, 12] —atechniquewhich
hasevolvednow to extremelysensitve andwidely usedmethoddik e resonancenhanceadnul-
tiphotonionization (REMPI) [13] or massanalyzedthresholdionization (MATI) spectroscop
[14].

To characterizehemicalintermediatesndfree radicalsspectroscopicallythe matrix isola-
tion (MI) method,first introducedin 1954by PIMENTEL [15] and PORTER [16], is frequently
usednowadayg17]. With this techniquethetransientspeciesaretrapped(isolated)in atrans-
parentcryogenicsolid (matrix) andafterwardscharacterizetyy standardspectroscopimethods
rangingfrom infraredto electronicspectroscop To reducetheguest-hosinteractions|ight rare
gasesattemperatures therangefrom typically 4 to 20K arepreferablyusedashostmaterials.
Matrix isolationhasbeenfurther developedin the last decadedo characterizealso molecular
ions. Theions canbe producedeitherin-situ using for exampleUV photoionization[18] or
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4 INTRODUCTION

electronbombardmenf19], or during/beforedepositionusinga pulsedelectricdischage [20]
or laservaporizationto producemetal cationswhich further reactvia chage-transfeiwith an
appropriatgrecursorsubstanceo producethe desiredionic specieg21].

Returningto the desireto couplemassspectrometrywith spectroscoyp the first successful
matrix isolation studiesof mass-selectedationswerereportedin 1989by RIVOAL etal. [22]
and, almostsynchronouslyby MAIER and co-workerstrappingmass-selecte@;, C,N5 and
C,Cl3 in solid neonandmeasuringheir electronicabsorptiorspectraby awaveguidetechnique
[23]. Apparently this MS-MI coupling hasseveral enormousadvantagescomparedwith old,
corventionalM| experimentssinceit allows thereal-timeoptimizationof theion sourceandthe
ion optics,it avoidsdisturbingimpuritiesin matricesandreducegjuest-guesnteractiondy sim-
ply discriminatingthe unwantedspeciesandfinally, it facilitatesthe identificationof unknavn
specieduy providing the massinformation. Although onehasto surmountseveral obstaclego
implementthis methodsuchas fragmentationduring ion deposition[24] or the accumulation
of positive spacechage hinderingthe depositionof furtherions [25], up to now five groups
worldwideare/weresuccessfullyemploying this methodproducingmpressveresultswhichare
summarizedn section2.4.1.

Due to the apparensucces®f this MS-MI coupling, we decidedto enhanceour existing,
conventionalmatrix experimentby attachinga mass-selectiostage.In the scopeof this thesis,
anapparatusvasthusdesignedandimplementedor the matrix isolationof mass-selectebns
mainly consistingof a modified,commercialquadrupolenassspectrometerThe successfuim-
plementatiorof this methodin our laboratoryis demonstratedh this thesisby presentingnew
resultsonthespectroscopof CS} andCsF{ . Thesdonswereproducedn microvave dischage
or electron-impacsourceslevelopedin our laboratoryandfollowing mass-selectiortrappedn
solid neon. Subsequentlythey were characterizegpectroscopicallynainly usinglaserexcita-
tion andlaserinducedfluorescencelt turnedoutthattheion currentsof approximatelyl-10nA
achieved by our sourcesare sufficiently high to obsene visible and even infrared absorption
spectra- methodsvhich areordersof magnituddesssensitve thanlaserexcitationscans.

Additional resultswere obtainedsynchronouslyto the planningandimplementatiorof the
new mass-selectioexperimentby usingthe old setup,with the mosttantalizingresultsbeing
alsopresentedn this thesis. Transitionmetal oxides,which shov an extremelyrich electronic
spectroscop dueto the partially filled d-shellsof the metalatoms,have alsobeenstudied. In
particularfor thetungsternoxidesWO andWO,, new insightsinto their vibronic structurewere
obtained andtheinterestingrelaxationbehaior of WO resultingin intenseinfraredvibrational
emissionwasinvestigated.

In collaborationwith Prof. Rasanerirom the Universityof Helsinki, we performedalsostud-
iesonthe photolysisof hydrogerhalideslike HCI andHBr in neonmatrices. Annealingof such
matriceswhich were additionally dopedwith xenonatomsresultedin formationof the novel,
neutralrare gascompoundHXeCl and HXeBr [26, 27]. The factthatthesenew compounds
exist evenin the weakly polarizableneonervironmentsuggestshat they shouldbe capableof
existenceasfreemoleculesn thegasphase- their obsenationin the gasphasas still lacking—
and appearsas an importantmilestoneleadingto the very recentdiscovery of the first stable
argoncontainingcompoundHArF [28].

The presenthesisis divided in four major parts. The first part startswith anintroductory



chapterdealingwith the theoreticalfoundationssuchas quantummechanicf moleculesand
the effects of isolatinga moleculein matrices,andis followed by a chaptergiving a detailed
descriptiorof theexperimentaketupincludingthemass-selectiogtage.ln thesubsequerparts,
the resultsof this work are presentedeginning with the tungstenoxideswWO and WO, and
followed by the novel HRgY compoundsThelastmajor partreportsthenon new insightsinto
the spectroscop of the CS; andC,F; cationsobtainedwith the nev mass-selectioapparatus
andfinally, thisthesisis summarizec&ndanoutlookonthefuturedevelopmenbf theexperiment
is presented.



Chapter 1

Theoretical Basis

This introductorychapterdealswith the theoreticafoundationswhich arenecessaryor acom-
prehensie understandingf this thesis. To understandhe natureof the chemicalbondingand
with thatthegeometryandstructureof moleculeson a microscopidevel, quantummedanicsis
absolutelynecessaryT hecalculationof electronicandvibrationalstatesof moleculesaswell as
transitionsbetweerthem(selectiorrules),is briefly discussedFinally the effectsof embedding
afreemoleculein asolid matrix ervironment,the matrix isolation, arepresente@ndthe proper
tiesof suitablematrix hostmaterialsaswell asnew relaxationpathwaysfor the guestmolecule,
arediscussed.



1.1 QuantumMechanicsof Molecules 7

1.1 Quantum Mechanicsof Molecules

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

A moleculeconsistingof N electronsand M nuclei,is acomplex mary-bodysystem.Thenon-
relativistic dynamicsof sucha systems quantum-mechanicallgescribedy thetime-dependent
Sarédinger equation[29]:

ih%‘ll(r, R,t) = HU(r,R, 1) (1.1)

where H is the Hamiltonian operatoy equialentto the sum of kinetic and potentialenegy
operators

H=T+ TN+ Veet+ Ven + Van (1.2)
actingon the wavefunction¥(r, R, t) which depend®n the positionvectorsr = (ry,...,rn)
andR = (R4, ..., Ry) of theelectronsandnuclei,respectiely.

Now themaininterestof thischapteiis finding approximatesolutionsof thetime-independent
Schrédingeequationobtainedrom (1.1) by substituting? (r, R, t) = e £ (r, R):

Hy(r,R) = EY(r,R) (1.3)

To solvethis eigervalueequationpnehasto applytheso-calledBorn-Oppenheimeapproxi-
mation whichis centralto quantumchemistry{30]. Qualitatively, sincenucleiaremuchheavier
thanelectronsthey move moreslowly. Hence,to a goodapproximationone canconsiderthe
electrongn a moleculeto be moving in thefield of fixednuclei. Within this approximationthe
secondterm of (1.2), the kinetic enegy of the nuclei, can be negglectedandthe lastterm, the
repulsionbetweemuclei,canbe consideredsconstantTheremainingtermsin (1.2) arecalled
the electronicHamiltoniandescribingthe motion of N electronsin the field of M fixed point
chages. Thus,whensubstitutingy(r, R) = ¢r(r)®(R) in (1.3), wherethe electronicwave
function ¢r (r) dependnly parametricallyon the nuclearcoordinatesthis partial differential
equationcanbe separatedh two parts:

(T. + Ve + Ven)9r(r) = Ef¢r(r) (1.4)
(Ty +Vyy + E§)®(R) = E®R) (1.5)

Herethefirst partconstitutegheelectronicproblem wherethetotal enegy for fixednucleimust
alsocontaintheconstanhuclearepulsionEg? = E{éf—i—VNN(R). Methodsto solvetheelectronic
problemwill betreatedin the next section.Equation(1.5) describeghe motion of nucleiunder
their own repulsionandin the averagefield of the electronsjncluding translation rotationand
vibrationof amolecule.Fromthesenucleamotionsonly thevibrations,to bedescribedn detail
in sectionl.1.3,areimportantfor matrix isolationspectroscop sincerotationsarehinderedfor
small,light diatomics(for exampleCN [31]) andimpossiblefor largermoleculesn solids.



8 CHAPTER1. THEORETICAL BASIS

Thequantitatve aspect®f thisapproximationjncludingthe problemof deriving corrections
to it, are beyond the scopeof this thesisand are discussedor examplein [32]. The Born-
Oppenheimeapproximationhowever, breaksdown in thecaseof theso-calledlahn-Eller effect
[33] andits corresponderior linearmoleculesthe RennerTeller efec{34]. The generallahn-
Tellereffectstateghatanon-lineamoleculewith adegeneratelectroniogroundstates instable;
it will changeits nuclearconfigurationsothatthe previously highersymmetrygetsbrokenand
thedegeneray splits. For examplethelinearCS; cationin its 21, groundstatewith its non-zero
orbitalangularmomentums subjectto the RennefTeller effect, seefor exampleRef.[35] for a
detailedab-initio calculationon this topic.

1.1.2 Ab-Initio Quantum Chemistry

Finding and describingapproximatesolutionsto the electronicSchrédingerequation(1.4) has
beena major preoccupatiorof quantumchemistssincethe birth of quantummechanics.Ex-
ceptfor thesimplestcasedik e Hy, which canbe solved analytically oneis facedwith complex
mary-particle problems.To overcometheseproblems appropriateapproximationgandnumer
ical calculationsare absolutelynecessary Centralto attemptsat solving suchproblemsis the
Hartree-fodk Self-Consisterfield (HF-SCF)approximation This method,andthe moreelabo-
rateDensityFunctionalTheory(DFT), whichis usedfor theoreticakalculationsn laterchapters,
areshortlycoveredin this section.

Hartr ee-Fock

TheHartree-Bck approximationwhich is equialentto the molecularorbital approximationjs
centralto physicalchemistry The simplepicture,that chemistscarry aroundin their heads of
electronsoccupying orbitalsis in reality anapproximationsometimes very goodonebut, nev-
erthelessanapproximation— the Hartree-lock approximation.Sinceelectronswith their spin
%, arefermions,they have to obey the Fermi-Dirac statisticsj. e. thewave functionof theelec-
trons¢(r) mustbeantisymmetricn exchangeof two electronsip(ry, ..., 14, ..., Tp, ..., Iy) =
—¢(ry,...,Tp,...,Tq,...,ry). NOw, the easiestway to constructsucha wave functionis to
build an anti-symmetrizegroductfunction |¢,) from single-electrorwave functions(spin or-
bitals) x,(r,) , theso-calledSlaterdeterminantabbreviatedas

[do) = |x1X2 - Xn) (1.6)

The goal of the Hartree-Bck approximations now to find the bestpossibleapproximation
¢o) to therealgroundstateof the N electronsystem.Accordingto thevariationalprinciple, the
“best” orbitalsarethosewhich minimizethe electronicenepgy

Eqy = (¢o| H |po) (1.7)

This variationthenleadsto a systemof V integro-differentialequationgor the “best” spinor-
bitals x,(r,) [36]
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aXa+Z [/‘Xb rp)| _drb]

S [t = dn o) =z (08)
b#a b#a

whereh, V2 - > Zi (in naturalunits) is the kinetic enegy and potentialenegy for
nuclearattractlonof asmgleelectrona Theorbital enegy of theorbital x,(r,) is &,.

The secondtermin this Hartree-fock equationis the Coulombterm correspondingo the
Coulombrepulsionof electrona in the averagedfield of the remainingelectrons. The third
expressions the exchange term, which arisesbecausef the antisymmetricnatureof the Slater
determinant.

Apparently this coupledsystemof integro-differential equationscan not be solved analyt-
ically, herecomputershave to jump in and solve this systemnumericallyin an iteratve way.
Beginning with an appropriatesetof startorbitals, the Hartree-lBck equationsare solved with
the old orbitalsas sourceof the averagedfield which resultsin a new (hopefully better)setof
orbitals. This proceduras repeatedintil changesn subsequendetsbecomengjligible, i. e.the
stateof self-consistent-fielSCF)is reached.

As aresultof this procedurepneobtainsorbitalsy, (r) andorbitalenegiese,, aswell asthe
total electronicdensityp(r) andthetotal electronicenegy E® = E,. Usingthesevalues,one
cancalculateall molecularpropertiesof interestlik e dipole moment,polarizabilities,etc. The
resultingwavefunction|¢,) hasa certainsymmetrywhichis connectedvith thesymmetryof the
nuclearconfiguration. This symmetryis usedto designateelectronicstatesin closeanalogyto
spectroscopiaotationin atomicphysics.For linearmoleculesit is corventionto write

QS-I—IAQ

as symbolfor the electronicstate,wherethe total spin S determineghe multiplicity 25 + 1,
A =0(2), 1(IT), 2(A), . .. is theangularmomentunof all electrongprojectedon the symmetry
axis and the total angularmomentum(? is the sumof A andthe projectionX. of the spin S

=|A=X|,...,|A+ X|). Additionally, whenthe moleculepossesseaninversionsymmetry
aletterwu or g is addedn theindex for ungeradeor geradeparity.

This Hartree-lck methodcanbe usedto calculatethe vibrational potentialenegy surface
V(R) = Van(R) + EFY(R) of acertainmolecule which containsinformationaboutthe equi-
librium geometry(the absoluteninimum)andthe normalvibrationsof this molecule.

Density Functional Theory

Hohenbeg andKohn have shown that, without explicit knowledgeof the electronicwave func-
tion, the total enegy of ann electronsystemcan be expressedas a functional of its electron
densityp(r) [37]. Usuallythetotal enegy is partitionedin thefollowing way:

E(p) = E"(p) + E" (p) + E’ (p) + E*“(p) (1.9)

whereE" is thekinetic enegy of the electrons,EY the sumof the coulombrepulsionenegies
betweennuclei (V) andthe coulombattractionbetweennuclei andelectrons(V,y ), E7 is
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the so-calledcoulombself-interactionof the electrondensity(V,. ), and EX¢ is the exchange-
correlationterm. Herethe first threeterm canbe expressedanalytically but, unfortunately no
analyticalexpressiorexistsfor the exchange-correlatioterm.

Usually, this exchange-correlatiotermis approximatedasan integral of the spin densities
pa,p(r) (local part)andtheir gradientsv p, ,(r) (non-localpart):

EXC(p) = / F(pay po, V0o,V py) d°r (1.10)

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

33\
Efpa= -3 (E) /P(r)4/3 d’r

As aresultof continuousmprovementssincethis simplefunctionalshovedlargeerrorwhen
appliedto moleculesthe semi-empiricaB3LYP functionalemeged[39], whichis now widely
in usein commercialquantumchemistryprogramsasfor exampleGAUSSIAN94[40] :

(1.11)

XC

Epspyp = (1 (1.12)

—0)Enpa+ coFip + oA Epepess + (1 = o) Evyyns + ccBryp
Herethe parameterg arefitted to a wide rangeof small molecules(the G1 set)to obtainbest
results.Theexchangeas herea combinationof local LDA andHartree-fock exchangeaswell as
thenon-localBecke88functional[41]. As correlationenegy, a mixture of thelocal VWNS3 [42]
andnon-localLee-Yang-Rrr functional[43] areused.

ThisB3LYP methodswill beextensively usedn thefollowing chapterdo computemolecular
properties,becausat is significantly betterthan Hartree-lock due to the explicit inclusion of
(semi-empiricalkelectroncorrelation.FurthermorenowadaysB3LYP is simply the state-of-the-
art methodto computemoleculesin a reasonabldime with reasonableosts. The resultsof
this B3LYP andthemoreprimitive Hartree-lock methodarecomparedvith experimentalvalues

| constant | HF/sb | HF/cb | B3LYP/ch || gasphasé | neor? |
electronicenegy E [hartree] || -832.463| -832.629| -834.191
distancers_¢ [A] 1.6087 | 1.5509 1.5543 1.554
symmetricstretchy;, [cm™!] 569 666 668 615 617.7
bendingy, [cm™!] 289/35F | 298/404 | 307/372 346 349
asymmetricstretchys [cm 1] 1121 1132 1237 1200 1206.9

afrom Ref. [44]
bthis work

°two values dueto asymmetricr2, population

Table 1.1: Comparisonof ab-inito HF and B3LYP using simple 6-31 (sb) and comple 6-

311++G(3d,3pdpasissetswith experimentalgasphaseandmatrix valuesof thelinearCS; .
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in gasphaseand neonmatricesin Table 1.1 usingthe %I1, groundstateof the CS} cationas
example.

1.1.3 Vibrations of Molecules

As shawn in theprevioussectionsthe M nucleiof amoleculemove in the potential
V(R) = Van(R) + EP(R)

Generally this is a complicatedfunction of the nuclei’s positionsR, it is even sometimesa
difficult taskto find theabsoluteminimumof V' (R)) — theequilibriumgeometryof themolecule.
To calculatethe dynamicsof the nuclei, it is usefulto applythe harmonicapproximationj. e.to
developthe potentiallV’ (R) aroundthe equilibriumpositionR° to the seconcbrder:

V(R) ~ V(R’ Lsn &V
(R)~ VI )+2k§_:18Rk8Rl
Resubstitutinghis harmonicpotentialinto (1.5) resultsin a Schrédingerequationfor 3M
coupled,harmonicoscillators,correspondingo the 3M degreesof freedomof an M-atomic
molecule. This equationcan be easily diagonalizedyesultingin 3M eigervaluesw? (the har
monicalnormalfrequenciesandcorrespondingigervectors.Sincean M -atomicmoleculehas
generally3M — 6 vibrationaldegreesof freedom,it will turnoutthatseveralw; equal0. These
w; = 0 correspondo translationgndrotationsthatareof nointeresthere sincethey arehindered
by the cage effect of solid matrices.
Taking for examplethe linear CS, molecule,which has3 x 3 — 5 = 4 vibrationaldegrees
of freedom,it turnsout that actuallyonly threevibrationshave differentfrequenciessincethe
bendingvibrationis doubly degeneratedseeFig. 1.1.

(R, — R)(R,— RY) + ... (1.13)

T
C?:@:@ @I@:@ @:<©:@

V

Figure1l.1: Thenormalvibrationsof CS,: The doubly degeneratedendingvibration v, (with
symmetryr,) , the symmetricv; (o,) andthe antisymmetricstretchvibrationsvs (o, arranged
in increasingrequeng).

Thisdiagonalizatiomesultsnow in 3M — 6 (or 3M —5) decoupledchrédingeequationgor
independerttarmonicoscillators whoseeigervaluesE; = hw;(v;+3) arewell known. Including
thefactthatvibrationalpotentialsarealwaysmoreor lessinharmonic,onearrivesfinally atthe
following generaformulafor thevibrationalenegy levels[45, 46] (in spectroscopiaotation):
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1 1 1
G:Te+2wi(vi+§)+2wlj(vi+5)(vj+§)+... (1.14)
i isj
whereT, correspondso the electronicenegy at the equilibrium position(V (R?)), the second
termis theharmonicenegy of »; quantan thesth vibrationwith frequeng w; andthethird term
is the correctiondueto theanharmonicityof the potential.

1.1.4 Interaction with ElectromagneticRadiation

The interactionof matterwith electromagnetigadiation (“light”) is centralfor spectroscop
whereabsorptioror emissionof radiationby solids,moleculesatomsor evenelementaryparti-
clesis examined.This effect, physicallybasedon the couplingof the electromagneti@ield with
electricchages,determinesheform of spectraof quantummechanicabystemsfor example:

e whichlinesdo appear{selectiorrules)
e life time of excited stategandtherefordine widths)

e absorptiorcrosssections

To calculatethe interactionof the vibrating electromagnetidield with a molecule,one hasto
performtime-dependergerturbationtheory whichexamineghedevelopmenbf anunperturbed
systemwith the HamiltonianH° perturbedy atime-dependerihteractionH .

Fermi's Golden Rule

This perturbatiortheoryresultsin thefamousGoldenRuleof ENRICO FERMI for thetransition
rateW,_, ; from aninitial state|s) to afinal state| f) [47]:

21
h 0
which stateghatthetransitionrateis proportionako thesquareof theinteractionmatrix element.

Now onehasto specifythe operatorfor theinteractionin moredetail. Dueto the so-called
minimalcouplingp — p— ¢A, oneobtainsthefollowing expressiorfor theinteractionof matter
with light:

Wi = = 8(E; — E) [(6| H™ | )] (1.15)

7 = [lep(x)o(x) = S A(x)] d'x

To computetransitionratesit is sufficientto useA (x, t) = Aee’™™~+*) asplanewave ansatz
for thevectorpotential. Takinginto accounthatthedimension®f moleculesaresmallcompared
with typical wave lengthsof the emittedor absorbedight, oneobtainsfor the so-calledelectric
dipole transition (E1) from state|s) to | f) andsimultaneousannihilationof a photonfw with

polarizatione :
2

2T w .
0By = By = hw)— A (il - e | )" (1.16)

Wi—>f = 7
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where ‘Z—EAQ = E? ~ [ is proportionalto the intensity of the incidentlight wave and . =
te + pun = — Y er; + > ZreRy is thedipole momentof themolecule.

SelectionRules

Within the scopeof the Born-Oppenheimeapproximation,it was shavn that the total wave
function of a moleculecan be approximatedoy a productof nuclei-, electron-and spin wave
functions|y >= |®(R) > |¢(r) > |xspin >. By thatoneobtainsfor the dipole matrix element
M =< i|u|f > of anelectronictransitioni — f :

M =< ®:(R)[9(R) > < ¢:(0) el ds(r) > < xilxs > (117)

Herethefirst factor(actuallythesquare < ®;(R)|®;(R) >|?) is calledthe Frandk-Condorfac-
tor which is determinedy the overlapof the nuclearwave functionsin thelower andthe upper
electronicstate. The secondoneis the electronicdipole matrix element:If it equalszero,then
the electronictransitionis calledforbidden. Thus, one obtainsselectionrules by checkingthe
conditionthateachfactoris nonzero.In this way, thethird factorimpliesthe selectionrule for
theelectronspin.

To checkwhethera pure electronictransitionis allowed or not, one doesnt calculatethe
integral < ¢;(r)|ue|¢(r) > by handbut insteadoneinspectssymmetriesandusesgrouptheory
to determindf this integral canbecomeeventuallynonzero:An electronictransitionis allowed
if the directproductof the symmetryspecied’(¢;)I'(1.)I'(¢f) containsthe totally symmetric,
irreducible speciesof the molecules point group. Applying this rule to, for example,linear
moleculeswith weakspin-orbitcoupling(Hund's case(a)), one obtainsthe following selection
rulesfor E1 dipoletransitions:

e AA=0,=+1
e AS =0 (nointersystentrossing)

AY =0

A2 = 0, £1 (alsovalid for strongspin-orbitcoupling)

e g & u, u <> g (Wheretheparity is defined)

CIDIRERESD YLD VP A D

1.2 Moleculesin Solids

1.2.1 Propertiesof Rare GasSolids

To characterizdéransientspeciesspectroscopicallyit is importantto drasticallylengthentheir
usuallyvery shortlifetime underlaboratoryconditions. In the gasphasethis may be achieved
by usinga very small pressurdo increasehe averagetime betweentwo collisions. However,



14 CHAPTER1. THEORETICAL BASIS

this approachasthe disadwantagehatoneneedsvery sensitve examinationmethodssincethe
interestingspecieghenexistsonly atvery low density It is furthermorenot possibleto work at
arbitrarylow temperaturesso mary enepy levels are populatedwhich makesthe assignment
of spectraa difficult task. Neverthelessa synchronoussolationand cooling methodhasbeen
achiezedusinganadiabatiexpansionn asupersoniget with heliumasinertcarriergas[48, 49].

Anotherextremelysuccessfumethodto isolatereactve radicalswasdevelopedin thefifties
by G. C. PIMENTEL etal. by embeddinghe moleculesnto transparensolids—the matrix iso-
lation technique[15]. Of coursethe perturbatiorof the interestingspeciedy the solid should
be assmallaspossible,soraregasesare usedpreferablyashostmaterial. Due to their closed
valenceshell,theraregasesarechemicallyinert, i. e.they (atleastHe andNe) do notreactwith
theguestspeciesGenerallythelighterararegasis thesmalleraretheperturbationsThismeans
that helium would be the mostappropriatehostmaterial,but unfortunatelyhelium needspres-
suresabove 20 barto becomesolid. Neverthelessa interestingtechniqueto isolatemolecules
in nano-dopletsof liquid helium hasbeensuccessfullydevelopedrecently[50, 51]. The most
importantpropertiesof rare gasatomsand solids, regardingmatrix isolationspectroscoy are
summarizedn thetable1.2.

| property | dim. | Ne | Ar | Kr | Xe |
atomicdiameter A 3.0 | 38 4.2 4.6
Lennard-Joneparametet cmt 24.33| 83.98| 118.18| 195.8
Lennard-Joneparameter A 276 | 341 | 3.62 | 4.03
ionizationpotential eV 21.56| 15.76| 14.00 | 12.13
polarizability A3 0.39 | 1.63 | 2.47 | 4.01
lattice constan{7" = 10 K) A 4.467| 5.313| 5.647 | 6.132
Debyefrequeng (T = 0 K) cm! 75 93 72 64
enegy gap eV 21.69| 14.15| 11.6 | 9.28
refractve index 128 | 1.29 | 1.28 | 1.49
melting point (P =1013mbar) K 24.6 | 83.3 | 115.8 | 161.4
sublimationtemperaturéP ~ 10~% mbar) K 10 31 42 58
thermalconductvity (7" = 20 K) W/m/K 0.4 1.3 1.2 2
compressibility 10" pPat| 892 | 3.73 | 2.90 | 2.80

Tablel.2: Propertieof raregasatomsandsolids,takenfrom [52].

To reduceguest-guesinteractions,rangingfrom loosevan-defWaalsinteraction,through
dipole-dipolealignmento stronghydrogerbonding,onetypically usesahighdilution (guest:host
~ 1 : 1000) sothatnoelectronichandscanemegefrom thedistinctelectronicstateof theguest
molecules Neverthelessthedensityof guestparticlesin matricess muchhigherthanin thegas
phaseandthereforeonecanuselesssensitve instrumentgor measurement.

Another prerequisitefor potentialhostmaterialsto allow spectroscop of guestsis optical
transpaency Raregasmatricesareidealin this respectsincethe low-frequeng limit is deter
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minedby theDebyefrequencybelonv which photonsareabsorbedhroughexcitationof phonons.
Ontheothersideof the optical spectrumthetransparengis limited by the enegy gap, beyond
which electronscanbe excited from thefilled valencebandto the unoccupiedconductionband
of the host (actually the excited electronandthe hole in the valencebandcanform an bound
state,the exciton which is slightly lower in enegy). In this respect,neonis againthe most
suitablematerialandit is thereforeusedashostmaterialthroughouthis thesis.

Theraregassolid is heldtogetherby weakvan-derWaals forcesand crystallizestherefore
mostlyasfacecenterectubic(fcc) lattice. Neonis known to have aphasdransitionto hexagonal
closedpacled (hcp) at 12K [53], andthis hcp structurecanbe alsostabilizedby impurities. To
avoid diffusion of guestmoleculesin the hostmaterial,one hasto choosetemperaturesvell
below the sublimationtemperature.

1.2.2 Guest-HostInteractions and Line Forms

When producingdopedmatricesby condensatiorirom the gasphase,one can often obsene
thatthe guestmoleculeis embeddedn the matrix hostin differenternvironmentalarrangements,
the so-called“sites. Atoms or small moleculesmay occuyy interstitial or, more frequently
substitutionalattice positions,whereadarger moleculesmay replaceseveral neighboringhost
atoms. The guest-hosinteractionpotentialmay thus have several differentminima, whereby
the enepetically moststablesite canbereachedhroughthermalactivation. This annealinghas
alsothe advantagehatthe unavoidablelattice defectshealout andthereforetransitionlines get
sharper Betweenthe minima, however, thereare high barriersespeciallyfor larger speciesso
thatrotationof the guestis usuallynotobsened.

Due to the guest-hosinteraction,which fortunatelytendsto be weakin solid rare gases,
matrix isolation spectroscop shavs somecharacteristidistinctionscomparedwith gasphase
spectroscopconcerninghe positionandform of spectralines.

Although the chemicalinert environmentdoesnot changedrasticallythe electronicconfig-
urationof a guestmolecule,its electronicstatesareslightly perturbedoy weakelectromagnetic
fieldsof thenearesnheighbors.This givesrisefor a smallshift of bandsthewell known matrix-
shift, which dependson eachguest,hostand site, and even the sign of the shift is difficult to
predict. Generally onecanobsene ared-shiftof electronictransitionsdependingon the dipole
momentof the guestandthe polarizability of the host[52]. Neverthelessthe shifts of electronic
niveausin neonmatricesare, even for free radicals,lessthen1 % in average,asexaminedby
Jacox in [54].

The influenceof the matrix on the vibrationsof the guestis more obvious: Sincea guest
moleculeis locked up in a cage via van-derWaalsforces,the vibrational potentialstronglyin-
creasesitlargerdistancesThishasprofoundinfluenceonthedissociatiorbehaior of molecules
whichis effectively hinderedn matrices- only first-row atoms,andin particularhydrogenmay
escapeout of the cage. At smallamplitudes however, the effect of the matrix environmenton
theguestvibrationshaslittle impact,andtheshiftsof spectroscopiconstants$ik e w, or w.z. are
alsoin therangeof lessthanl % [55].

Whenembeddinga moleculein a matrix, alsothe form of spectrallines changesharacter
istically comparedo the form in the gasphase.Due to the coupling of the guestmoleculeto
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lattice vibrationsof the host,onecanobsene a temperature@lependenbroadeningf thelines.
Much moreinterestingis the effect of phononsidebands(PSB)which appeaifor exampledur-
ing absorptionof a single photoncreating/annihilatingone or several phononsin additionto
the excitation of the molecule. This effect is directly analogoudo the MoéRbauereffect [56],
only the nuclei arereplacedhereby moleculesand, insteadof X-rays, IR to UV photonsare
absorbed/emittedl hereis a certainprobability o thatno additionalphononsarecreatedjiving
riseto asharp(andalsostrong,assumingveakphononcoupling)line, the so-calledzeio phonon
line (ZPL).

2000

az(w-w’)
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area=0.53

c¥s,’ (1.5nA*3h)

1000 + 22cmt 0-0 transition
FWHM

integrated emission intensity (a.u.)
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0 . .
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frequency (cm™)

Figurel.2: Schematidine-form of an electronicexcitation of a matrix-isolatedmolecule(left):
The sharpzero phononline (ZPL) andthe broaderphononside band (PSB). Laserexcitation
spectrunmof mass-selecte@S] ions (right) shaving theactualline-form with a sharpZPL.

Fig. 1.2 showns the characteristidorm of anelectronictransitionwith phononcoupling: The
resultingline consistsof a Lorentz-shapedPL z(w) with areaa andthe PSBp(w) with area
(1 — «) resemblinga Poissordistribution. Theblue-shiftA of themaximumof the PSBrelative
to the ZPL is calledthe Stoles shift andusuallyamountsin raregasmatricesto 10-100cm !,
in closerelationto the Debyefrequeng givenin Tablel.2. With the low temperaturesxisting
in raregasmatrices,the width of the ZPL is closeto the naturalline width determinedoy the
lifetime of the excited state. The probability o thatno phononis createdduring absorptionis
well known asthe Debye-Vdller factor The higherthe temperaturethe smalleris «, andfor
T — 0, a reducego anexpressve value

a(T = 0) = exp(—59) (1.18)

with S equalshenumberof photonscreatedat themaximumof the PSB.ThusS canbeusedas
ameasurdor thestrengthof thecouplingof phonongo theguestmolecule— S >5 corresponds
to “strong coupling” andleadsto obsenationof the PSBonly, but no ZPL, evenfor 7" = 0.
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1.2.3 Relaxations

Dueto theinteractionof the vibrationalandelectronicstatesof guestmoleculeswith thelattice
vibration of the host,not only the line-formsarechangedbut completelynewv processesf re-

laxation becomeallowed additionalto emissionof radiation. Under participationof phonons,
matrix-isolatedmoleculesmayrelaxnon-radiatvely to lower statesdissipatingthereleasedn-
ergy in the lattice. The diversity of possiblerelaxationpathwaysis shavn in Fig. 1.3, with

radiatve (solid) and non-radiatve transitions(dashedarrons) dravn into a diagramof enegy

levels.
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Figure 1.3: Schematicenegy levels of a matrix-isolatedmoleculewith differentprocessesf
relaxationgnon-radiatve processearedashed)S;, T;: singletandtriplet statesof theguest,v:
vibrationsof theguestB: bandof electronicstatesof thehost,=: quasi-continuoukatticevibra-
tionsof thehost,IC: internalcorversion,ISC: inter-systemcrossing VR: vibrationalrelaxation,
PR:phononrelaxation KP: cascad@rocessnadeof sererallCs, A: absorptionF: fluorescence,
P: phosphorescence

Vibrational relaxationsof matrix-isolatednoleculesdepencheaily onthedensityof vibra-
tional states|. e. the distancedetweerthe vibrational niveaus. For vibronically excited large
moleculeswith a high densityof statespne obtainsfastrelaxationinto the vibrationalground-
stateof anelectronicstate from which the mostintenseemissionis obsered. Smallmolecules,
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on the other hand, with vibrational distances> 500-1000cm™!, canrelax vibrationally only
via a multi-phononprocess Theoretically one obtainsfor diatomic moleculesan exponential
decreasén therateof relaxationR with the order N = wpoiecute/Wphonon OF the multi-phonon
procesg57]:

R exp(—M) (1.19)
Wphonon
This enemy gap law, With wphenen & Wpebye & 50 — 100 cm™!, waslaterconfirmedexperimen-
tally for severaldiatomics[58, 59].

In additionto the transformatiorof vibrationalenegy into phononsthe transformationinto
guantaof rotationscan be obsered provided that rotationis allowed at all (for example NH
[60]). Anotherinterestingprocesss the inter-molecular phonon-assistettansferof vibrational
enegy betweenguestmoleculeswhich may occurresonantaswell asnon-resonantith the
excessenegy dissipatedy thelattice[61, 62].

Electronic relaxations asfor exampleinternal conversion and inter-systemcrossing pro-
ceedin the matrix ervironmentalsomuchmoreeffective thanin the gasphase.Particularly the
internalcorversionbetweertwo statesof the samespinmultipletintensifiesstrongly whenavi-
brationalniveauof anotherelectronicstatedies in the proximity of the original electronicstate.
Also theprobability of the spin-forbidderinter-systencrossingncreasesirasticallyin matrices.
We thuswereableto obsere the strongphosphorescena’1l, — X 11, of the C; radicalafter
pumpingof A 'II, + X 'II, andpopulatingthe a statevia ISC [63].

Whentwo or more vibrationalmanifoldsof differentelectronicstatesare interlocked with
eachother cascade-lik processemayoccurin competitionwith vibrationalrelaxation.As one
canseein Fig. 1.3 (KP), the excitation zig-zagsbetweerthe vibrationallevels of two electronic
states,andthe ratesare governedby phononFranck-Condorfactorsandthe enegy gap law.
This cascadeprocesswvasbeststudiedin the caseof the CN radical[64], andit canoccureven
for spin- and parity-forbiddentransitions[65, 66] since selectionrules are often significantly
wealenedin matrices.



Chapter 2

Experimental Techniques

In this chapter the performanceof a matrix-isolationexperiment,aswell asits couplingwith

massspectrometntechniquesare describedn detail. First of all, the basicmethodsof mea-
surementangingfrom abrief introductionof the Fouriertransformspectrometeto thedifferent
procedureso obtainoptical spectraare presented.Thenthe particle sourcesusedin this thesis
to producethe speciesof interestare describedand characterized.Startingfrom the old ex-

perimentalsetup,the new mass-selection, e.the quadrupolemassfilter andthe attachedon

optics, andits couplingto the old setupis discussed.Additionally, a shortreview of studies
usingmass-selectiors presentedndfinally, the processof depositionof mass-selectemnsis

examined.

19
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2.1 Methods of Measurement

2.1.1 The Fourier-Transform Spectrometer

Centralto our matrix-isolationexperiments the spectometeranalyzingthe radiationemittedor
absorbedrom the matrix, in our casea BRUKER IFS 120 HR FourierTransformSpectrome-
ter. In principle,it workslike a MICHELSON interferometerconsistingof a beamsplitter, one
fixedandonemovablemirror anda detectormeasuringhe signalintensityin dependencef the
positionof the movablemirror (seeFig. 2.1).

movable
mirror
|~ 1~
D1 HgCdTe 400 - 5000 cnt T ,
D2 InSb 3000 - 9000 cr
D3 Si 9000 - 25000 cm

D4 GaP 18000 — 40000 cm
D5 Ge 5500 - 1P00 cm™
D7 PMT 10000 - 40000 cm

I |
fixed ||i~
- x«
B\ | spliter
<ﬁP_?I<Ij (| @:>

s

3gqWeyd [eulalxa

D7}

Figure2.1: Schematiarawing of theIFS 120HR FourierTransform-Spectrometebepending
on the spectrakange,oneof four differentbeamsplitterssplitsthe incidentlight exactly 50:50.
Onecanalsochoosebetweerb differentdetectors.

Several movable mirrors in the external chamberattachedo the spectrometecan choose
betweenlight from eitherinternalsourcesor from threedifferentexperimentssurroundingthis
chamber(RMC cryostatwith 4.2K, APD (12K) andLEYBOLD (7K)). Fromtherethelight is
focusedonto a selectableapertureand coupledinto the interferometer The light split into two
equally intensebeamsinterfereswith itself and a detectormeasureshe intensity I(x) of the
reunitedlight asafunctionof the optical pathdifferencer betweerthe two mirrors.

Thepositionof themovablemirroris measuredhterferometricallywith theaid of afrequeng-
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stabilizedHeNelaserbeamcoaxialto the original light beam. Eachtime the HeNelaserinter-
feresdestructvely, the signal of the detectoris sampledwith 16 bit resolution. The interfero-
gram obtainedin this way is thentransformedigitally into a spectrumS(v) via Fast-Fourier-
Transformation(FFT), with the resulting spectrareachingfrom 0 to the frequeny vyene =
15797.989 cm~! of the orange-redine of neon(NYQuIsT theorem):

1
NAzx

) = Nz_:l I(n- Azx) exp(QWi%k) (2.1)

n=0

S(k

To measurabsorptionsipto theUV range thesamplingfrequeng is doubledor quadruplicated
electronicallyby a phase-lockdloop circuit.

The resolutionof the interferometeiis determinedoy the maximumoptical pathdifference
AL of thetwo interferingbeamsWith AL = 6 m, our spectrometereaches resolutionof

1 1 4
— = 0.0016 cm

AV =NAT T AL

at maximum. Sincethe line-widths of matrix-isolatedmoleculesare usually not sharperthan
~ 1 cm! (opticaltransitions )R vibrationsaresharper)the spectraaremeasureavith reduced
resolutionof 0.1-0.5cm~! (0.06 cm~! for IR spectra). In general,FT interferometershave
severaladvantagesomparedo cornventional,dispersve spectrometersasfor examplegrating
monochromators:

e Connes:Dueto the calibrationwith the stabilizedHeNelaser anabsoluteérequeng pre-
cisionof 0.001cm™! is achieved.

e Jaquinot:iInterferometersisecircularaperturesn contrasto the slits of monochromators
= higherintensity lessnoise.

e Fellget: Eachpoint of the interferogramcontainsall N = vg.n./Av frequencieof the
spectrum;monochromatorsneasurethesefrequenciessequentially=- signal/noiseis a
factory/N better

Despiteall theseadvantagespnehasto adjustcarefullythe apertureppticalfilters andtheelec-
tronic filters and amplifiersto be able to detectweak emissionsin proximity to strongones,
althoughthe analog-digitalcorverteris alwaysoperatectloseto the saturatiorlimit.

2.1.2 Absorption Spectra

Absorptionspectracan be measuredn the whole rangefrom 500-30000cm ! usingdifferent
combination®f broadbandight sourceglik e glow bar(IR) andtungstedamps),beamsplitters
(KBr, Cak, quartzVis andquartzUV) anddetectoryMCT, InSb, Si and GaPdiodes). First
of all, one hasto measurea referencespectrumS,(v) containingthe multiplied frequeng re-
sponse®f light sourcemirrors,windows andthe detector After depositinghe matrix,asecond
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spectrumS(v) is thenmeasuredvith the light passingtwice throughthe matrix (seeFig. 2.9).
Accordingto the BeerrLambert law, oneobtainsfor theabsorption

S()
Av) = —log, g =——==c-l-e(v 2.2
( ) glO S()(l/) ( ) ( )
wherel is the optical thicknessof the matrix, ¢ the concentratiorof the absorbingspeciesand
e(v) themolarcoeficient of absorptionlIn theinfraredrange the spectrometehasto be evacu-
atedandtheremainingoptical pathflushedwith dry nitrogento avoid disturbingabsorptionslue

to gaseouslR-actve carbondioxide andwatervapor

2.1.3 Laser Excitation Spectra

Thesignal/noiseatio of absorptiorspectras determinedy the subtractiorof two almostiden-
tical, but slightly noisy valuesresultingin a value dominatedby noise. Thereforeit is better
to usetunablelaserswith a sharpfrequeng insteadof broadbandight sourcesandto measure
not thetransmittedight, but the red-shiftedradiationwhich is reemittedoy the absorbeinto 4=
steradiarandintegratedover the detectobandwidth(whichis usuallyreducedoy optical cut-off
filters). This procedurewhichis shavn schematicallyn Fig. 2.2, hasseveraladwantages:

¢ thetotal power of thelight sourceis concentrateéto a smallfrequeng range
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Figure2.2: Schematidrawning of the setupto measurdaserexcitationspectra.
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e to detectthe laserinducedfluorescencegne canusethe extremelysensitve photomulti-
plier andliquid nitrogencooledgermaniunmdetectors

¢ insteadof measuringveakdirectcurrentspnecanusethemoresensitvelock-in technique

This lock-in methodworks asfollows: A computercontrolledsteppemotorturnsthe bire-
fringentfilter determininghefrequeng of thetunablelaser Theintensity-stabilizedaserbeam
is thenmodulatedy a chopperfocusedontothe matrix andtheinternalparabolicmirror guides
thefluorescencdight after passingopticalfiltersto thedetector Usingthereferencesignalfrom
the chopperthelock-in amplifierfilters from the detectorsignalthe interestingfrequeng f,,.04
with a bandwidthof ~ 1 Hz eliminatingmostof thebroadband / f shotnoise. This combina-
tion of laserexcitation andlock-in techniqueis easily 3-4 ordersof magnitudemore sensitve
comparedo visible absorptiorandit is thereforepreferablyusedin thisthesisto detectheweak
amountsf mass-selecteidns.

2.1.4 Laser-Induced Fluorescence&pectra(LIF)

In contrastto absorptiorspectrameasuringll speciegoundin the matrix synchronouslylaser
inducedfluorescencéLIF) allowsto excite selectvely onesinglespeciesAn allowedelectronic
transitionobtainedby absorptionor laserexcitation spectrais resonantlyexcited by a tunable
laser andtheinducedfluorescencés analyzedoy the FT-spectrometerThis fluorescencegives
additional,sometimesomplementaryinformationaboutthe lower electronicstateseachedy
allowed electronictransitionsfrom the excited state. For example IR-inactve, symmetricvi-
brationscannotbe detectedn absorptionspectraput thesesymmetricmodesappeaiin the LIF
spectrumstartingfrom an excited state. ThusLIF is animportantaid to identify andto charac-
terizemoleculesspectroscopically

| typeoflaser | dye/medium | frequeny range[cm™'] |

ring lasef Ti:sapphire 9700-14300
standingwave laseP DCM 14300-16000

“ RhodamineG 16000-17600

“ Rhodaminel10 17000-18900

“ Coumariné 18200-19100

ring lasef Coumarinl02 19300-21700

“ Stilbene3 21500-24400

“ Stilbenel 23800-25000

ring lasef with SHG | Ti:sapphire 24000-27400

aCOHERENTS899-21
bCOHERENT589-01
¢COHERENT899-01,UV pumped

Table2.1: Availablelasersystems
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To excite moleculesn matricesthe following dye andsolid-statdasersystemgumpedoy
a5W ora20W (multi-line visible, 6 W multi-line UV) Ar*-ion laser(COHERENTInnova 70
andlnnova 200, respectrely) andsummarizedn Table2.1areavailable.As onecansee almost
thecompletevisible rangeaswell asthenearinfrared,is coveredby our lasers.

The intensity stabilizedlaserbeamwith a typical power of 10 to 100 mW is focusedonto
thematrix (spotsize~ 1 mm), andtheresultingLIF is collectedby theinternalparabolicmirror
and coupledinto the FT spectrometer Direct laserreflectionsinto the spectrometemustbe
avoidedand,additionally the dominantscatterindight, aswell astheinternalHeNelaser must
be reducedwith appropriateoptical notchandcut-off filters (low pass)to avoid overloadingof
thesensitve detectors.

2.2 Sources

Usinghighly optimizedparticlesourcess crucialfor successfuéxperimentsn spectroscop In
spiteof theavailability of sensitvemethodslik e laserexcitationor laserinducedfluorescencst
turnsoutthatit is frequentlyverydifficult to produceenoughamountf theinterestingspecieso
detectandcharacterizét. Thisis especiallyimportant,whencombiningmassspectrometryvith
optical spectroscop whereonehasto detectassmallamountsas~0.1 nmol of theinteresting
species.

To producethetransientsyhich arein thefocusof interestin ourlaboratory severalconven-
tional methodsareavailable,for example:

e photolysis[67, 68]
e redoxreactiong69]
e reactionan comhustionflames[1]

e electricaldischage[20]

In this section,the sourcesare describedwhich were usedto producethe neutraland ionic
moleculescharacterizedh this thesis,in particularthe laservaporizationmicrowave dischage
andelectronimpact(El) sources.

2.2.1 Laser Vaporization

To produceclustersof, for example, transitionsmetalsit is necessaryo vaporizethe metal.
Refractorysolids, however, like tungstenor boron nitride canonly be vaporizedby very high
temperaturesf over 3000K, andsuchtemperaturesanbe convenientlyproducedusingpulsed
lasers.Thetechniqueof pulsedlaservaporizatiorhasbeendevelopedandusedin ourlaboratory
since1980[70, 71], whenBONDYBEY andENGLISH presentedhefirst fluorescencespectrum
of Ph, by laservaporizationof solid lead. At the sametime SMALLEY et al. examinedsmall
metalclustersin a molecularbeamwhich were alsoproducedby laservaporization[72]. This
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Figure2.3: Thelaservaporizationsource

method which wasusedin the scopeof this thesisto vaporizetungstenfrapthetungsteroxides
in a solid neonmatrix andexaminetheir spectroscoy will bedescribedriefly in this section.

Fig. 2.3 shavs schematicallythe structureof the laservaporizationunit usedin our labora-
tory; it is describedn detailalsoin [73]. Therotatingsamplematerialis vaporizedoy a pulseof
frequeng-doubledfocused\d: YAG laseright (532nm,4 ns,~20mJ,10Hz) which produces
small“plasmaplume” on the surfaceof thetarget. This plasmais characterizethy temperatures
of ~ 10* K andparticledensitieof 10'® —10'® cm=3 [74, 75]. Thelaserpulsesaresynchronized
with the openingof a pulsedvalve (GeneralValve, openingtime 0.1 ms) controlling the flow
of acarriergas(usuallyneon).Thelaserinducedplasmas sweptby thegaspulse flowsthrough
the channelandexpandsinto the vacuum,wherethe gascoolsdown in a supersoni@xpansion
allowing the clusteringof singleatoms[76]. After ~ 3 cm of free expansionthe gasbeamis
frozenout atthecold surfaceat~ 7 — 8 K producingmatricesof typical 0.1 mm thickness.

Usingpureraregasesscarrier oneobtainsatomsjonsor clusterof thevaporizedsubstance.
Adding reactve gasedo theinert carriergasallows reactionswith the plasmaandnew products
areformed. This methodwasusedto producethetungsteroxidescharacterizedh this thesisby
adding0.2%of oxygento the neon.

2.2.2 The Micr owave Dischargelon Source

For experimentsusing the mass-selectioa microwave dischage ion sourcewasused. Initial

experimentswith the available pulsedgasdischage source(hamed‘Putzi” [20]) shaoved that
theaverageion current(x~10 pA) wasto low to detectanything spectroscopicallyit alsoturned
outthatthis “Putzi” sourcedid not operatesatishictoryin cw mode,althoughit producechigher
currentin this mode. A breakthroughwasthenthe employmentof a cw microvave dischage
source:Using CS, asprecursorgas,we wereableto detectin our lab the first laserexcitation
spectrumof amass-selectespeciesthe CS; cation!
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Figure2.4: Schematidiagramof the microwave dischage source

Fig. 2.4 shavs the microwave ion sourceconsistingmainly of a simple 12 mm Swagelok
T-piece,with the precursorgasflowing throughthe collinear sections,andwith 50 W of 2.45
GHz microwave power beingappliedto a needleelectrodevia the perpendiculaarm. The peak
of the pin is located0.2 mm away from the centerof a 0.5 mm pinhole. This pinhole allows
high enoughpressuren the T pieceto ignite the dischage, althoughthe pressuren the source
chambemwasonly around10=* — 10~2 mbar

Unfortunatelyit turnedout that, whenusingcarboncontainingprecursorsthe pinholegets
pluggedsooneror later by soot. That problemwassolved by usinga steelmeshinsteadof the
pinhole,requiringamuchhigherpressurdup to two ordersof magnitude)n the sourcechamber
to operatecontinously Additionally, the consumptionof precursorsubstancelso increased
abouttwo ordersof magnitude.To overcomethis, aring-shapednagnetwasplacedaroundthe
dischagezoneto confinethe chagedspeciegmainly electrons)n circularorbits. This allowed
to operatethe source- onceignited by a Teslatransformer- continouslyfor several hoursat
quitelow pressuresf 10~* — 10~3 mbarin the sourcechambemwith mass-selecteidn currents
reachingupto 1-2 nA.

This sourcecould be further optimized by changingthe geometryof the sourceto be in
resonance&vith the microwave radiation(now 80% of the appliedpower arereflectedbackto the
generator) Theseconcenhancememnwouldbetheusageof avariablemagnetidield to adjustthe
correspondingyclotronfrequeng of the electronsn resonanceavith the microwave frequeng
of 2.45GHz.

Thedischageproductsdrom thesourceheldat+20to +40V (determininghekineticenegy
of the ions) arethen acceleratedowardsa 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 shavnin Fig. 2.5.
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Figure2.5: Photograptof the sourcechambershaving the microwave dischage ion sourcein
operation(left) andthe skimmer(right) towardswhichtheionsareaccelerated.

2.2.3 The Electron-Impact (EIl) lon Source

Anotherion sourceusedin this work is the electron-impacton sourcewhich hasthe advantage
thatit doesnotneeda continuousdischageto produceionsandthereforet consumesnuchless
precursorsubstanceavhile yielding even higherion currentas otherdischage sources.It was
developedin our laboratorywithin the scopeof a “13-TagePraktikum”andresemblestandard
El sourcesusedfor examplein commerciakestgasanalyzer{RGAs)[77, 78].

The setupof our El sourceis shovn schematicallyin Fig. 2.6(a)andthe electrostatigo-
tential applying optimizedvoltagesis presentedn part(b). Electronsemittedfrom a tungsten
filamentmountedbetweernthe casingandthe cage(a stainlessteelmesh)andheldat-50 V are
acceleratedowardsthe cagekeptat +40 V. They are confinedwithin the casingkeptat-70V
ascanbe seenin Fig. 2.6(c) wherethe trajectoriesof a bunchof electronsare shovn. When
traversingthe cageareawith kinetic enegy of 90 eV, they occasionallyhit a moleculeof the
precursomasleadingto ionizationand/orfragmentatiorof the molecule. The crosssectionfor
ionizationis at maximumfor a kinetic enegy in the range70-100eV. The positive ions then
“feel” the negative potentialof the extractionelectrodekept at the samepotentialasthe casing
andareacceleratetbwardstheskimmer Fig. 2.6(d)shonvsthattheionsproducedn thecageare
completelyextractedandwell focusedby a einzel-lengat-300V) ontothe entrancehole of the
skimmerkeptat-30V. All simulationsof ion opticsweredonewith the SIMION 6.0 program.

Comparedo the microwave dischage source the El sourceshows severalimportantadvan-
tages:
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Figure2.6: The El ion source.Fromtop left to bottomright: (a) schematiarawing, (b) view
of the electrostatigpotential,(c) trajectoriesof a bunchof electronsand(d) trajectoriesof ions
producedn the cageandacceleratedowardsthe skimmer

low precursoisubstanceonsumption

lesspressurén the sourcechamber(10~7 — 10~° mbar)=
the2 mmskimmercanberemovedcompletelyleadingto a2 cm holeandthereforehigher
ion currents

thesourcecanbeusedasarestgasanalyzerto checkthe vacuumin the sourcechamber

ion currentsupto 20 nA (mass-selected)

Due to the low pressurdn the source,which leadsto a very small collision rate, this source
producesmainly the motherion andfragmentions, but only few new productsareformedby
reactionduringcollisions.
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Figure2.7: Thedependencef theEl sourceion productiononthekineticenegy of theelectrons
(=30,70and100eV) usingN, (andarestof air).

Characterization of the El source.

Thedependencef the El sourceion yield onthekinetic enegy of theionizing electronswhich
is determinedy thefilamentvoltage,is shavnin Fig. 2.7 usingnitrogencontaminatetby asmall
amountof air. As onecanclearlysee,theyield of N (IP(N;) = 15.6eV) is quiteindependent
usingenegiesin the range70-100eV, but the ionizationcrosssectiondecreaseremendously
whenloweringtheenegy to 30eV. ProducingheN™ cationcostsadditionaldissociatiorenegy
(8 eV) sothata kinetic enegy of 30 eV is just above the thresholdto produceN* (at 14 amu).
Enegetically mostexpensve is the productionof N** ( Dy(N,) + IP(N) + IP(N*T) = 8.6 +
14.5429.6 = 52.7 eV), andthekinetic enepgy of theelectronanustbeatleast100eV to detect
this doublychagedspeciesatm= 7 amu.

The pressuredependencef the El sourceis shavn in Fig. 2.8 using for exampleH, as
precursosubstancandakineticenegy of 90eV for theelectronsWhile thepressureneasured
in the sourcechambemwasdecreaseth four stepsfrom 10~ to 10~ mbay the protonandH;
yield decreaseby a factorof ~ 30, whereaghe productionof Hy is reducedby aboutthree
ordersof magnitude.This clearly shavs the strongpressuredependencef the HF production
ratewhichis determinedy thecollision rate (proportionalp?) in theion source.
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Figure2.8: The dependencef the El sourceion yield on the precursor(hereH,) background
pressureOnecanclearlyseethe p* dependencef theH7 ion yield.

2.3 The Old Apparatus

Theold experimentalsetup,usedin this thesisto examinethe tungstenoxidesandthe new rare
gascompoundsis describedoriefly in this section,but more detaileddescriptionsaregivenin
[73,21]. After removing thesourceflangeattachedo this old setup,it senesalsoascryostatfor
thenew mass-selectioaxperiment.

Centralto matrix-isolationexperimentsarethe cryostatandthe surroundingvacuumcham-
ber In oursetup shaovn schematicallyn Fig. 2.9,we useaclosed-gcle LEYBOLD RGD5/100
refrigeratorto cool the silver-coatedcoppersubstratevhich senesas cold surfacefor matrix
depositiordown to 6.8-7.8K. Thesewo temperaturearemeasuredby two Si-diodesthecolder
one mounteddirectly at the cold finger of the cryostatand the other one mountedat the sub-
strateholder diametricalto thefirst one. Therealtemperaturef thesubstratdies betweerthese
two values,andit canbe adjustedby a heatercontrolledby a LEYBOLD LTC 60. To lower
the temperatureboth cold finger andthe substrateholderare surroundedy a radiationshield.
Thewholecryostatandthe attachedtold surfaceis mountedrotatablearoundthe verticalaxisto
allow depositionof matricesfrom onedirection(herefrom the left) andto allow opticalaccess
from theotherone.

The vacuumchamberconsistsof standardSO-K vacuumpartsandis pumpedby a 240
I/s turbo pump (BALZERS TPH240with pre-pumpDUQOL.5a)reachinga final pressureof =
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Figure2.9: Horizontalcut throughthe vacuumchambeiof the cryostat.Onecanseethe optical
pathfor themeasuremerdf absorptiorspectrausinganinternalparabolicmirror and,to theleft,
theattachedaservaporizationsource.

2 x 10~% mbar (without cryo pump,~ 2 x 10~ mbarwith runningcryostat). A gasmixing
systemwith an absolutepressuregaugeis attachedo the chamberto purify gaseougprecursor
substanceby pump-freezecyclesandto mix themlateron with the matrix raregasin arbitrary
ratios. Modified blind flangesattachedo the central6-way cross(DN100 ISO-K) serne mainly
asholderfor theinternalparabolicmirror andfor differentsourcesandallow optical accesgo
the matrix via KC| saltwindows. The flangewhich holdsthe sourcecanbe replacedeasilyto
usedifferentsourcedik e pulseddischage,laservaporizationor dualsourcego producedayered
sandwichmatrices. Using rotatablelinear feedthroughspne can adjustthe internal mirror to
maximizetheamountof light reachingghe FTIR spectrometer

2.4 The Mass-Selection

2.4.1 General

Absorptionspectraobtainedwith the old setupwithout mass-selectiofrequentlyshaved a lot

of new, unknawvn spectrafeaturesvhosecarrier(s)is(are)difficult to identify. In particularusing
adischagesourcewith carbon-richprecursorgproducingall kind of carboncompoundsesulted
in rich spectravhich canonly beinterpretedwith the helpof tediousandtime-consumingorre-
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lation or isotopicalsubstitutionexperimentg79].

Onepossibilityto remedythis problemis theintroductionof amasdilter betweerthesource,
which produceghe different species,and the matrix, wherethe speciesare spectroscopically
characterizedintroducingthis so-calledmass-selectiostage hassereraladvantagesompared
with theold, corventionalsetup:

1. Real-timeoptimizationof the sourceandtheion optics:
With theold setup,anoptimizationcycle consistingof matrix depositiorandspectroscop-
ical investigationtakesatleastonehour. Thenew mass-selectiosetup,ontheotherhand,
permitsthe real-timeoptimizationof 10-20 parametersvhich determinthe ion yield by
simply measuringheion currentaftermass-selection.

2. Avoidanceof disturbingimpurities:
Using for examplecarbonand nitrogencontainingprecursorswith the dischage source
alwaysresultedin the productionof the CN radical. It canbe non-resonantlyexcited in
a broadspectralrangedisturbingthe emissionspectraof the desiredspecies.Including
amassfilter furthermorereduceghe guest-guesinteractionsy simplediscriminationof
theunwantedspecies.

3. Themassnformation:
Of course knowing the massof a speciedacilitatesits identification!

Besidegheseapparenadwantagesthe mass-selectioshovs alsosomemoreor lessseveredis-
adwantages:

1. Lossesnf ion current:

e only 5-30% transmissiorthroughmassdfilter, dependingn theresolution
e additionallossedy passage¢hroughthreesmallapertures

2. Whenusingtoo high kinetic enepy:

e Problemof fragmentation
e Matrix damageduringdepositionof theion beam

Thelatterproblemswill bediscussedhn detailin section2.4.5.
To filter massesseveraldifferentmethodsareavailable. Generallythe dispersve masdilters
canbedividedin spacialandin temporalmethods:

1. Spacialmasdilters:

e WIEN filter: ELB, resolutionAm/m from10~2to 103
e MATTAUCH massspectrometefresolution10-7")
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2. Temporalffilters

e Time-of-flight spectrometefTOF)
e currentRETOFswith resolutionupto 10~*

Besidesthesedispersve methodsthereexist also somefiltering techniquesvhich do not fit in
theabove schemeasfor exampleion cyclotronresonancéCR, resolution10~¢) andquadrupole
massfilters with resolutionup to 10~2; the principle of operationof the latteris shavn in detail
in section2.4.3.

By usingtemporalmassfilters, which allow only pulsedoperationresultingin diminished
transmissionpnecanobtaina completemassspectrumper shot. Thesefilters arevery suitable
for pulsedsourceshut to usethemin combinationwith continuoussourcespnehasto sacrify
a large part of the averageion current. For continuousoperation,on the otherhand,one can
useeither a spacialfilter or a quadrupolemassfilter. We decidedto usea quadrupolemass
spectromete(QMS), sinceit doesnot have mechanicaparts(slits) andit is usedas standard
massfilter in commercialrestgasanalyzersandis thereforeavailable for a reasonableprice.
Furthermorea QMS allows easycomputercontrolledoperationin both continuousand pulsed
mode.

Mass-SelectiorStudiesin Rare GasMatrices

Thefirst successfustudiesof mass-selectegpeciesn the matrix werereportedsometenyears
agoalmostsimultaneouslhyby severalgroups. RIVOAL andcoworkers,have modifiedan appa-
ratusin Lausanneriginally intendedfor gasphaseclusterstudies andinterfacedit to a cryostat
for matrixspectroscop[80, 22]. In theearliestexperimentsaimedatdepositiorof massselected
Agi andNi7 clustershecurrentsvereapparentlytoo low for opticaldetectionbut overthefol-
lowing few yearsthe apparatusvassteadilyimprovedby changingthe experimentalparameters
andsourcegeometry[81, 82]. Theclusterionswereproducedy meansof sputteringwith a 10
mA primary beamof 20 keV Kr™ ions,analyzedn a quadrupolanassfilter anddepositedvith
kryptonmatrix gason asapphirevindow. Theionsweredirectedto thewindow with thehelpof
anacceleratindield andan electrostatidens,andafterdepositiomeutralizedoy electrondrom
atungsterfilament.While in theearlyexperimentdragmentatiorpresentedomeproblem after
furtherrefinementst waspossibleto obsenetheUV absorptiorspectraof neutralsilver clusters
upton=39[83, 84].

LINDSAY, oneof theinvestigator®f theabove study L oMBARDI, andcoworkersthencon-
structeda new apparatust CCNY (City Collegeof New York), emplgying first a Wien velocity
filter in placeof the quadrupoleanassspectrometerEventhoughthisfilter hadthe disadantage
of relatively low massesolution thisrepresentedo problemin studiesaimedatM; metalclus-
ters,whereonly clusterswith varyingvaluesof n have to be separatedThey areusingthe same
CORDISion sputtersourceasRIVOAL, HARBICH etal. Over the following years,thesework-
ershave reportedseriesof interestingstudiesof the absorptiorandresonanc&amanspectraof
numerousmetaldimersandsmall clusters,ncluding V, [85], W, [86], Ta, [87], Hf; [88], Re,
[89], Co, [90], Zr3 [91], Tay, [92], Ni3 [93], Nbs [94], Rh, [95], Ru, [96], Hf; [97] andPt, [98].
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Anotherapparatugor massselectedstudieswasdevelopedat Michigan StateUniversity by
LEROI andALLISON, who useda quadrupoldilter from a modifiedresidualgasanalyse(77].
In their earlystudiesthey wereableto reproduce.IF spectrunof theCS} ionin solid argon, but
only theparentcarbondisulfideanddiatomicCScouldbedetectedn theinfrared,anobsenation
which the authorsexplainedin termsof neutralizatiorof theion accompaniedy fragmentation
to CS+ S[25]. Theseauthorshave morerecentlyreportedthattheion yield could be greatly
enhancedy addingsmall quantities(0.1 %) of CO, to the matrix gas,which thentrapsthe
electronsandsuppressetheion-electronrecombinatiof99]. They thensucceedeth recording
theinfraredspectraof severalions,including CFf [100] andCS;} [101] andCOy [99] in solid
argonandneonmatrices.

A whole seriesof highly successfuinvestigationsof massselectedspeciesin the matrix
is dueto MAIER andcoworkers,who usedthe techniqueto investigatenumerouscarbonchain
speciesywhichareof considerablémportancen astrophysicandfor interstellarchemistry They
generateghe carbonchainmoleculesn a hot cathodedischage source usingsuitableprecursor
molecules,usually acetyleneor its dervativesdiluted by helium or argon [102, 23, 103]. The
acceleratedons are focussedoy electrostatidenses,and after selectionin a quadrupolemass
filter they are guidedonto the matrix surface. The depositednassselectedspeciesverethen
investigatedn solid neonmatricesby visible or UV absorptiorspectroscopusingawave-guide
absorptiontechnique.The spectraobtainedin this way for the HC,H* [104, 105], HC,,CN*,
andNCCGC,,,CN* [106] ions provide informationcomplementaryo our LIF studieson the same
systemg107, 108]. Recently they usedan electronimpact sourceto producethe anionsof
the above mentionedinear chain molecules. After characterizatiorof the anions,an electron
was photo-detachedndthe correspondingneutralspecieshave beenstudied[109, 11(. They
alsousedsputteringof a graphitetargetto generateand depositionic C= clusterspeciesand
recordtheir spectraParticularly exciting aretheir obsenationsandassignmenof theelectronic
absorptionspectraof neutralandanioniccarbonclusters,C,, andC;[111,112,113. In their
spectraof the anionsthey detecteda whole seriesof closecoincidencesvith frequencieof the
so called diffuse interstellarbands,which provided first really solid evidencefor solving the
long-standingnysteryof their origin [114,115].

Quiterecently MoskovITs andcoworkersstartedto usea mass-selectioapparatusimilar
to LINDSAY’s setupto studytransitionmetalclusters.In thebeginning,they examinedthedirect
synthesiof metalclustercomplexesby depositiorof mass-selecteidon clusterswith excessCO
asligand[116]. Using resonanceéamanspectroscoy they werelaterableto characterizeéAgs
[117], Ag; andFe; [118]in solid argon.

The Setupof the New Mass-SelectiorExperiment

The apparatusconstructedn our laboratoryis similar to MAIER’s successfuketup[102] - a

schematiarawing of our setupis shovn in Fig. 2.10. We have alsodecidedo usea quadrupole
masdfilter, which unlike for instancetime-of-flight filters, allows both pulsedandcw operation.
Theion sourcein thefigure is the microwave dischage sourcedescribedn section2.2.2. The

dischageproductdrom thesourceheldat+20V passhroughagrid andareacceleratetbwards
a2 mmskimmerheldat-20V.
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Figure 2.10: Schematicof the experimentalapparatugor mass-selectehatrix studies,with
microwave dischage ion source(A), skimmer(B), first electrostatidens(L1), deflectionunit
(D), first Faradaycup(F1), secondens(L2), 12mmtriple stagequadrupolanasdilter (Q), final
lens(L3), rotatablecold-surfice(C), matrix gasinlet (G), movable Faradayplate (F2) andthe
tungsterfilament(W).

The pressurén the sourcechamberevacuatedoy a 360 I/s turbo-moleculapumpis 10 # -
10-2 mbar whereasvithoutrunningsource2x10-" mbararereached Thewholevacuumsystem
of source deflectionandquadrupolechamberconsistsof standardSO-K chambersandflanges
with diameterof 160mmand100mm, respectiely. Theachiezedendpressuref 2x10-" mbar
is quite goodfor this kind of vacuumsystemandis far enoughfor our ion beamexperiments,
sincethe averagefree pathbetweertwo collisionsis approximatelyl 000m at 10-" mbatr

Theionic speciesxiting the skimmerinto the deflectionchamberarefocusedwith the help
of an einzellensL1 anddeflected90® in a quadrupoleelectricfield. After the skimmer the
sourcechambemlndthedeflectionchambeiareseparatetyy a gatevalve which allowsto change
or repairtheion sourcewithoutventingthewholeapparatusA secondens,L2, thenfocuseghe
ionsuponthe entranceapertureof a quadrupolemassfilter, with the undeflectedheutralsbeing
pumpedby a second360I/s pump. The potentialsappliedto the differentelectrodesaswell as
thetrajectoryof theion beam arediscussedh the next subsection.

The commercialriple stageHIDEN HAL/3F quadrupoldilter with 12 mmrodshasa spec-
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ifled massrangeup to 500amu,aresolution< 1 amuandis describedn detailin section2.4.3.
Thecustommodifiedfilter has7 mm entranceandexit aperturesandis differentiallypumpedoy
a150lI/s pump.Its exit aperturereachesnto the cryostatchambertto be ascloseto the cold sur
faceaspossible.The massselectedon beamis thenfocusedontothe matrix by meansof alens
L3 anddepositedsimultaneouslywith the matrix gas,neonin the presentcase. The substrate,
a silver coatedcopperplateis heldat~7 K by the LEYBOLD closed-gcle refrigerator Taken
from the old setup thewhole cryostatchambeiis reusedn the new experiment,only theflange
holdingthe movableFaradayplatehasbeenreplaced.

To maintainoverall neutrality of the matrix, andavoid building up spacechagesandstray
fields, the matrix was sprayedby electronsrom a hot tungstenfilamentheld at approximately
-100V. We experimentedvith alternatingtheion andelectrondepositionput in theendcontin-
uousoperationprovedto be mostefficient, with optimalresultsbeingobtainedwith theelectron
currentbeingaboutfive timestheion current.

In orderto optimizethe experiment,the ability to measureheion currentis essential.For
this purpose,one Faradaycup (F1) permittingmeasuremendf the total ion currentis located
in the deflectionchamber A secondremovable detector(F2) closeto the cold surfaceallows
measuringhe massselectedon current. Theweakcurrentsareamplifiedby a FEMTO DLPCA
100currentamplifieranddigitizedin the massfilter controlunit. Currentsaslow as100fA can
be easilydetectecandwe obtainmassspectrawith S/N betterthan10000:1.With the masdilter

Figure2.11: Photograplof the new experimentalsetup: To the right bottom, one canseethe
sourcechamber(including the El source)connectedvia a gatevalve to the deflectionchamber
(bottom, left). Thesubsequent-piececontainsthe quadrupolanassfilter andis attachedo the
cryostatchambeil(top, left) with the FTIR spectrometethidden)following in the background.
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setto the desiredmass,all the experimentalparameterganbe adjustedfor maximumcurrent.
With our microwave dischage sourcewe could producemass-selectedurrentsof up to 1-2 nA
andwith thenew El sourcemass-selectedurrentsof upto 20 nA (H3) have beenrecorded.

After depositionthe matrix is rotated120* andthenthe matricesare characterize@pectro-
scopicallyusingthe IFS 120 HR Fourier transformspectrometerequippedwith beamsplitters
and detectorsfor the 500 - 30000cm—! spectralrange. A photographof the newv experiment
shaving the mass-selectioattachedo the cryostatis presentedn Fig. 2.11.

2.4.2 lon Optics

Beforedesigningmechanicatiravings of ion-opticalparts,it is advisableto performcomputer
simulationsof the partsto geta feeling of how electrodesleterminethe electrostatiqootential
andhow thispotentialinfluencegshetrajectoriesf “flying” ions. Furthermoregoingsimulations
allows the optimizationof ion opticswithout changesn the “hardware” and one obtainsinfor-
mationaboutthe optimizedvoltagesappliedto thedifferentelectrodeswhichis usefulwhenone
hasto chooseandorderappropriatevoltagesupplies.

Theoretical background To calculatethe electrostaticpotential of a given arrangemenof
chagedelectrodespnehasto find solutionsof the staticMAXWELL equationshich explicitly
containthe electricfield E:

V- Ex) = —px) (2.3)

€0
VxEX) = 0 (2.4)
Herethe first equation,calledthe GAuss law, statesthat the sourceof the electricfield is the

chage densityp(x), andfrom the secondequationfollows thatthe field canbe expressedasa
gradientof a scalarpotentialy(x), E = —V¢(z), leadingto the combination

0? 02 0? 1
. =|l=—=+=—=+=——=|d=—— 2.5
V- (V) <&ﬁ+a¢+aﬁ>¢ o (2.5)
whichis known asthe PoISSON equation.Sincethefreespacebetweertheelectrodess (almost)
freeof chages,onecansetp = 0 reducingequation(2.5)to the LAPLACE equation

(‘9_2+‘9_22+‘9_2>¢:0 (2.6)

To solvethisequatiomumerically thecontinuougotentialy(z, y, z) is “sampled”atequally
spacedliscretepointswith distanceh, ¢ = ¢(xo + ih, yo + jh, 2o + kh) leadingto

Gitijk + Gi—ijk — 20ik  Pijr1k + Pij—1k — 204k
Rearranginghis equation oneobtainsanexpressve equationfor the “centerpoint” ¢; ;.

2.7)
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(2.8)

— [©

¢ijlc
i. e.thepotentialequalsat eachpointthe averageof the potentialof all neighboringpoints. This

equationis iteratively appliedto all pointsof the electrode

(Gi—1jk + Dit1jk + Gij—1k + Gijr1k + Dijk—1 + Pijks1)

freespaceuntil subsequenthanges

becomengyligible which meanghatcorvergencehasbeenachiered.

Usingthepotentialobtainedy this procedurepnecansimulatethetrajectoryx(t) of chaged

particlesby solvingnumericallythe equationof motionapplyingthe LORENTZ force

(2.9)

)

It is interestingto note that the trajectoriesof particleswith different massesave the same
form providing they startfrom the samepoint, samedirectionandthey have the samekinetic
enepgy. Thenumericalcalculationof the potential,aswell asthe simulationof trajectoriesyere

performedusingthe commercialSIMION

the next subsection.

g E+%xB

x=F

m

3D program[119] andsomeresultsarepresentedn

Results Theresultsof theion opticssimulationarepresentedn the samesequencastheions

fly throughthe apparatus.Hencethe first calculationsimulatesthe ion beamemittedfrom the
sourcethroughthe skimmer thenthe enteringinto the deflectionchambeithrougha gatevalve

and,finally, thefocusingby thefirst einzellensL1, asshowvn in Fig. 2.12.
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Figure2.12: Simulationof theion source(keptat +20V, determinesghekinetic enegy) andthe
skimmer(-20V) in thesourcechambei(= masspotential= 0 V), aswell asthetransitionthrough
the gatevalve into the secondchambemith thefirst einzellensL1 (centerelectrodeat-60 V).
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Here,theion source(for examplethe microwave dischage or thelaservaporization)s kept
at +20V determiningthe kinetic enegy of the ions which are emittedwith negligible thermal
enegy. Thenthe ions are acceleratedowardsthe skimmerheld at -20 V for maximumion
current. A highernegative potentialof the skimmerhasthe effect that moreions are“sucked”
into the skimmer but this hasalso the disadwantageof a strongerbeamdivergenceatfter the
skimmer After approximatelylO0 cm of “free flight” throughthe opengatevalve, the beam
entersthefirst einzellensL1 mountedn the deflectionchamberThis lensis necessaryo make
a parallelbeamout of the divergentone,andasone canclearly see,applyingfor example-60
V to its centerelectrodeis enoughfor a shortfocuslengthof =~ 7 cm. This focuslength of
electrostatieinzellenseds proportionalto kinetic enegy / centervoltage.

In contrasto thefirst simulation,whichis arelatively simpletwo dimensionaproblemwith
cylindersymmetrythefollowing simulationrequiresareal 3D calculation:Thesimulationof the
ion beamin thesecondhambertheso-called'deflectionchamber”.A horizontalcutthroughthe
deflectionunitin the planeof theion beamis presentedn Fig. 2.13,shaving the corresponding
electrostatigotential. The deflectionunit consistsof four 90° sectorscutfrom a 100 mm brass
tube (25 cm long), and appropriatelyarrangedo generatean electric quadrupolefield which
deflectgheion beamby aright angle.Attachedto the deflectionunit aretwo einzellensesatthe
entrancgL1) andattheexit (L2); thelatteronefocuseghebeaminto the quadrupolenasdilter.
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Figure2.13: The electricpotentialof the quadrupoledeflectionunit including the einzellenses

L1 andL2, applying+/- 17 V to the quadrupoleslectrodesand-60 V to the centerelectrodeof
thelenses.

In Fig. 2.14, the three-dimensionajjeometryof the deflectionunit is shavn, including the
trajectoriesof two differentbunchesf ionswith the sameenegy andthe samepotentialsonthe
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electrodesTheleft partshavs a horizontalfan of ionswith a kinetic enegy of 20 eV, whereas
theright partshovsaverticalfan. As onecanclearlysee pothfansarewell deflectedpractically
no lossesy aright anglewith the horizontalonehaving afocusin the centerof the deflection
unit.

It is interestingto notethatthe deflectionvoltageappliedto two adjacenelectrodeghere34
V) mustbe approximatelyl.7 timesthekinetic enegy (in electronvolts) of theionsto obtaina
90 deflectionangle. This relationallows the easydeterminatiorof the actualkinetic enegy of
theions. FurthermorepnecanseethatthelensL2 focuseshebeamwell into thesmallentrance
apertureof the following QMS with a diameterof only 7 mm. The variabledeflectionvoltage
canbeadjustedo sweephorizontallyovertheapertureandto optimizetheion currentmeasured
aftermass-selectionWhenreversingthe polarity of the deflectionunit, the beamis bentin the
oppositedirectionallowing the measurementf thetotalion currentat Faradaycup F1.

Figure2.14: Simulationof the trajectoriesof a horizontal(left) anda vertical fan-like bunchof
ions (right) flying throughthe deflectionunit with a kinetic enegy of 20 eV andstartingfrom
theright sideat the bottom.



2.4 The Mass-Selection 41

2.4.3 The Quadrupole MassFilter
Principle of operation

Centralto theprinciplesof operatiorof anquadrupolenassspectrometefQMS) is thegeometry
of thequadrupoldield. An electricquadrupoldield is expressedy its lineardependencenthe

coordinateposition
aT
=Eo| By (2.10)
Yz

whereq, 3, v areweightingconstantsand £, is a positionindependentactorwhich maybe a
functionof time. Thisfield is constrainedy the GAuss law (2.3)sothata + 8 + v = 0 which
may be satisfiedthe simplestway by for example

a=—F~7=0

N7
Z

\Zz

Figure 2.15: Equipotentiallines of a quadrupolefield (left) andthe electrodestructure(right)
to generatdt. Thesearethe ideal quadrupolemassfilter electrodeshaving hyperboliccross-
sectionsFromRef.[78]

By integratingtheresultingfield, oneobtainsfor the correspondingpotential

1
¢ = —§EOQ($2 )

andthe equipotentialines areshovn in Fig. 2.15(left). They are setsof hyperbolaen the zy
planewith afour-fold symmetryaxisaboutthe z axis. Suchpotentialsareeasilygeneratedby a
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setof four hyperboliccylinderswith adjacentlectrode®ppositelychagedasshovn in theright
partof thesamdigure. Thehyperbolicrodsarereplacedn practiceby roundrodsapproximating
thequadrupoldield, but theserodsintroducefield distortionsaffectingtheresolutionof theQMS
whichis discussedh detailin [78], chapteV. Assumingthatthevoltagebetweerthe electrodes
is ®, andthedistancebetweeroppositerodsis 2r; , thenthe potentialbecomego

Doz —y?)
b= (2.11)

Usingthis potentialy, oneobtainsthreedecoupledequationgor theion motion

mi = —°20, (2.12)
7'02
®

mij = +Y (2.13)
To2

mi = 0 (2.14)

After injectingionsin the QMS alongthe z axis,the motionin the xzz andyz planess givenby
(2.12)and(2.13),respectrely. Assuminga constanpotentialappliedto the electrodegthe DC
case)themotionin the zz planeis simply a harmonicoscillation,whereasn the yz plane,the
ions diverge from the z axis. On the otherhand,if ®, is a periodicfunction of time, theions
arealternatelyattracted/deflectetiom the z axisresultingin stabletrajectoriesin both planes
providing the periodis shortenough(the AC casewhichis usedasion guide).

In combiningthe DC andthe AC case,using®, = U — V cos(wt), the quadrupolecanbe
usedasa massfilter applyingappropriatevoltagesU andV with frequeny wto therods. The
equationf motionof amasdilter cannow be expresseds

2

%u + (@ —2gcos2m)u=0 (2.15)
-

wherer = wt/2, u representgitherz or y anddefining
4eU 2eV

a = q=
mw?rd’ mw?r}

Equation(2.15)is the MATHIEU equationin its canonicalform whoseproperties,andin par
ticular the stability of its solutions,are well known. Dependingon the value of a and g, the
MATHIEU equationhasstablesolutionsasshawvn in Fig. 2.16(left). Areaswith stablemotionin
bothz andy directionscanbe usedasmasdilter.

Thenatureof theion motionin theyz planeis illustratedattheright sideof Fig. 2.16shoving
severalpointsin the stability diagramwith theinitial conditionsbeingu(0) = 1 and4(0) = 0:

a. thepointg = 0.55, a« = —0.1625 closeto thelower limit of thefirst region of stability (in
y direction);the periodicityis 7

b. thepointq = 0.55, a = 0 within thefirst stability area. The trajectoryis complex with
periodicity > 27 but stable.
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Figure2.16: The Mathieustability diagramof a quadrupol€left) shaving regionsof simultane-
ousstability in the z andy directions,aswell assomeion trajectoriesfor several pointsin the
stability diagram.FromRef. [78]
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c. thepointg = 0.55, a = 0.425 nearto theupperimit of thefirst stability area;periodicity=
2

d. ¢ = 0.55, a = 2.5 within thesecondegion of stability.

A magnifiedpartof the stability diagram thefirst region of stability for bothx andy direc-
tionsis shavn in Fig. 2.17. The peakof thisregionat¢ = 0.706, a = 0.237 is usuallyusedto
obtainmassresolution. For fixed U, V, w andrg, all ion massegm/e) lie on the sameline of
constanta/q which is calledthe massscanline or operatingline. Now only thoseion masses
whichintersecthe peakof the stability region have stabletrajectoriesandwill passthroughthe
filter. By increasingheU/V ratio, theoperatingine becomesteepeandapproachethetip of
the stability region which leadsto a narraving of the rangeof massepassinghroughthefilter.
By thisway, theresolutionof thefilter canbevariedelectronicallyby simply adjustingthe U /V/
ratioleadingto atrade-of betweertransmissiomndresolution.Keepingtherf frequeng w fixed
in resonancevith the“cavity”, massspectraareusuallyscannedy varyingthe magnitudeof U
andV but keepingtheU/V ratio constanin orderto maintaina constantmassresolution.

For commoncommercialQMSs, the available choicefor the rod diameterd,,; andthe AC
voltageV is someha limited. Therod diameteywhichis connectedo ry by d,,q = 2.296r to
getthe bestapproximationof the quadrupoldield, hasacceptable/aluesin the range5-20 mm
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Figure 2.17: The lower stability region normally usedin massfilter operationshawving iso-3
linesfor thex andy directionsandatypical operatindine. FromRef. [78]

andV is of theorder3000V. Therf frequeng w, which determineghe maximummassox w2
andtheresolution{Z- o w? in oppositedirections,is usuallysetin therange500kHz - 10 MHz
allowing massrangeaup to the orderof 1000amul.

The HIDEN HAL/3F Quadrupole Mass Spectrometer

TheHAL/3F QMS from HIDEN Analytical waschoserbecausdiIDEN wasthe only compary
which offereda custommodifiedQMS for areasonabl@rice andhasa local branchoffice here
in Germary. TheHAL/3F consistof aHAL IV controller(with RS232interfaceto aPC),asep-
araterf generatgran EPIC massanalyzer(with 12mmrods,triple stagefilter, custommodified
mountingflangeandelectricalfeedthroughsandthe softwareHAL MASsoft.

TheHAL/3F hasthefollowing specifications:

design 12 mmrodsfor enhancedransmissiontriple stagefor betterline profile
massrange | 1-500amu

resolution | betterthan0.5amuthroughouthe massrange

transmission upto 30% (notincludinglossesdueto aperturesetc)dependingon resolution
scanspeed | 200amu/sor 55 masschannels/s

ionenegy | ~ 10 eV (determinedy theion source)

Being the heartof HIDEN’s commercialrest gasanalyzersRGA), the EPIC quadrupole
masdilter is mountedonaspecialDN1601SO-K flange(containingthe electricalfeedthroughs)
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withouttheion sourceanddetectorsisedfor RGAs. It has7 mm entranceandexit aperturesand
is differentiallypumpedijn ourexperimentpy a150I/s turbopumpto getrid of thediscriminated
ions.

The MASsoft softwareallows severaldifferentmethodgo obtainmassspectra:

Profile: themassrangeis scannecatontinuouslywith sub-amuesolution

Bar: themassrangeis scannedn 1 amusteps

MID: Multiple lon Detection,arbitrarymassesrescannedgequentially

Shutdown: the QMS staysfixedata certainmassusedfor ion depositiorandfor optimiz-
ing the sourceandion optics

After measuringa massspectrumthe spectrums exportedasa xy-ASCI| file andtransferedo
aUNIX workstationfor furtheranalysis.

2.4.4 MassSpectra

In this subsectionsomemassspectraare presentedhs an exampleto showv the resolutionof
the QMS or to demonstrateéhe characteristic®f differention sources.Two massspectrahave
beenpresentedlreadyon pages29 and 30, respectiely, to characterizéhe electronimpaction
source.
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Figure2.18: Xe?* ionsfrom the El sourceusing80 eV electrongo ionize the xenon. This dia-

gramclearly shows the sub-amuresolvingpower of the HAL/3F QMS separatingvell the dif-

ferentisotopesf xenonwith the mostabundantonesdistributedat massed.28(2%),129(26%),

130(4%),131(21%),132(27%),134(10%)and 136amu(9%).
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The example spectrashown in Fig. 2.18 using xenonwith its rich isotopical structureas
precursoisubstancdlustratetheresolvingpower of theHIDEN HAL/3F. Here,80eV electrons
have beenusedto double-ionizethe xenonshawing the characteristigsotopicalpatternof the
naturalabundanceof xenon. Apparently peaksof neighboringmasseswhich areseparate®.5
amu,arewell resohed.

In Fig. 2.19,the microwave dischage sourceis characterizeg@omparingthe pinholenozzle
(foreground)with the mesh(background)seesection2.2.2. Onecanclearly seethatusingthe
meshinsteadof the pinhole generallyincreaseshe ion yield by a factorof ~ 3 andthat, due
to the higherpressuren the source N is morereadily producedvhenusingthe pinhole. This
figure,aswell asFig. 2.8,exemplifiesthegreatsignal/noiseatio of almost5 decadesichievable
by this combinationof QMS, Faradaydetectorandsensitve currentamplifier.

le+01

N, [ mesh
pinhole
1e+00 R N
microwave discharge source
_ with N, as precursor
2
<
L 1le-01 {
5
o
5 "
Ne
le-02
N,
1e-03 . . . . . . . . . X . . .
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

mass (amu)

Figure2.19: Massspectrarom the microwave dischage sourceusingN, asprecursoigascom-
paringthe pinholenozzle(foreground)with thereplacingmesh(in the background).

A final massspectrum,shovn in Fig. 2.20, illustratesthe attemptsto combineour laser
vaporizationsourcewith the mass-selectionAblating a niobium target using 20 mJ pulsesof
532nmNd:YAG laserlight andneonwith 5 barbackgroungressurethemonomerandniobium
monoxidecationsareproducedut no higherclustersveredetectedUnfortunatelytheobsered
averagecurrentsof &~ 10 pA aremuchto weakfor spectroscopiinvestigationsalthoughpeak
currentsof up to 50 nA with 20 us lengthcould be obsened. A vaporizationlaserwith high
repetitionrate (> 1000 Hz insteadof 10 Hz) would be necessaryo efficiently combinethis
sourcewith the masdfilter

Additional massspectrausingCS, andCg¢Fs asprecursosubstancearepresentedh chapter
7 dealingwith the correspondingations.
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Figure2.20: Massspectrunof laservaporizedniobium. The NbO peakis dueto oxideson the
surfaceof thetarget.

2.4.5 Depositionof Mass-Selectedons

Sincethereis a trade-of betweenlow kinetic enegy and high ion beamcurrent, the mass-
selectionis usually performedat relatively high kinetic enegy of 50-1000eV. Although our
guadrupolanassspectrometeworks bestfor 10 eV enegy, optimizedion currentsarereached
at 30-50eV without significantlyreducingthe resolution. After mass-selectiont is difficult to
slow down the ions belov somel0 eV. An ion reachingthe surfaceof for instancesolid neon
with anenegy of > 10 eV caneasilyfragmentandthe problemof soft-landingtheionsandtheir
fragmentations discussedn detailin [24]. Due to the low van-derWaalsbondenegy of 3.7
meV betweemeonatoms,it canalso"melt" some3000matrix atoms,or causethe evaporation
of about500,whichin turncanleadto enhancedliffusion. Theincomingion canpenetrateeep
into the solid, resultingin aggreyation and reactionswith other speciesalreadypresentin the
matrix, thusdefeatingthe majoraim of matrixisolation.A final problemliesin thespacechage
resultingfrom accumulatiorof the chagedspeciesn the nonconductingare gasmatrix [25].
Thismayresultin strayelectricfieldsdeflectingthemolecularion beamandfurthercomplicating
theion deposition.

Following massselection,the ion beamis focusedonto the matrix substrateby meansof
a further einzellensL3. The ion beamis depositedon the substratesimultaneouslywith the
matrix gas,neonin the presentcase. In orderto maintainthe overall neutrality of the matrix,
andavoid building up spacechagesandstrayfields, the matrix wassprayedoy electronsrom
a hot tungsterfilamentheld at negative potentialsof up to Ug;,, = —200 V. We experimented
with alternatingheion andelectrondepositionput in theendcontinuousoperationprovedto be
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mostefficient, with optimalresultsbeingobtainedwith the electroncurrentmaintainedat about
fivetimestheion current.

The processof ion depositionis shovn schematicallyin Fig. 2.21. The non-conducting
matrix surfaceis irradiatedby electronsfrom the filamentandit is chaged negative until the
surfacereacheghe samepotentialasof thefilament. Additional electronsarenow deflectecby
the negative potentialof this spacechage zone— an equilibrium hasbeenreached.Arriving
ions,which have aninitial kinetic enegy of F; = 20 eV, areacceleratedowardsthe matrix and
hit thesurfacewith thefinal enegy E; = E; + e|Uria| = 220 €V. In thisway, thevoltageof the
neutralizingfilamenthasimportantinfluenceon the damageloneto the matrix by theimpactof
theion beamwhichwill bediscussedn detailin this subsection.

filament at =200 V
g 5 nA of eectrons
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Figure2.21: Theprocesof ion deposition:The mass-selectenswith kineticenegy of 20eV
arecodepositedvith electronsandexcessmatrix gas. The electricalneutrality of the matrix is
maintainedn anequilibriumprocessandoccasionallysomeions maybeneutralized.

The electronsfrom the filamentare trappedat lattice defectsor at impuritiesand may oc-
casionallyneutralizesomemass-selectedations.A quantitatve analysisto be presentedater,
shawvsthatatleastr 20% of themass-selecteidnssurvive thedepositiorprocessWhenwarm-
ing upthematrix, thetrappecdelectronsarerelease@dgainandrecombinewith positively chaged
partneremitting thermally stimulatedluminescenc€TSL). The releasectlectronscaneven es-
capefrom the matrix surface,the resultingthermally stimulatedexo-electon emission(TSEE)
canbemeasureceasilywith a Faradayplatecloseto the matrix surface.All theseeffectsandthe
guestionof thethermalstability of chagedcenteran rare-gasnatriceswerestudiedextensvely
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in our laboratoryin collaborationwith the Institute for Low Temperaturd’hysicsin Kharkov,
Ukraine[120, 121].

Matrix Damageand Multiple Sitesin the CsF{ B?Ay, +» X2E;, Spectroscopy

Laserexcitation spectraof two differentsamplesgachresultingfrom 3 h depositionof a beam
currentof ~1 nA at mass186 amu,areshavn in Fig. 2.22. The differencebetweenthetwo is
in the enegy of the ions impinging uponthe matrix, which is estimatedo be 220 eV for the
top spectrumbut considerablylower (20 eV) for the bottom one. While the bottom spectrum
resembleshe spectrunreportedin a previous study[122] wherethe ionsweregeneratedy in
situvacuumUV ionizationof neutralhexafluorobenzenen thetop spectrunwheretheionswere
depositedwith higherkinetic enepgy, eachof the strongvibronic bandsof hexafluorobenzene
seemdo bereplacedby a groupof severalbands.Clearly, while in the samplewherethe beam
wasdepositedwvith lower enegy, aswell asin the photo-ionizedsamplethereis onedominant
site, denotedby A, in the sampledepositedwvith higherenegy thereareseveral "sites”, thatis
the cationsoccurin the neonmatrix in several differentlocal environments. The mostintense
subsidiarysitesaredenotedoy thelettersB andC, andcanbe seento occur albeitweakly also
in the bottomspectrum.

CF, laser excitation scans
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Figure2.22: CsF{ laserexcitation spectraor differentkinetic enegies: 220eV (top trace)and
20eV (bottomtrace).

Thefactthattheorigin of theadditionalbandss inhomogeneouss confirmedby examining
the emissionspectra:exciting the B and C bands,which are blue shiftedby 16 and33 cm!,
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respectrely with respecto the A bandsresultsin fluorescencevhoseorigin is shiftedby the
sameamount. The presenceof several similar "spectra”shifted by similar amountsboth in
emissionandexcitation spectrums a characteristicymptomof several distinctsites,thatis in
the presentasethe A, B andC bandscorrespondo the CsF{ cations"perturbed"by a slightly
differentlocal ervironment. The almostcompleteabsenc®f the multiple sitesfrom the spectra
producedby in situ ionization,andtheir presenceanddependencef ion enegy in the caseof
ions depositedrom the gasphasesuggestshatthey arethe resultof matrix damagedueto the
ion bombardment.

Sometime agowe have notedthatalsoin the caseof matrixisolatedinearcarbonchainions
of thetype X-C,-Y* (whereX andY canbe for instanceH or CN), thereexistsa considerable
differencebetweenthe spectraof ions producedin situ, and of the sameions depositedrom
a massselectedon beam. While in situ studyin our laboratoryyieldedvery sharpbands,the
ion beamdepositecsamplesy Maier et al. gave usuallybandswith morethat100cm ! widths
[104]. We have previously suggeste(ll 23] thatthis differencds probablydueto matrixdamage,
and the presentresults,observingan analogouseffect for quite differenttype of ions clearly
providessupportfor this point of view.

Quantitati ve Analysis of Mass-Selectedon Concentration

An visible absorptionspectrumof a sampleresultingfrom a codepositionof a3 nA current
at mass132 amuwith pure neonfor 3 h shaws clearly the known visible absorptionof the
1,3,5-GHsF; radicalcation. The strongesD-0 origin bandlocatedat 21769.6cm ! exhibited
anintegratedabsorbancef 0.094cm !, andit wasfollowedto higherenegiesby wealer vi-
brationalstructure.While numerousmolecularions were previously studied,relatively little is
known aboutthe achiezableion concentration.In the caseof massselectedoeamdeposition,
the extentto which the gasphaseonsactuallyreachthe sample andsurvive therecombination,
fragmentatiorandotherreactionwhich canoccurin the matrix or onits surfaceis thereforeof
considerabléenterest.

In the presenexperimentstherearein facttwo independemnivaysin which onecanestimate
theion concentrationor atleastestablishits limits. In thefirst place,by knowing theion current
reachingthe matrix andthe depositiontime, onecaneasilycomputethe numberof molesof the
sample,and compareit with the numberof molesof the simultaneouslydepositednatrix gas.
For the columndensity oneobtainsthus

n IAt _ 1010 rn_ol

C.l:Z:eNAA_ cm?

(2.16)

This easycomputationin the experimentwith the 1,3,5-GHs;F3 gives a molar concentration
of about0.9-1x10?, thatis onepartperbillion (ppb), provided no ion-electronrecombination,
or otherreactionsdestrging the ions take place. Very similar numberswerein this way also
obtainedfor the othermolecularions studiedin this work.

Thereis, however, a second,independentvay, in which the ion concentratiorcanbe esti-
mated. The fully allowed B-X transitionin the 1,3,5-GH3F5 cationis known to have in the
matrix a lifetime of aboutr =50 ns. This valueexhibits little dependencen temperaturedoes
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not changeappreciablywhenthe moleculeis deuteratedandis only slightly shorterthanthe
gasphasdifetime. It is thereforevery likely thatnon-radiatve processesareinsignificant,and
thelifetime is basicallyradiatve. Underthis assumptionpnecanusetheintegratedabsorbance
from the obtainedspectrao computethe ion columndensity andobtainagainfrom the known
thicknessof the matrix theion concentration:

1
87“0’” /A dv ~2.7-101 2% (2.17)

cm?

with v = 22000 cm™! andthe integratedabsorbancg A(v)dv ~ 1 cm™. While againthe

uncertaintiesn anumberof the valuesenteringthe computatiorarerelatively high, oneobtains
cationconcentrationsf theorderof 0.1-0.3pph Comparisorof thenumbersobtainedn thetwo

independentvayssuggeststhatapproximately20 % of theions survive the depositionprocess.
Consistentvith this assessmenthat recombinatiorshouldnot be dominant,is the obsenation

that while we could obsere weakly the absorptionof the CS;j cation, the absorptionsvhich

could be attributedto eitherneutralCS; or to the CS fragmentwere apparentlytoo weak for

detectionseesection7.3.1.
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Chapter 3

Vibronic Structur e of TungstenOxides

Wennmanalle Gesetzestudieensollte,
sohattemangar keineZeit,
siezulbertreten.
JOHANN WOLFGANG VON GOETHE

Tungsteroxidesisolatedin solid neonmatricesveregeneratedisingthe pulsedlaservaporiza-
tion technique,andtheir absorptionas well aslaserinducedfluorescencespectra(LIF) were
examined.A clearly resohed tungstenisotopicstructurepermitsunambiguouspectralassign-
ments. With the help of nearinfrared emission,several low lying electronicstatesof WO are
obseredandcharacterizedThe symmetricstretchingfrequeng of thetriatomic WO, is identi-
fied, andthe structureof the moleculeis discussed.

55
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3.1 Intr oduction

Transitionmetalsandtheircompoundsepresenachallengebothto experimentandtheory[124.
The presencef the partially filled d-electronshell usuallyleadsto a complex electronicstruc-
ture with a large numberof low enepgy states,anda very rich spectroscop The interactions
betweenthem often perturband complicatethe spectraand make their interpretationdifficult.
For ameaningfultheoreticatreatment large numberof electronicconfigurationasto becon-
sidered. While a numberof oxidesand other simple compoundsof the first and secondrow
transitionmetalshasbeenstudied[125126, 127,128 129,130, muchlessknown arethe heary
third row species.As a consequencef the lanthanidecontraction they frequentlyexhibit sim-
ilarities to the secondrow specieshut asa resultof relatvistic effectsthey alsodiffer in mary
propertiesappreciablyfrom their lighter relatives[13].

Tungstenandmary of its compoundsare high melting, refractorymaterials,whosevapor
ization requirestemperaturesangingup to 3000K, andthis makestheir gasphasestudiesex-
perimentallydifficult. An early gasphasevisible emissionstudyin the fifties revealedseveral
electronictransitionsof diatomicWO, andyieldedfor the loweststate,presumablythe ground
state,a vibrationalfrequeny (AG,») of about1055cm! [132]. A decaddater Weltnerand
McLeod (WM) examinedthe absorptionspectraof tungstenoxidesin solid rare gaseqg133].
They obtainedthe matrix isolatedspeciesby vaporizingfrom an inductively heatedcell either
thetungsteroxidesdirectly, or by vaporizingthe metalin the presencef gaseousxygen.Two
infraredabsorptiorbandghey obsered,astrongoneat928anda"medium"strengthoneat 992
cm !, wereassignedo tungstendioxide, basedmainly on the obsered frequeng shift in an
180 isotopicexperiment. They alsoobsenedlong seriesof absorptiorbandsnear7890A, and
identifiedthemasprogression# the bendingfrequeny of thetriatomicWO, .

Theinfraredabsorptiorof thediatomicWO was,onthe otherhand,notclearlyidentified,but
numerousstrongabsorptionglearly dueto WO wereobsenedin the visible. WeltherandMc
Leod assignedhe obseredbandsto sevendistinct electronictransitionsof WO, someof them
clearlydueto thesystemsreviously obsenedin thegasphase For thefundamentaVibrationof
the WO groundstate which they believedto be of <~ symmetry they recommendasthe best
availablevaluethe AG1 , frequeng of 1055cm™" derivedfrom the previousgasphaseemission
studies. The infrared spectraof several tungstenoxidesin matriceswere later reexaminedby
GreenandErvin [134].

SometenyearsafterWM, Samoilovaetal. (SEG)producedWVO in the gasphaseby aflash-
photolysisof W(CO) in the presencef oxygen,andobsened numeroudurther visible bands
which they attribute to ten separatesystemdq135]. With the help of a sampleenrichedto 97%
with the %W isotopethey wereableto analyzerotationally 14 of the obsered bandsto obtain
themomentf inertiaandbondlengthsof WO in severalof the electronicstates.

EvenmorerecentlyNelin andBauschlichehave investigatedhe lowestelectronicstatesof
WO theoreticallyby abinitio techniquesandcomparedheir resultswith theisovalentMoO and
CrOspecieg136]. They concludedhatlik eits lighter relatives, WO hasa’II groundstate with
anumberof predictedvery low lying electronicstates.

A numberof yearsagowe have demonstratedhat high temperaturenolecularspeciesor
spectroscopistudiescan be very corveniently generatedy laservaporizinga suitablesolid
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precursoiin thepresencef aninert carriergas,andalsoshovn thatthe methodis readily appli-

cablenot only to gasphasework [70], but alsoto matrix isolationstudieg137]. In the present
manuscriptwe employ this techniqueto revisit the spectroscop of tungstenoxides. We showv

thatwith the helpof modernhigh resolutionFT-IR instrumentsiot only the oxygen,but alsothe

tungstenjsotopicstructurecanbeclearlyresohed,andthisis extremelyhelpfulin assigningand

analyzingthe matrix spectraWe alsofind thatwhenexcitedby lasers WO fluorescesn theneon
matrix efficiently. UsinglaserinducedfluorescencéLIF), we obtainextensve new information

aboutthe electronicstructureof WO, andextendits spectroscopinto the nearinfraredregion,

beyondtheregionsstudiedin previouswork.

3.2 Experimental

In the experimentsdescribedhere, the matrix sampleswere preparedby vaporizationof the
tungstersolid usingabout30 mJof pulsedfrequeng—doubledNd-YAG laserlight. A tungsten
foil (99.96%,chemPUR)wvaselectro—erodethto a 13 mmdia. x 0.5 mmthick disk. Thelaser
pulsesveresynchronizeadvith theopeningof apulsedvalve controllingtheflow of aneoncarrier
gas(99.998%,MesserGriesheim)mixed with 0.2% oxygen (or 20,), andfocusseduponthe
rotatingdisk, locatedtangentiallyto a 3 mm diameterflow channel.The laserinducedplasma
was sweptby the inert carriergasflowing throughthe channel,and expandednto the vacuum
enclosureof thecryostat.

About 2.5 cm downstreamfrom the orifice of the expansionchannel,both the neoncar
rier gasandthe products(oxides)of laservaporizationare frozenonto a silver coatedcopper
mirror cooledto about6 K by a closed-gcle refrigerator(Leybold RGD 580). Typically, the
disk is ablatedfor 1-2 hoursat a repetitionrate of 10 Hz and a neonbacking pressureof 5
bar Thematrixis thenstudiedspectroscopicallysinga Bruker IFS 120—-HRFouriertransform
spectrometerAbsorptionspectraare measuredrom 600-30000cm! with equalor betterthan
0.5cnT! resolution. The matrix fluorescences excited by an argon—ionlaserpumped tunable
cw dyelaseror a Ti:sapphirelaser The sampleemissionis focussediponthe entranceaperture
of the FT spectrometerand detecteddependingon the spectralrange,eitherwith the help of
a photomultiplier or usinga liquid-nitrogencooledgermaniumjndium antimonideor mercury
cadmiumtelluride detector

3.3 Tungstenmonoxide, WO

3.3.1 Infrar edabsoiption

As notedabove the infrared absorptionof the diatomic WO could not be clearly identified in
the previous matrix investigationof tungstenoxidesby Weltnerand McLeod. In our present
investigationthe WO absorptionis clearly obsered, andits assignmentonfirmednot only by
the 10 isotopic substitution,but also by resolvingclearly the tungstenisotopic structure,as
shown in Fig. 3.1. The measurecheonmatrix frequenciesof 1056.98and 1001.77cm ! for
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186W160 and®W!Q0 respectiely arein excellentagreementvith the valuesdeducedrom the
electronicabsorptiordataof Samoilovaetal. of 1056.7and1002.1cm ! , respectiely.

' tungsten'isotdpes '
0.14 T T T T . |

0.12 |

0.10

0.08

| 10550 1056.0 1057.0 1058.0

absorbance
w*o

0.06

0.04

0.02

oop b —0 —
990.0 1010.0 1030.0 1050.0 1070.0

frequency (cm’l)

Figure 3.1: The IR absorptionof tungstenoxides. The main tracesshov the absorptionof
tungstenoxidesusing O, (upperone)and!'®0, (lower). Onecaneasilyseethe bandsdueto
WO (at1056and1002cm ! ) andthe symmetricvibrationof W0, at1030cm ! . Theinsert
shows thevibration of W*6O with isotopicalresolution.

Adjustmentof the force constantesultsin afit of the obsenedinfraredabsorption®f eight
isotopicspecief WO with ameansquaredeviation of lessthan0.08cm~! , andyieldsaforce
constantof 9.679mdyne/A. This valueis nearlytwice that of diatomic CrO, but accordingto
relatively fragmentaryprevious studiesit is apparentlyconsiderablycloserto theforce constant
of MoO [138], afinding consistenwith the above mentionedsimilarity in propertiesbetween
thesecondandthird row transitionmetals whichis closerthanthatbetweerfirst andsecondow
metals.

3.3.2 Absorptionsin the Visible Range

We have alsoreexaminedthe spectran thevisible region,andwhereour dataoverlapwith those
of WM, aswell aswith the gasphasedataof SEG, our obsenationsshownn in Fig. 3.2 arein
essentiangreementWM reportedin this rangeseven electronicstateswhich they denoteA-G
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[133], andwe will adheren our discussiorto their notation,eventhough,aswill be discussed
below, we detecta numberof statesat lower enegies. ModernFT instrumentgprovide a more

reliable frequeng calibrationthan older grating instruments and someof the bandsreported
by WM deviate by upto 5 cm~! from our measurementsThe highersensitvity andimproved

signalto noiseratio alsoenabledus to extendthe obserationsand obserne numerouswvealer

bandsundetectedy the previousinvestigators.The X-A systemcanfor both oxygenisotopes
be followed, using the vibrational assignmenbf WM from +" = 3 — 8, andfor the highest
vibrationallevelsthetungsterisotopicstructureis clearlyresolhed. We alsodetectanadditional

weakprogressionn the nearUV, with anorigin at 26972.7anda vibrationalfrequeng of 901

cm~! . ThisH’ stateis, however, clearly notidenticalwith the H statereportedby SEG.
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Figure 3.2: Visible absorptionof W'®O in solid neon. The electronicsystemsare designated
accordingto Weltner

As alreadynotedby Weltner while mostof theobseredbandsof the W'8O moleculecanbe
reasonablyvell fitted to obtainspectroscopiconstantsthespectraof thenormalisotopomeiare
moreerratic,apparentlydueto perturbationgesultingfrom interactiondetweerthe A, B, andC
statesaswell asbetweerthe E andF statesln additionto therelatively strongabsorptiorbands
reportedby WM, numerousveak sharpbandsthroughoutthe visible region, andin particular
above21000cm™! , arealsodetectedWhile thesecanbeassignedvithoutambiguityto the WO
molecule,since,aswill bediscussedbelow, they alsoappeaiin the laserexcitation spectrunof
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the WO fluorescencethey apparentlydo not belongto any of the known states,and mustbe
causedy thepresencef otherelectronicstatesn this spectrakegion.

3.3.3 Near Infrar ed Transitions of WO

Sincenumerousrery low lying electronicstatesare expectedfor tungstenoxides,we have ex-

tendedour studiesinto the nearinfraredrangebelony 12000cm~! using Ge and InSbh infrared
detectors. A most prominentgroup of five vibrational progressionslearly due to diatomic
WO appearscloseto 7500cm™! , seeuppertraceof Fig. 3.4. Their Ty, valuesare 7403.8,
7443.0,7527.6,7708.1and 8007.6cm~! , andthey exhibit very similar vibrational frequen-
ciesw, of about950 cm™! , with almostexactly the theoreticallyexpectedisotopic shift of

p =v(**0)/v(**0) = 1.055 . ThesenearNIR absorptionsarealmosttwo ordersof magnitude
wealer thanthosein thevisible spectrum.

Two additionalpairs of transitionsappearat higherenegies. For the first pair, with 75, at
10880.0(weak) and 10919.3cm~! (somavhat stronger)very weakv' = 1 levels could also
be detectedwith the vibrationalfrequenciesnatchingagainalmostperfectly the theoretically
expectedisotopicshift. For the otherpair with Ty, at 11966and12030cm™! , only thev' = 0
originwasdetectableThesawo pairsof closelyspacedandsmaybedueto WO in two different
matrix sites. At still higherenegiesthe spectrumis obscuredoy strongWO, absorptionsbut
onecanstill detecta sharpbandat 14143.4cm~! , which doesnotfit into the WO, pattern.The
assignmenof all thesebandsto diatomictungstenoxide wasconfirmedby their appearancen
thelaserexcitationspectrunto bediscussedn thefollowing sections.

3.3.4 Electronic Fluorescenceof WO in the Visible Range

Sincefluorescencspectracanoften provide valuableinformationcomplementaryo absorption
studies,we have excited the WO-containingmatricesat a variety of frequenciegangingfrom
about12000to 25000cm ! . Whenever the laserwastunedto oneof the absorptiorbandsas-
signedto WO a strongfluorescencevasindeedobsened, andwe have recordedaserinduced
fluorescencélLIF) spectraatanumberof excitationwavelengths Thestructureof thevisible flu-
orescencelependsensitvely uponwhich bandis excited, with somelevelsemitting efficiently,
andothersbeingabsentTheobsenedpatternis indicative of acomple, isotopicallydependent
relaxationpathway, involving thevibrationalmanifoldsof thenumerouslectronicstategpresent
in this region. While one canobsenre stronglyresonanfluorescencérom somelevels, others
areconspicuoushabsent.

For instance whenone excitesthe v’ = 0 F-statelevel of the WO sampleat 23387.61
cm~! , thereis no unrelaed resonanemission.Oneobsenesa weakemissionfrom v’ = 0 E,
v' = 0 D, andalong progressiororiginatingin v' = 6 A. Thereis no emissionfrom v’ = 5 or 4
of the A state but weakprogressionfrom v* = 3 and2 A areobsenable.In addition,numerous
bandsare detectablewhich have no obvious assignment. Two relatively weak progressions
startingat 20265.41and 19377.74cm™! exhibit a lower statevibrationalfrequeny AG;, =
1004 cm~! distinctly differentfrom the groundstateX (AG;,, = 1001.7 cm' ), andmustbe
dueeitherto a perturbed'site”, or terminateon levels of a very low lying electronicstateof
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visible LIF of WO in Neon
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Figure3.3: Visible LIF of tungstenoxide excitedatthe B v = 0 level at 17281.1(W!¢0) and
17273.9cm~! (W'0), respectiely. Both isotopomersshav strong progressionriginating
fromthev’ = 2, 3 levelsof the A state,with v" in therangeof 1 to 5. For W80, alsothe B —
X transition,aswell asunrelaxedemissionfrom the B stateinto thegroundstate(v” = 0 — 2) is
obsened. Peaksdenotedwith anasteriskcouldnotbeassignedet.

WO, lessthan3122cm ! abovethe X state.It appearshatfor excitationat higherenegies,the
spectraarerathercomplex anddifficult to interpretin detail. The relaxationobviously involves
additionalelectronicstatemot directly obsenedin absorption.

When absorptionsat lower enegy are excited, the emissionspectrabecomesimpler and
easierto assign. Thus after excitation of the v’ = 0 level of the B stateof W80 at 17273.9
cm~! (shown in Fig. 3.3), bothunrelaxed emissionof the directly excited level into thev” = 0,
1, and2 levelsof thegroundX electronicstate,aswell asemissionfrom lower levelspopulated
by nonradiatve processess obsened. A weakprogressiorfrom a level at 16980.4cm~! into
thev” = 1 — 4 is againthe abore mentionedv’ = 3 A fluorescence.Careful examination
of our absorptionspectrumreveals,in fact, thatthe v’ = 3 A absorptionunobsered by WM
appearsery weaklyin absorptioralso,at 16980.44cm~! . For both oxygenisotopeswve could
identify weak emissionfrom boththev" = 3 andv’ = 2 levels of the A-State. Surprisingly
however, contraryto the usualsituationwherethe lowestvibrationallevels are mostprominent
in fluorescenceno emissiorwhich couldbeattributedto eitherv’ = 0 orv' = 1 wasdetected.
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WM obsenedfor the A stateonly levelswith v* > 4, andthey basetheir vibrationalassign-
menton isotopicshifts. They note, however, that while the WO spectrumcanbe reasonably
well fitted, thenormalW®Q is clearlystronglyperturbediueto theabove discussedhteractions
with the B and C-states.In view of the unusualrelaxationbehaior, we have retriedto fit the
A-X transitiondatausing the new information obtainedin this work, in particularthe v’ = 2
andv’ = 3 emissionprogressionsWhenall the dataobtainedfor both oxygenisotopeswhich
includedA statelevelsv’ = 2 — 8 andgroundstateprogressionsiptov” = 8 wereusedto derive
Morse potentialsfor both statesa very poorfit wasobtained. The root meansquareerrorwas
~ 20 cm~! , with someobsened bandsdeviating morethan60 cm~! from the calculatedposi-
tion. Themeandeviation couldbesomevhatreducedRMS error~ 16 cm~! ) by decrementing
the A statevibrationalassignmenof WM, but the quality of the fit remainedvery poor. If the
v’ = 4,5 and6 A of the W!®O isotopeweregivenzeroweightin thefitting, the remainingdata
werefittedwith RMSerror< 1 cm™! . All thetransitionsnvolving theexcludedv’ = 4, 5, and6
W10 A-statelevelswerecomputedl5, 44, and73 cm~! respectiely higherthanobsered. We
concludethatthe WM vibrationalassignmenis correct,andthev’ = 4 — 6 levelsof thenormal
isotopomerarestronglyperturbedasthey proposed.
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Figure3.4: NIR absorptiorandphosphorescenad tungsteroxide. The uppertraceshows pro-
gression®f severalNIR stateswith the strongesabsorptiondenoteda('II) < X511, occurring

atTy, = 7527.8 cmt . Thelower two tracesdisplaythe phosphorescenagiginatingfrom the
“a” stateof bothtungsteroxides,obtainedafterexcitationof theB v = 0 state.
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For all the excitation wavelengthsone obsenesnot only the visible fluorescencebut also
a strongemissionin the nearinfraredrange. Unlike the visible fluorescencethe nearinfrared
emissions relatively simple,andessentiallyndependensof the specificlevel excited. Represen-
tative spectrarecordedwith excitation of the B-X 0-0 transition(BO band)at 17281and17274
cm~! for WO andW*0O, respectiely, areshavn in Fig. 3.4. Fromthefive transitionsdetected
in the absorptionspectrum,only the strongestone with an origin at 7527.6cm~! appearsn
emission.Interestingly the infraredspectrumof the hearier 20 isotopomeiis at leastanorder
of magnitudemoreintense reflectingthe isotopicallydependentelaxationpathway, sothatin
factthe W'8O emissionappearswith appreciabldntensityevenin samplesof naturalisotopic
alundance.

As explainedin detailin chapte# devotedto the WO relaxationtheNIR fluorescencspectra
shawv thatthe WO vibrationalrelaxationis relatively slow evenin excited electronicstatesand
notonly +' = 0 but alsovibrationally excited levels appear In the caseof the strongerW'#O
fluorescencéevelsupto v’ = 3 aredetectedn emissionandthespectracanbedetectedvith an
InSbhdetectordown to about3300cm ! in theinfrared,with the progressioni the groundstate
vibrationalfrequeng extendingupto v” = 5.

| Staté | T.[cm™ ] | we [em™ ] | wez [cm™! ] |
X °I1 0.0] 1064.47 3.99¢
a(II ?,redsitef 7454.3 957.9 3.27
a ("1 7 7578.6 959.6 3.76
b ("TL ?¥ 7761.1 958.7 3.55
c ('T1 2 8062.1 956.1 3.26
dc 10938.7 1022.3
e 12075.4 970.5
fe 14132.7 1084.3
A (52 or’y ?) 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’<d 27037.3 931.6 13.15

Table3.1: Molecularconstantof ¥4W160

asymmetriesasproposedy Nelin & Bauschlichef136)].
bweye = —0.0034 for the X °I groundstate.
previously notobsened.

dnotidenticalwith Samoilova’s H state[135].
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3.3.5 Electronic Structure of WO

Theabinitio work of Nelin andBauschlichesuggests ®I1 groundstatefor WO, andtheir SCCI

calculationpredictsthelowestexcitedelectronicstateto be I near7400cm~! . Thework gives,

however, no indicationof the magnitudeof the spinorbit multiplet splittings,which mustsurely
be quite substantial. Thusthe splitting betweenthe two componentof the X 2A groundstate
of TaOis over3500cm™! [139]. Ourfluorescencspectraandthevibrationalrelaxationprocess
in the groundstategive no direct evidenceof ary participationof the othercomponent®of the

multiplet. The groupof statesin the infrarednear7500cm ! lies almostexactly at the enegy

predictedfor the "II state,but this may be at leastpartially fortuitous. The appearancef five

differentoriginsin this spectrarangeis dueto the existenceof WO in two distinctsitesin neon;

thereare at leastthreedifferentstatesin this range,andthesemay well be componentf the

multiplet state.
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Figure3.5: W60 potentialcurvesandvibrationallevelsin therange0 - 22000cm~. Ther,’s
are obtainedby Franck-Condoranalysisor aretaken, whereavailable, from Samoilova et al.
[135].
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Thetheoreticalvork alsopredictstwo additionalstates®: and”Y, in thevisibleat17500and
16000cm !, respectiely. Our work, aswell asthe previous studiesof WM andSEG,suggests
a whole multitude of statesin this spectralregion. A list with all the molecularconstantsof
WO obsenedin theseexperimentdss givenin Table3.1 anda diagramof the WO enepy level
structureis presentedn Fig. 3.5. A detailedinterpretationandassignmenbf the statesin this
rangewould requiremoretheoreticalwork, andin particularstate-of-the-artalculationgaking
into accountspinorbit interactionsandotherrelatvistic effects.

3.4 Infrar ed Absorption and Structur e of WO,

As notedbefore, Weltnerand McLeod assignedn the matrix infrared spectrumbandsat 928
(strong)and992cm~! (medium),with counterpartn the*O experimentsat883and941cm 1,
respectiely, to 3 and v, vibrationalfundamentalof WO, . The sametwo absorptionsvere
somel5 yearslater also detectedby Greenand Ervin [134]. Theseauthorsalso assigntwo
absorptiongo the mixed **OW6Q in the heavier raregasmatrices put fail to identify themin a
neonmatrix. They alsocommenton someinconsistencies the assignmentwith the v andi,
exhibiting unusuadifferentialshiftsfrom Kr to Ne matrices.
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Figure3.6: Infraredabsorptiorof W, O, in neon. The threetracesshav the absorptiorspectra
of differentmatricesusing pure O, (top), a statisticallyscrambledmixture of 10O, and!80,
(50:50,middle),andpure!®0O, (bottom).
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Thewell-annealedamplegproducedoy our pulseddepositiontechniquehave the advantage
of yielding a well-resolhed isotopicstructure which is of greatassistancén assigningthe ob-
senedbands.In thetop traceof Fig. 3.6 onecanseea strongbandat984cm ! , which exhibits
thedistinct"fingerprint” of a specieswith a singleW atom. All the majorisotopiccomponents
arefully resohed(28.6%'¥W, 30.7%'%*W, 14.28%'83W, and26.3%'2W, with theindividual
frequenciesat 983.26,983.87,984.19and 984.50cm™! ), andthe bandshifts appropriatelyto
934cm~! in anexperimentemploying '80. On the otherhand,the "strong" 928 cm~! bandof
WM is not detectecht all, with only a ratherpoorly definedbroadfeaturewith a maximumnear
931cm! appearingn this region. This feature which appearswith varyingintensitiesrelative
to the 984 cm~! band,is not consistentvith assignmento WO, , andis likely to be dueto a
larger moleculewith probablymorethanonetungsteratom.

If the WO, moleculewerelinear, centrosymmetricthenthe symmetricy, vibration would
beinfrared-inactve, but the obsenation of along bendingprogressionn thevisible absorption
spectrumaswell asour DFT calculationsusingGAUSSIAN 94 [40], indicatethatWO; is bent,
suggestinghatthe symmetricstretchshouldbe obsenrable.

A carefulsearchof thespectran Fig. 3.6revealedasomavhatwealerbandnear1030cm=! ,
shown in the top trace,which shiftedto 977 cm™! in an experimentusing 2O (bottomtrace),
with both bandsagainexhibiting the isotopic splitting signatureof a compoundwith a single
tungstenatom. The relative intensitiesof the featuresat 1030 and 984 cm~! apparentin the
spectraare consistentith the intensityratio for v; andvs vibrationspredictedby the density
functionalcalculationgd50 and134km/mol),andalsothe obsenedfrequenciesgreereasonably
with the computedvaluesof 1078and1023cm ! . Thespectrunin the bottomtraceof Fig 3.6
alsoshowvs weaklythe WO, bandsdueto normaloxygenpresentisanimpurity.

A normalcoordinateanalysisusingthe above valuesof v; andv; of bothW!¢0O, andwW!#0,
predictedfrequenciesiear1015and945cm for the '*OW'O isotopicmolecule. Theseab-
sorptionswerethenindeedeasilyfoundandidentifiedin experimentausinga statisticallyscram-
bled mixture of 10, and!80,. In a spectrumshowvn asthe middle traceof Fig. 3.6, a 50:50
isotopicmixture wasused,with completescramblingoeingconfirmedby the presencef all six
possibleisotopic speciesof ozonein the appropriateintensityratios[140]. New bandsdueto
180W10, which are completelyabsentin the experimentsusing eitherpure O, or unscram-
bled 0O, - 10, mixtures,appeawithin a coupleof wavenumberof the predictedvalues.As
expectedfor a statisticalmixture, they are abouta factor of two strongerthanthe absorptions
of the pureisotopicspecies.Interestingly in this casetheratio of thevs : v, intensitiesis only
abouttwo, which is undoubtedIythe resultof the isotopicasymmetryof the molecule. Due to
the differentmassesthe two stretchingfrequenciegartially uncouple,and have now to some
extentthe characteof W'®O andW'0 stretching ratherthanpuresymmetricandasymmetric
modes.The assignmenof the *0OW!®O bandsis againunambiguoushconfirmedby their fully
resohedtungsterisotopicstructure.

We show severalof the WO, bandsat higherresolutionin Fig. 3.7,identifying thetungsten
isotopicspecies.As expectedtheisotopicr; symmetricstretchingvibration exhibits a consid-
erablysmallerisotopicsplitting thanthe asymmetrias; . Shiftedaboutonecm=! to the blue of
the highestfrequeng isotopicline (dueto '#2W), onecanseethatthe tungsterisotopicpattern
is weaklyrepeatedThisis dueto aslightly blue-shiftedminor site,which appearsvith a some-
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Figure3.7: Enlagementf ther; andy; absorptiorbandsof W0, andW!#0'¢0. Here,one
canseein detailthe characteristigsotopicsplitting of tungsterin the WO, molecule.

whatvariableintensityratio relative to the major site,dependingn the exactsamplehistoryand
depositionconditions.

As notedabove,if WO, werelinearcentrosymmetricghenther, vibrationwouldbeinfrared-
inactive in the pureisotopic molecules,and shouldalso exhibit no tungstenisotopic splitting,
sinceit involvesno motion of the centraltungstenatom. On the other hand,asthe molecule
becomedent,the vibration gainsactiity andconcurrentlythe isotopicsplitting shouldappear
andincreasesincethestretchingmodenow alsoinvolvesa motionof thetungsten.Theisotopic
patternandshiftsareconsequentlya sensitve function of the bondangle,andwe have included
themeasured; andv; vibrationalfrequenciedor all thetwelve obsened WO, isotopicspecies
in aglobaladjustmenbf theforce constantslt turnedoutthatthe obsenedisotopicshiftscould
indeedbe correctly reproducecnly with the OWO anglein the rangeof 95-105. Thisis in
excellentagreementvith the 104° valuepredictedoy our DFT calculationfor the bondingangle
in theWO, groundstate.

We list the obsenred vibrational frequenciesf the WO, stretchingvibrationsof the nine
major WO, isotopicspeciesn Table3.2. Theglobalfit of the vibrationalspectrumdatayields
force constantof k£, = 8.812 mdyne/A andk,, = 1.892 mdyne/A, which reproduceall the
combinedisotopicdata(for 12 isotopicspecies\with anrms deviation of lessthan0.6cm™! .
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isotopiccomposition v, vibration v3 Vvibration

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: Comparisorof obseredandfitted frequenciegin cm™! ) of thev; andwv; vibrations
of themajorWO, isotopomers

Even moreimportantly the tungstenisotopic shifts arereproducedo 0.02cm! , thatis basi-
cally within the experimentalaccurag limited by the obsenedwidths of theisotopiclines. The
computedstretchingforce constanis only slightly loweredcomparedwith that of the diatomic
oxide,k, = 9.679 mdyne/A.A comparisorof our experimentabndtheoreticaconstant®f WO,
with theresultsof WeltnerandGreenis summarizedn Table3.3.

Neon Neon Krypton Theory

(thiswork) | (Weltner[133]) | (Green[134]) | (DFT, thiswork)

vifem™t] 1030.2 992 975.5 1078

vy [em™!] ~380°2 378

vy [em™t] 983.8 928 937.2 1023

/(OWO) 9 114 104.4

r(O-W) [A] 1.686
k, [mdyne/A] 8.812 7.961
k,» [mdyne/A] 1.892 0.581

Table3.3: Comparisorof molecularmonstant®f the! A; groundstateof 18*W0O,

Lcalculationswere performedwith Gaussian9440] usingthe B3LYP methodwith the LanL2DZ relativistic-
core-potentiabasissetandadditionald orbitalsfor the oxygensresultingin a singletA; symmetryfor the ground
state.

2obtainedrom a progressionn the bendingvibrationin the extremelybroadene@missionof WO, afterexcita-
tion of the A stateat12670cm~1 .
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3.5 Summary

Absorptionand fluorescencepectraof WO and WO, wereinvestigatedn the spectralregion

rangingfrom theinfraredto the UV. Besideghe WO statespreviously detectedy Weltnerand
McLeod,severalotherstatesvereidentifiedin thenearinfraredrange.Dueto theunusuallyslow

relaxationof the diatomic oxide, thereis obsenred, besidesfluorescencdrom several visible

electronicstates,emissionfrom the low lying electronicstatesin the infrared, and extensie

groundstatevibrationalemissionis obsenred, providing a wealthof spectroscopiinformation,
andspectroscopiconstantof nearlyunprecedentedccurag for a matrix molecule. Spectral
lines of tungstenoxidesin solid neonare unusuallysharp,so that even the tungstenisotopic
structureis clearly resolhed. This facilitatesthe assignmentsind analysisof the spectra,and
allowedusto identify in theinfraredspectrununambiguouslyhesymmetricstretchingvibration
v, of WO, . Thespectroscopiinformationthusobtaineds analyzeddiscusse@ndtabulated.
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Chapter 4

Relaxation and Vibrational Fluorescencef
WO

Studiesof laserinducedfluorescencef tungsteroxidesin solid neonat 6 K provide interesting
insightsinto the mechanism®f WO relaxation. The relaxationoccursby inter-electroniccas-
cadebetweerthevibrationalmanifoldsof excitedelectronicstatesreachingeventuallythev = 7
of thegroundelectronicstate.Remarkablyfor the heavry WO oxidethe non-radiatve processes
are surprisinglyinefficient, with relaxationin the groundstateapparentlyoccurringpredomi-
nantlyby sequentiavibrationalfluorescenceTherelaxationpathwaysof WO arediscusse@nd
comparedvith relaxationin lighter, first row moleculesexemplifiedby CN.

71
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4.1 Intr oduction

Low temperaturearegassolidsareavery usefulmediumfor studiesof molecularelaxationand
non-radiatve processefl41, 142,143,60]. While relaxationin the condenseghases usually
fast,often proceedingon a picoseconar evensub-picosecontimescaleatlow temperatures
solidraregasest oftenslowsdown remarkably In smallmoleculeftenvibrationallyunrelaxed
hot electronicfluorescencés obsered,andin particularin the groundstatesof light molecules
the nonradiatve relaxationmay be very slow. In a numberof light moleculesmostlyinvolving
hydridesor simplecompoundf first row elementsyibrationalfluorescencevasalsoobsened
andinvestigated144, 145 146, 147, 62,148. ThediatomicCN is an exampleof a molecule
which exhibits a very slow relaxationandfor which intensevibrationalfluorescencés obsenred
[149].

Relaxationfor moleculesinvolving heavier elementds usually very efficient, and evenin
electronicspectraone mostly seesonly vibrationally relaxed fluorescenc®r phosphorescence.
Particularly in transitionmetals,with their densemanifold of electronicstates fastrelaxation
is usuallytherule, andonly in relatively few casess extensve hot fluorescenceletected.The
spectroscop and photophysicf the oxidesof the third row transitionmetal tungstenwere
examinedin detailin Chapter3. Rathersurprisinglywe have obseredthat,in spiteof theessen-
tial differencesdetweerthetwo moleculesthe enegy relaxationin WO parallelsthe processes
previously detectedn CN [64, 15(. Extensve vibrationally unrelayed emissionfrom several
electronicstatess obsered, andeven moresurprisingly quite intensegroundstatevibrational
fluorescencés easilydetectableOur obsenationsof the WO relaxationbehaior arethe subject
of this chapter

4.2 Experimental

Tungstenandits oxidesare high-melting,refractorymaterials,andtheir vaporizationrequired
temperaturesangingup to 3000K. We hereemploy a techniquedevelopedin our laboratory
morethana decadeago[70], laservaporizationof the metalin the presencef a large excessof
cold carriergas,neongasbeingusedto grow the matrix. The frequeng-doubledpulsesof an
Nd-YAG laser(30 mJ)usedto vaporizea tungstertargetaresynchronizedvith the openingof a
fastvalve admittingpulsesof thecarriergas.Thevalve with openingtimesof 0.1 msis operated
with abackingpressuref 5 barof a500:1mixture of neonwith O, (or 1#0,). Theneongaswith
the productsand oxidesformedin the vaporizationfixture arethencondensedn a 6 K silver
coatedcoppersubstrate.

The depositsare examinedspectroscopicallyvith the help of a Bruker IFS 120HR FT in-
strumentwith a spectralrangefrom 500 to 30 000 cm . Spectrahave beenrecordedwith
resolutionsof 0.5cm=! and0.06cm~! (IR). To excite the samplefluorescencegitheranargon
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 Relaxation of the Excited WO Electronic States

Fluorescencespectracan often provide a valuablecomplementarycontribution to absorption
studies.As explainedin the experimentalsection,we have usedour tunablelasersourcego ex-
citetheneonmatrixabsorptionsiueto WO. Suchanexcitationatavarietyof frequenciesanging
from about10000to 25000cm~! resultedn afairly strongvisible andnearinfraredfluorescence,
whoseintensity and spectraldistribution dependedensitvely uponthe excitation wavelength,
andupontheisotopicspeciesxcited. While somelevelswere emitting efficiently, otherswere
conspicuoushabsentjndicative of a complex isotopicallydependenpatternof relaxation.This
relaxationprocesss quite comple, andinvolvesvibrational manifoldsof the numerouselec-
tronic statespresentn this region, both thoseobsened in absorption,and probablyof other
"dark” states Ratesof suchinterelectroniaelaxationprocesseareknown to dependsensitvely
uponthe quantummechanicatoupling betweenthe differentelectronicstates but alsoon the
"enegy gap"betweertherelaxinglevels,andareoften governedby the presencef accidental
resonancesr nearresonances.

Whenthe lower enengy levels at the red end of the spectrunmreportedby Weltner[133] are
excited,thefluorescencés relatively simpleandeasyto understandThusexciting the samplen
thev = 0 level of the WO in the B stateof Weltnerat17273.9cm™! , oneobsenesemission
from the excitedlevel into v” = 0, 1, and2 levels of the groundelectronicstate,ascanbe seen
in the lower traceof Fig. 3.3. A further progressiororiginatingfrom a level at 16980.4cm !
into thev” = 1 — 4 groundstatelevelscanalsoeasilybeidentifiedasbeingdueto thev’ = 3 A
statelevel, 293.5cm~! lower in enegy. The 19680.44cm™! is alsoseenweaklyin absorption,
althoughnot previously obsered by Weltner Excitationof the corresponding’ = 0 B state
level of WO (17280.5cm™! ), on the other handproducesalmostno B-stateemission,but
mainly weakemissiondrom thev’ = 3 and2 A-statelevels. Owing to the isotopicshift, in the
WO thev' = 3 A levelis only 150cm™! below +' = 0 B, andthesmallerenegy gapresultsin
amoreefficientdepopulatiorof the B state.

As oneproceedsowardshigherenegies,thefluorescencgetsprogressiely morecomple.
As onecanseein Fig. 4.1, excitationof thev’ = 2 D (22635.9cm™1), producesiot only aweak
resonanemissionfrom the excited level, but extensve relaxed fluorescencérom a numberof
otherlevels. No emissionis seenfrom v’ = 1 D, but severalbandsoriginatingfrom v’ = 0 E
(21493.0cm 1) andafairly strongprogressiorirom»’ = 0 D (20789.3cm '), andawealerone
from v’ = 0 B (17274.1cm~1!). Anotherratherlong progressiororiginatesfrom the A6 level
(19675.5cm™!), andextendsdown to 11867.9cm~! into thev” = 8 groundstate.In additionto
theclearlyidentifiableprogressionspumerousrery weak,sharpbandsareobsened confirming
thatin additionto statespreviously detectedby Weltner several other"dark” or very weakly
absorbingstatesnustbe presenin thisregion, andparticipatein therelaxationprocess.

It may be notedthat someweakbandsappearingn the absorptiorspectrumaredueto "site
effects”. The bandsdueto "sites"are,however, easilyidentified,sinceunlike excitation of WO
in the"main” site,their excitationresultsin spectrallyshiftedemissiorbands.Thusall thebands
of the D progressionexhibit a much wealer satellite some24 cm! lower in enegy, whose
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Figure 4.1: Laserinducedfluorescencespectraof WO excitedatv = 0 B (top),v = 2 F
(middle)andv = 0 F electronicstate(bottom). The mostprominentprogressionsvhich could
be assignedo known statesareshown.

excitationproducedluorescencdandsuniformly shiftedby the same24 cm 1.

4.3.2 Infrar ed Phosphorescence

Whenthevisible bandsareexcited,oneobsenesnot only visible fluorescencehut alsoa strong
emissionin the nearinfraredrange,clearly dueto the bandsystemalsoobsenedin absorption.
Representate spectraobtainedwith the Ge detectorby tuningthe exciting laserto the B-X 0-0
transition(BO band)at 17281and17274cm~! for W'6O andW!80, respectiely, areshowvn in
Fig. 3.4. Unlike thevisible fluorescencethe emissionappearances essentiallyindependenof
whichof thevibronicbandsof thevisible or nearlR progressionss excitedby thelaser andfrom
themultiple "systems'detectedn theabsorptiorspectrumpnly the strongesbnewith its origin
at 7527.6cm ! appears.As alreadynotedabove, it may be dueto the "spin forbidden"phos-
phorescencérom the "II state, althoughA is probablynot well definedin a moleculeasheary
asWO. In contrastwith thevisible fluorescencethe nearinfraredemissionis relatively simple,
andeasyto analyseto yield the molecularconstantof the "a" state. Interestingly the infrared
spectrumis atleastoneorderof magnitudemoreintensein the heavier W80 isotopicmolecule,
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which appearsvith appreciablentensityevenin the naturalisotopicalbundancesamples.

The spectrashow that vibrational relaxationof WO in neonis relatively slow evenin the
electronicallyexcited"a" state,sincenotonly v' = 0, but alsoemissionoriginatingfrom vibra-
tionally unrelaedlevelsis obsered. In the caseof the strongeW'8 O fluorescencdevelsupto
v’ = 3 aredetectedn emissionandthe spectracanbe followedwith anInSb detectordown to
about3300cm~! in theinfrared,with the progressionin the groundstatevibrationalfrequeng
extendingto v" = 5. The relaxationof the lighter W'¢QO is apparentlymore efficient, andthe
correspondingemissionappreciablywealer. In this case,besideshe vibrationlesslevel only
v’ =1 emissionis obsered.

4.3.3 Vibrational Fluorescenceof WO

At the very red endof the spectrumobtainedwith the indium antimonidedetectorone canob-
sene startingat around3000cm~! aslowly rising backgroundyhich reaches maximumnear
1900cm~! andthendropsto zerodueto a cutoff of the InSbdetectoy seeFig. 4.2. This broad
maximumis clearlydueto thehigh enegy endof "black body" radiationfrom theroomtempera-
tureapparatusvalls. Superimposedverthis maximumonecanseein theexperimentemploying
naturalalundanceoxygenthreestrongabsorptionsat 2312.4,2330.6and2347.4cm 1, aswell
asagroupof eightmoderatelystrongemissionbandsat 1991.5,2007.8,2024.1,2040.4,2056.6,
2072.7,2088.8and2104.9cm~!. Thethreeabsorptionbandsare clearly dueto threeisotopic
specieof carbondioxide,C*0,, *OC!80, andC!¢O,, probablyformeddueto oxygenreaction
with aminor carbonimpurity in thetungstertarmet.

The emissionbandsare readily identified as vibrational overtonefluorescencef diatomic
WO, with theeightstrongband<eingthe9-7,8-6,7-5,6-4,5-3,4-2,3-1and2-0transitionsand
in addition,alsothe very weak10-8 bandsaredetected.This assignmenis quite unambiguous,
andis furtherconfirmedby theclearlyresohedtungstensotopicstructure In anexperimentwith
18-oxygentheappropriatelyshifted7-5, 6-4,..., 2-0 bandsareobsened. A carefulexamination
of the region around3000cm™! revealedalsothe Av = 3 sequence Finally, asone cansee
in Fig. 4.3,the Av = 1 transitionscould easilybe obsered between1000-1100cm™! usinga
mercury-cadmiuntelluride detector

Severaladditionalobsenationscanbemadein connectiorwith theselR emissiorspectraln
thefirst place,it appearshatbesidesnefficientrelaxation thereis alsolittle evidenceof enegy
transferbetweenthe WO molecules.In the caseof long lived vibrationally excited molecules
oneoftenobsenesratherefficient enegy transfer evidencedby accumulatiorof the excitation
in the heavier isotopic species,e.g. C#O or 13CN [62]. The low temperatureof the matrix
favors exothermicprocessestesultingin the flow of enepgy to the heavier isotopomerswith
smallervibrationalspacing.Examinationof the spectrumndicatesthatthe isotopicratiosfrom
thehighestievel obsered,v” = 8, down to v” = 2 remainrelatively constant.

In the secondplace,the ratesof nonradiatve vibrationalrelaxationusuallyincreaserapidly
with increasingvibrationalquantumnumber If the obsered sequencef Av = 2 bandswas
the resultof a competitionbetweerradiatve and nonradiatve processespne might expectthe
intensity of the emissionbandsto decreasevith the increasingvibrationalquantumnumber as
thehigherlevelsareprogressiely moreefficiently depopulateaghonradiatvely. Thefactthatthe
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Figure4.2: Vibrationalovertonefluorescencef W!¢O. The maintracedisplaysthe Av = 2 and
thewealer Av = 3 transitionsof groundstateW'¢0 in solid neon. Superposedy black body
radiation,the 9-7, 8-6,... ,2-0 bandsare easilyobsered. The 8-5, 7-4, 6-3 and 5-2 transitions
appeamear3000cm~! with aboutone orderof magnitudewealer intensity Theinsertshavs
the strong8-6 transitionwith tungstensotopicalresolution.Peaksdenotedwith anasteriskare
probablydueto impurities.

intensitiesarefrom v” = 8 down to v"” = 2 relatively constantwould seemto suggesthatthe
relaxationin the WO groundstatemaybe purelyradiative.

A third obsenrationinvolvesthedoublingof all thebandsdueto the '¥WO isotopicmolecule,
seetheinsertin Fig. 4.2. Thisdoublinginto two bandswith comparablentensitiesseparatedyy
about0.2cm ! is quitereproducible andis obsenedfor both oxygenisotopicspeciesWe have
at this point no explanationfor the origin of this doubling. All threemajor isotopicspeciesf
tungsten®2w, 184W, and®*W have anuclearspinof 0.

As notedaborve, thevisible bandsof WO exhibit, in agreementvith Weltnet stronginterstate
interactionsandperturbationssothatonly the W' O spectruncanbereasonablyitted to obtain
the spectroscopiconstantof the excited states.On the otherhand,employing the appropriate
isotopicrelationshipsthe groundstatevibrational dataincluding some80 transitionsfor eight
differentisotopicspecie®f WO, andinvolving levelsupto v” = 9, canbealmostperfectlyfitted.
A Morsepotentialwith w, = 1064.65cm ! andw,z, = 4.046cm! (for the#*W6Q isotopomer)
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Figure4.3: Vibrationalfluorescencef tungsteroxidein neon.Thetwo tracesshov the Av = 1

ground-statemissiorof W60 andW!80 afterexcitationatB v = 0. Thespectrameasuredvith

a mercurycadmiumtelluride detector arebackgrounccorrectedby subtractinghe dominating
black-bodyradiation.

reproduceshe obseredlevelswith a RMS deviation of <0.09cm™!. While a somavhatbetter
fit (RMS < 0.03cm-1)is obtainedwith w,y, =-0.0034cm~! (theotherconstantghangeslightly
to w, = 1064.49cm~! andw,z, =3.998cm1), inclusionof w,z, or highertermsresultsin no
furtherimprovement.

4.3.4 X-State Vibrational Relaxationof WO

The obsenation of groundstatevibrationalfluorescencef WO is rathersurprisingfor at least
two reasonsln thefirst place,while oneoccasionallyobseresvibrationally unrelaxedfluores-
cencein electronictransitionsof similar matrix isolatedsmall metalcontainingmoleculessuch
obsenationsin theinfraredarequiteuncommon.n view of themuchlower oscillatorstrengths
and longer radiative lifetimes associatedvith vibrational transitions,vibrational fluorescence
is usually obsened only for hydridesandvery light moleculesinvolving first row atoms,with
high vibrational frequenciesusually abovre 1500-2000cm~. In the secondplace,the ground
statepotentialof WO is relatively harmonic andthereforeonemight not expectstrongovertone
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transitions.

Unfortunatelywe are not equippedfor the direct measuremendf the vibrationalllifetimes.
Estimatingabsoluteemissionquantumyieldsis alwaysdifficult, but semiquantitatie consider
ation of the obsened bandintensitiessuggestghatit is very high, andthat for every excited
moleculeseveral IR photonsmaybeemitted.Sucha high quantumyield of vibrationalemission
indicatesthatthe nonradiatve relaxationof WO groundstatevibrationallevels mustbe exceed-
ingly slow. Thefactthatthey arelong in the WO caseis, however, alsodemonstratedby the
factthat absorptionsriginatingin excited vibrationallevels caneasily be detected.An ineffi-
cientenegy transferbetweenthe light neonatomsandthe muchheasier WO moleculemight
be a contributing factor In mary moleculesvherestrongvibrationalfluorescencés obsened,
e.g. OH, NH, CHsF or hydrogenhalides,it hasbeendemonstratethat the relaxationinvolves
a V-R processwith the rotationalmodesof the guestmoleculebeingthe primary acceptorsof
thevibrationalenegy [151]. Therotationalconstant®f WO arevery muchsmaller(B, ~0.415
cm~!) andtherotationsprobablycontrikutelittle, sincevery high rotationallevelswould have to
beinvolved.

The appearancef the overtonesn the vibrationalspectrunmwill, of coursebe aidedby the
v* dependencef the coeficient of spontaneougmission,which will favor the Av = 2 and
3 transitionsby factorsof 16 and81, respectrely, andthus counteracthe harmonicoscillator
selectiorrules. Eventhoughthemechanicainharmonicityof WO is small,theovertonesanbe
favoredby electricanharmonicity The WO moleculemaybefairly ionic, but atlargerdistances
it dissociatesnto neutralatoms,andits dipoleis surelynotalinearfunctionof r.

To the bestof our knowledge, vibrational infrared emissionfrom small metal compound
moleculeshaspreviously not beendetected.The obsened relaxationprocessesyhereabsorp-
tion of a single visible photonis followed by emissionof a seriesof IR photonsseemsthus
far to be unique. It may be notedthat similar processesthatis UV pumping,followed by an
internal corversionand groundstatevibrational fluorescenceare thoughtto be responsibleor
theso-calledunidentifiedinfraredemissiorbandqUIE), with polycyclic aromatichydrocarbons
(PAH) beeingthesuggestedarriers[152,153]. ThesearcHor emissionof thesespeciesn neon
matrix might be of interest. The excellentsignalto noiseratio, andclearly high quantumyields
of infraredfluorescencebsenedin WO raisethe questionf suchabehaior mightnotbemuch
morewidespreadandif studiesof vibrationalemissioncould not provide a usefulgeneraitool
for characterizingmallmetaloxides,carbidesor nitrides.

4.3.5 Pathwaysof Relaxation of WO in Solid Neon

Oneof themoleculedor which stronginfraredemissiorhasbeendetectedandwhoserelaxation
in matriceshasbeenmostextensiely investigateds probablythe CN radical. Eventhoughthe
propertiesandelectronicstructuresof the two moleculescould hardly be muchmoredifferent,
andwhile WO hasavibrationalfrequeng abouthalf of thatof CN, therelaxationpathwaysof the
two moleculesn the matrix areremarkablysimilar. In the higherenegy region, the relaxation
proceedsn both moleculesby aninterelectronigorocessnvolving the vibrationalmanifoldsof

severalexcitedelectronicstates Thusasin the CN the excitationzig-zagsbetweerthe B 2% and
A 211 electronicstateq150], alsoWO cris-crossesn the visible betweerthe several electronic



4.3 ResultsandDiscussion 79

statesavailableatthatenegy. This relaxationbehaiour is shovn schematicallyn Fig. 4.4. The
nonradiatve interelectronicransitionsare dominatedby accidentalevel degeneracieandthe
ratesaregovernedby FranckCondonfactorsandthe enegy gaplaw.
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Figure4.4: Schematiaelaxationpathwaysof W80 in solid neonafter excitation of the A v =
0 state. Solid arrowvs denoteradiatve transitions,whereasdottedarrons denotenonradiatve
transitions.For the sale of simplicity, severallow-lying electronicstatesvereommited.

Whenthe lowestexcited electronicstate,the A 211 statein the CN or the "a" WO stateis
reachedthe processslows down further, andin both moleculesextensve vibrationally unre-
laxed,"hot" emissionjs obsened[64]. In CN it wasshowvn thatratherthanproceedinglirectly
down the vibrationalmanifold of the A state,furtherrelaxationoccursexclusively by repeated
crossingsbetweenthe vibrational levels of the A 211 state,andthe nearesiX 23 groundstate
levels. Similarly it is almostcertainthatalsoin the lowesta (“I1 ?) excited stateof WO there-
laxationproceedsy aninterelectronianechanismin thelight CN moleculethe A 211 spinorbit
constantis relatively small (A= -52.64cm™!), with relaxationbetweenthe componentseing
extremelyfast,andthe splitting haslittle effect upontherelaxationin the matrix. While in WO
thespinorbit effectsaresurelymuchlarger, andthe component®f thewidely separatedseptet”
statecould be involvedin therelaxation,it appearsrery likely thatheregroundstatelevelsare
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involved,too.

After therelaxationreacheshevibrationless)’ = 0 level of thelowestelectronicallyexcited
state,only oneintramoleculamonradiatve processs possible:crossinginto oneof the nearby
groundstatelevels. Fromthat point on the interelectronicchannelis closed,andthe molecule
canonly relaxintrastategithernonradiatvely, or by emittinginfraredphotons.Thusin the case
of CN, thev” = 4 X 2X groundstatelevel is populatedrom v' = 0 A 2II. Furtherrelaxation
proceedsy sequentiainfrared fluorescenceandthe groundstatev” = 1 — 4 levels appear
stronglyin emission. In W80 the vibrationlessy’ = 0 a (“II ?) level occurs7529.39cm!
above the X v" = 0 level, with the nearesgroundstatevibrationallevel beingat 6857.7cm!,
671.69cm~! lower in enegy. Quite analogougo the CN relaxation,as discussedabove, the
highestlevel from which vibrationalinfraredfluorescencés obseredis v = 7. Clearly also
herefurtherrelaxationapparentlyoccursby sequentialibrationalfluorescence.

As notedabove, in contraswith the heavier isotope,in W60 the a-stateemissionis wealer,
andcorversely the vibrationalemissionconsiderablymore efficient. An explanationis easily
found by examiningthe vibrationallevel structuresof the two oxygenisotopic specieswhich
also provides further supportfor the relaxationin the lowesta (“II ?) proceedingasin CN,
via the groundstatevibrational levels. While in WO thev’ = 0 — 3 arelocated671, 623,
576 and526 cm ! above the closestgroundstatelevel, for WO the numbersare 300, 252,
205, and 158 cm™!, seeFig. 3.5. This providesan easyexplanationfor the fact that stronger
emissionand more extensve vibrationally unrelaxed fluorescencere obsened in the heavier
W80 molecule. The smallerenegy gapsin W60 resultin a much more efficient relaxation
into the ground statevibrational manifold, while corverselythe larger gapsin W20 leadto
enhanceghosphorescencbypassinghe excitedgroundstatelevels.

The involvementof the groundstatein a-staterelaxationis thendirectly evidencedby the
obsenationof emissionfrom levelsabove v’ = 0 a (“II ?). As notedabove, alsov’ = 8,9, and
very weakly alsov’ = 10 X levels, located779, 740,and 701 cm~! above thev’ = 2, 1 and
0 a statelevels, are seenin emissionin W'6O. Theserelatively large "enegy gaps",combined
with poor FranckCondonfactorsmake reversetransitioninto the a-stateoncethe crossinginto
the X-state hasoccurredinefficient, and vibrational emissionbecomescompetitite. On the
otherhand, in the heaier isotopethe correspondinggapsare only 360, 320, and 280 cm™1,
respectiely. Thismakesthereversecrossingnto thea-statamoreefficientcomparedvith direct
sequentialadiatve vibrationalrelaxationwithin thegroundstate.

4.3.6 Intrastate vs. Interstate Relaxation

As describedabove, the relaxationin the quite dissimilarmoleculesCN and WO, proceedsn

both casesvia the sameinterelectronicmechanismand similar obsenationshave beenmade
for a variety of othersystems. In fact, even whenthe enegy gapsfor the two processesire
comparablethe interstateprocesss in generalmuchmoreefficient. As explainedpreviously,

the physicalreasonsareto be foundin FranckCondonargumentsappliedto the local phonon
modes,andto the responsef the lattice to the changeof stateof the guest. The nearbylattice
atomsexperiencelittle changewhenthe guestmoleculechangests vibrational state. This is
evidencedby vibrational spectraof guestmolecules,which mostly exhibit only strong"zero
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phononlines”, andlittle evidenceof phononsidebands.

Ontheotherhand theelectrondensitydistributionin theneighborhooaf theguestmolecule
changesnuchmoredrasticallywhenan electronictransitiontakesplace,for instancefrom a
to a Il state. This againis usually evidencedby the muchmore prominentphononsidebands
associateavith electronictransitions.Thusin the optical A 2II (unknowvn char)X 2% transition
in matrices,rather strong phononsidebandsare obsenable. In the caseof WO, the phonon
wings are wealer, but clearly obsenable. ThesesameFranckCondonfactorswhich channel
enepy into the lattice phononsduring optical transitionbetweenthe two electronicstatesalso
facilitatethe correspondingnonradiatve relaxationprocess.

4.4 Summary

Pathways of relaxationof electronicallyexcited WO moleculesin solid neonat 6 K werein-

vestigated.In spite of the muchlower vibrationalfrequeng, andentirely dissimilarmolecular
propertiesandstructure the patternof relaxationprocessesesembleshosefoundin the much
lighter CN radical. The relaxationoccursby interelectroniccascadeéetweenthe vibrational
manifoldsof excited electronicstates reachingeventuallythe v” = 7 of the groundelectronic
state.Thenonradiatve processes the groundstatearesurprisinglyinefficient, with relaxation
apparentlyoccurringpredominantlyby sequentiavibrationalfluorescence.
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Chapter 5

Photodissociationof Hydr ogenHalides

Wer eseinmalsoweitgebracht hat, dal3er nicht mehrirrt,
der hataud zuarbeitenaufgehort.
MAX PLANCK

Spectraof hydrogenhalides,their oligomersand complexeswith the heavier rare gasatoms,
xenonand krypton, and their photolysiswere investigated. The monomersexhibit rotational
spectrawith a prominentbroadR(0) line, andvery sharp,weakQ(0) line. Their rotationalcon-
stantsare considerablyoweredcomparedwith the gasphase.The YH specieshydrogenbond
readilyto form rigid oligomersor complexeswith Xe or Kr, whichin generalkexhibit sharpzero
phononline spectraof nonrotatingmoleculeswith clearly resoled halogenisotopicstructure.
Thenonrotatingpolymersphotolyseat 193nm moreefficiently, butthe YH- - -Rgcompleesless
efficiently thanthe monomersywith the photolysisof the dimersyielding BrH- - -Br “hydrogen
dihalide” products. Annealingand diffusion resultin formation of the HXeY rare gascom-
poundsandpartialrecovery of the YH monomersbut only very weakreformationof the(YH),,

oligomers.The mechanismsef the photolysis,annealinganddiffusionprocessearediscussed.
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5.1 Intr oduction

Solventshave a considerableffect uponthe dynamicsandphotochemistryf dissoledspecies,
andtheweaklyinteractingow temperaturearegasmatriceprovide avery simplemodelsystem
for both experimental[154, 155 and theoretical[156, 157,158 159] investigationsof these
effects. Thecondense@nvironmentprovidesanenegy sink for dissipatinghe excessnepy of
a photoexcited molecularor atomicguest,andthe solvating shell canaffect, andin factprevent
molecularphotodissociationEarly studiesof this “cageeffect”, for instancen halogensn rare
gaseshave revealedthat even for moderatelyhigh enegy excessof 2-3 eV the cagingis in
mary casesessentiallycomplete, andno detectablgpermanentissociationtakesplace. Onthe
otherhand,alreadythe trailblazing experimentsof Milligan andJacoxhave shovn thatwith a
sufficiently large enegy excessthe cageeffect canbe overcome andat leastatomic hydrogen
canexit thelattice cage[160]. In fact, oneof the standardnethodsfor generatinga variety of
radicalsandothertransientspecieds to selecta precursorcontainingonemore hydrogenatom
thanthe desiredtarget molecule,and subjectingit to vacuumUV photolysis,usuallywith the
a-Lyman121.6nm hydrogenine.

Thewidespreadawailability of intense gnegeticUV sourcescoupledwith progressn com-
puter hardware and software permitting now meaningfultheoreticalmodelling of mary body
systemsand their dynamics,have led to renaved interestin the cageeffect [158, 161, 162].
While guestmoleculesor atomsin solid raregasegepresenparticularlysimple,tractablesys-
tems[17], theimportanceof cageeffect studiesextendswell beyond low temperaturenatrices,
andhasimplicationsfor the photochemistrof solutions,radiationdamagen solids,andmary
otherphenomenaf considerablgracticalimportance.

Most of the studiesthusfar have treatedthe simplestsystems:a molecularguestpresentn
the hostlattice asan interstitial or much more often substitutionaimpurity [163]. Whenone
dealsin thematrix with stronglyinteractingsystemsfor instancehydrogenbondedspeciesuch
ashydrogerhalides preparingruly isolatedmoleculess anon-triial task,andunlessonetakes
specialprecautionsandgoesto extremelylow concentrationsan isolatedsingle substitutional
impurity is more an exceptionthanthe rule. Even at dilutions of 1:10" a significantfraction
of the guestgendsto be complexed, dimerizedor polymerized.The spectroscop of hydrogen
halidesandtheir oligomershasbeenratherextensiely studied,in particularin the heavier rare
gases argon,kryptonandxenon[164,165,166. It hasalsobeennotedthatthedimerizationhas
a considerableffect uponthe guestdynamics:nonradiatve relaxationprocessesarein general
stronglyacceleratedandin factdimersbecomethe sinksfor vibrationalenegy. In the present
paperwe focuson a differentaspectof the dimer or comple< dynamics: on the effect of the
hydrogenbonduponthe cageeffect andthe guestphotochemistryanddissociation.

5.2 Experimental

The HCI andHBr gasesverecommercialproducts(Aldrich, purity > 99.8%),andHI waspro-
ducedin a standardway by reductionof the halogenby red phosphorusandwater The cor-
respondingdeuteratedhalidescould be generatedy substitutingD,O for regularwater After
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extensve passvation of the gassystem,mixturesof the matrix gas,neon(Messe+Griesheim,
purity > 99.999%)in mostexperimentswith the hydrogenhalideswere preparedy standard
volumetric techniques. The concentration®f the hydrogenhalidesrelative to the matrix gas
werein therangeof 1:1000-1:20000andin someexperimentscomparablequantitiesof a sec-
ondraregas- Xe, Kr or Ar werealsoaddedin ordertogenerateand investigatethe XH- - -Rg

complees.

The sampleswere depositedon a coppermirror substratecooledby a Leybold RGD 580
closedcycle refrigerator While this is nominally capableto attain6 K, currentlyits basetem-
peraturds only about8 K. The premixed gaswereexpandedvia a pulsedvalve througha 1mm
orifice,usingabackingpressuref about2 bar, andcondensednthe8 K substrateThesamples
couldthenbe photolysedoy meansof anexcimer ArF laser operatingat 10 Hz anddelivering
~20mJ/pulseat 193nm. Following photolysisthe samplesouldbeannealedy carefullyrais-
ing the substrateemperaturéo 10-12K, but attemptdo increaséhetemperaturenuchbeyond
12 K usuallyresultedn anirreversiblelossof the matrix.

The samplesvereinvestigatedspectroscopicallysinga Bruker IFS 120 HR Fourier trans-
form spectrometerequippedwith beamsplitteranddetectorsor the 500-30000cm ! spectral
range. An argonion laser aswell asa Ti:Sapphirelaserwere availableto excite samplefluo-
rescenceln mostexperimentsfirst backgroundnfraredspectrumwasrecordedusingthe MCT
(mercury-cadmiuntelluride) detectorin the spectralrangeof 500-4000cm~!. Subsequently
the spectrawvererecordedafter sampledeposition after differentperiodsof 193 nm photolysis,
andfinally againafter carefulannealingof the sampleby raisingits temperaturdo a desired
temperaturetypically 10-12K, for timesrangingfrom 5-20min.

5.3 Resultsand Discussion

5.3.1 Rotating Moleculesin the Matrix and the Effect of Rotation upon
their Spectrum

While theweaklyboundraregasmatrix hindersandstopstherotationof mostlargermolecules,
somesmallspeciesanevenin thesolidrotaterelatively freely, andtheir spectraghibit gas-phase
lik e rotationalstructure. A very clear picture of diatomicrotationin solid rare gasesemeged
from high resolutioninvestigationof the vibrationalinfraredemissionof CN [149, 167]. While
in the gasphasethe Q branchtransitionsareforbidden,dueto the barrierto free rotationthey
may becomeweakly allowed in the matrix, and one then obseresa sharpQ(0) line. As the
temperaturas raised,a broadened?(1) line and othertransitionsinvolving excited rotational
levels may becomeobsenable. The Q(0) lines connectingthe long lived J=0levels are,when
obsered,very sharp- in the caseof CN their width is <0.03cm~!. Rotationallyexcited levels
with J>0 are,on the otherhand,immersedin the continuumof quasi-resonanttice phonon
stateswvhichleadsto arapidrelaxationanda lifetime broadeningf all transitionsotherthanthe
Q(0) line, resultingin widths of typically mary cm~1.

Presencef othermoleculesn the neighbourhooaf the gueststronglyincreaseshe aniso-
tropic potential,andinvariablyresultsin arrestingts freerotation[168]. Therotationalstructure
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andthe usuallyratherbroadrotationaltransitionsare replacedby sharp“Zero PhononLines”,
effectively the Q-branche®f nonrotatingmolecules.This wasdemonstrateth the caseof CN,
where,for instance additionof <1% of xenonor kryptonto the argon matrix gasresultedin a
completedisappearancef its rotationalstructure[169]. Understandingf theseeffects,thatis
appearancef sharp,forbiddenQ(0) lines, the fact that transitionsinvolving excited rotational
levelsarestronglybroadenedandcollapsingof therotationalstructureinto asharpzerophonon
line for nonrotatingspeciewill beof greatassistancen interpretingthehydrogerhalidespectra
in solid neon.

5.3.2 HydrogenHalide Oligomers, and Rotation of the Monomer in Solid

Neon
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Figure5.1: Typical IR absorptiorspectraof neonmatricescontainingdifferentamountsof HBr

andxenon. The lower traceshows pure HBr at the usualconcentratiorof 1:1000. Onecansee
therethe broadR(0) and the muchwealer Q(0) bandsof the monomey aswell asthe much
strongerimerabsorption.Theuppertraceshonvs amoredilute matrix thatadditionallycontains
somexenon(HBr:Xe:Ne = 2:1:20000),with the well featuredabsorptionsat 2515 and 2550
cm ! beingdueto complexeswith xenon.

A typical absorptiorspectrunof adilute, 1:10* hydrogenbromidein neonmatrix produced
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by the pulseddepositionis shavn in Fig. 5.1. Hydrogenhalideshydrogerbondreadily, andeven
atthe 10* fold excessof the neongasabsorptionsiueto the complexesandpolymersdominate
thespectrumandtheirintensitiesexceedoftenconsiderablyhoseof themonomer Thesituation
actuallyappearsvorsethanit reallyis since,aswewill discusdater, thecompleationin general
substantiallyincreaseshe oscillatorstrengthof theinfraredabsorptionssometimedy ordersof
magnitudesothatthedegreeof clusteringandcomplexationis muchlessthanonemight suspect
by superficialexaminationof the spectrum.

Thestrongesteaturedn theinfraredspectreof cold monomerichydrogenhalidesshouldbe
the fully allowed R(0) lines. In the caseof hydrogenbromide,thereappearin this region two
broad,incompletelyresohedlines at 2566.6and2568.6cm~!, undoubtedlydueto monomerin
two differentsites. In the region of the deuteriumstretchingvibration thereare actuallythree
features:a broadbandat 1842.3cm, andtwo sharpelfinesat 1839.81and1840.36cm~!. We
assignthe formerto the R(0) line of DBr in onesite, while the othertwo areclearly dueto the
isotopic D”Br and D®'Br lines in a differentsite. We will returnto this questionlater when
presentinghe HCI spectrum.

As notedabove, even at the lowestconcentrationsisedin our work the strongesinfrared
bandsaredueto the (HBr),, polymers,andthe spectraarefurthercomplicatedoy multiple trap-
ping sites. As well known, and confirmedby DFT calculationsto be briefly discussedelaw,
the dimershave a bentstructure,with the “free” BrH unit orientedat about92° to the linear
BrH- - -Br entity. The hydrogenbondingresultsin a substantiated shift of the vibrationalfre-
gueng andanincreaseof its intensity with the strongestbsorptiordueto thehydrogenbonded
HBr unit appearingairound2520cm!. For theprominentmajorsiteabsorptiorat 2520.51cm !
the two bromineisotopic speciesare not clearly resoled, but in the deuteratednoleculesone
fully resohesthe BrDBrD and® BrDBrD bandsat 1811.23and1810.71cm™!, respectiely.
The effectsof the isotopicstructureof the “free” BrH sukunit uponthe frequeng of the hydro-
genbondedHBr areapparentlysmall,andarenotresoled. Theobsered~36 cm~ shiftin the
dimerfrequeng from that of the monomerindicatesthatthe shifts are overestimateaonsider
ably by our densityfunctionalcomputationsvhich predicta valueof 77 cm!. Higherpolymer
absorptionsare shiftedstill furthertowardsthe red, with the strongestrimer bandappearingat
2487.56for (HBr)3, and1783.46and1783.80cm™ for thetwo deuteriunbromideisotopomers.

rvy—-g..- | TH..Y | T-.Y—H 5H---Y—H V.v—-H Vy _H... Vy _H...
[A] [Al | [A] [deg] [em™'] [em™'] [em™']
Species (Intensity | ( Intensity | exp. value
[km/mol] ) | [km/mol]) | in neon
CIH---CIH | 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
CIH---BrH | 1.297 | 2.663| 1.423 | 92 2601(19) | 2786(362) | 2826.6
BrH---CIH | 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)/SECRvel.
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Theresultsof our calculationson the hydrogenhalidedimers,aswell asthe experimentalfre-
guenciesaresummarizedn Table5.1.

Returningto themonomeyana priori obsenationandassignmenof theforbiddenQ(0)lines
is mademoredifficult notonly by theirweaknesshut alsodueto thefactthatin the sameregion
absorptionglueto theterminalHBr units (with the free hydrogen)of the (HBr),, oligomersare
expected. Also a methodusuallyusedto determinefrequenciedelongingto the samespecies
in the matrix, thatis the correlation(or lack of it) betweentheir intensities,would fail in the
presentcase. The Q(0) lines areforbidden,andtheir intensitiesare extremely sensitve to the
local ervironmentandits symmetry andtheir relative intensitiesmay changesubstantiallywith
sampleconcentrationgdepositionconditions,annealingand photolysishistory, etc. Fortunately
in spiteof thesedifficulties,with thehelpof photolysisandannealingexperimentso bedescribed
later, one can confidentlyidentify the Q(0) lines. Both the monomerandthe (HBr),, species
canbe almostcompletelydestrgyed by prolongedphotolysisof dilute neonmatrices,asshavn
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Figure5.2: Detail of the HBr monomerabsorptionsn solid neon. The lower traceshaws that
extensie photolysis(193 nm, 20000shotsat 20 mJ) dissociatesll HBr monomers.But after
annealingat 12 K for 5 min, asone canseein the uppertrace,the life-time broadened?(0)
transitionandthe weak, forbiddenQ(0) bandof the rotatingmonomerin two sites,labelleda
andb, reappearDueto the extremesharpnessf the Q(0) transition,the isotopicalsplitting of
thebromineis well resohed.
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by the middle traceof Fig. 5.7. Upon subsequenannealingof the sampleand diffusion, the
monomercanbe partially reformedandrecovered,but in dilute sampleghe destructionof the
(HY)n aggreatess virtually irreversible.Theannealingalsocontritutesto furtherreducingthe
inhomogeneousite broadening As shavn in thetop tracein Fig. 5.2, simultaneouslyvith the
broadlines assignedabove to the R(0) transitionsof the monomerHBr in two differentsites,
alsotwo pairsof sharplinesat 2554.14and2554.53 aswell as2555.95and2556.34cm~! grow
in. Thesecanbe confidentlyattributedto the Q(0) transitions*' BrH and"BrH in thetwo sites,
andcomparisonwith the gasphaserevealsthatthe HBr vibrationalfrequeng is red shiftedby
some8.2cm~! in solid neon.If onetakesthe maximumof the broadbandsasthe positionof the
R(0) lines,thenthe Q(0)-R(0)splitting is reducedn the matrix from the gasphasevalue16.9to
~12.4cm~!. TheHBr rotationalconstantn solid neonis thusonly ~74%of its gasphasevalue,
andthe HBr rotationmustinvolve a considerablenotion of the neoncageatoms.
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Figure5.3: The R(0) transitionsof both HCl andDCI in solid neon(1:10000). While the HCI
bandis stronglylife-time broadenedhecorrespondindCl transitionshovstwo groupsof three
lineseach.Thetriplet structureis attributedto threedifferentsites,whereaghe splitting in two
groupsis causedy the chlorineisotopicspecies®Cl and®"Cl.

In thecaseof HCI, shavnin Fig. 5.3, onefindscloseto theexpectedoositionof thegasphase
R(0) lines a ratherstrong,structuredandbroadbandat 2899.8cm~!. Whenthe corresponding
region of DCl is explored,aninterestingsotopiceffectis obsered. Insteadof a similarly broad
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band,heretwo well resohedgroupsof threelines eachappear Therelative intensitiesof about
3:1 of thetwo groupsandthe appropriateshift of 3.1 cm™* clearly indicatethatthey areto be

attributedto the chlorineisotopicspecies®Cl and3”Cl in naturalatundance.The presenceof

threelines for eachisotopeis probablydueto the presencef threedistinct sites. This strong
isotopiclinewidth effectis againundoubtedlydueto lifetime broadeningwith aboutanorderof

magnituddastemrelaxationof theJ=1level of HCI. Thisapparentlycouplesnorestronglyto the
lattice phonongdueto its enegy beingcloserto the maximumof the phonondensitydistribution

of the neonmatrix. As explainedabove, a similar effect wasalsoobsened for oneof the sites
of DBr: while the R(0) lines of HBr in two differentsiteswere quite broad,in the DBr region

only onebroadR(0) line near1842.3cm~! wasfound. In the placewherethe otheronewould

be expected,a sharpisotopic doubletat 1839.81and 1840.36cm~* appeared.This indicates
that the rotationalrelaxationratesare not only a function of the natureof the matrix, but can
alsobe stronglyaffectedby the specificsite geometryandpropertiesif theinterpretatiorof the
linewidthsin termsof lifetime broadenings correct,the DBr J=1rotationalrelaxationin oneof

thesitesis slowerbymorethananorderof magnitudethanthatof the othersite.

5.3.3 The Effect of Site Symmetry, and Hydr ogen-Halide-Rar Gas Com-
plexes

Whendealingwith matrix isolationexperimentsoneof the first experiencess the obsenation
of severalso-called'sites” for onetransition. Thesesitesaretheresultof differentlocal erviron-
mentsof the individual guestmoleculedeadingto slightly changedrequenciedor oneandthe
sametransition.Generallythe largerthe guestmoleculeis, the moredifferentpossibilitiesexist
to embedit into the hostmatrix. Also the crystalstructureof the hostinfluenceghe site distri-
bution. Onecanthusobsere in the caseof neonmatrices,n generaltwo major sitesresulting
from thedifferentfcc or hcplocal ervironments.

To probein moredetailthe effect of local ervironment,we have studiedneonmatricescon-
taining small amountsof anotherraregas,Ar, Kr, or Xe. In the top traceof Fig. 5.1 we have
shown for comparisorthe H-Br stretchingsectionof the spectrumof a samplewith a smallad-
dition of xenon(HBr : Xe : Neon=2: 1: 20000). The presenceof xenonhad, in spite of
its very minuteconcentrationa profoundeffect upontheinfraredspectrumwith awholeseries
of new strongabsorptionsappearing.The mostprominentnen groupbetweemabout2547and
2552cm ! consistoof several pairsof bands separate@diwaysby 0.39cm L. Theseareclearly
dueto theisotopic™BrH- - -Xe and®'BrH- - -Xe complexesin differentlocal ernvironmentswith
the mostprominent‘site” having frequencie2549.40and2549.01cm . Upondeuteratiorthe
majorsite absorptionshift to 1831.46and1830.91cm~, againexhibiting the appropriate).56
cm~! splitting expectedfor thetwo DBr isotopicspecies.

Noteworthy is the obsenation, thatin spite of the minute concentratiorof xenonused,the
overall intensity of the new bandsexceedsconsiderablythoseof the HBr monomer This is at
leastpartially dueto the fact, thatthe formationof hydrogenbondto the raregasatombesides
shifting thefrequeng alsoincreasesonsiderablyits intensity Our computationsagainoveres-
timatethe shift causedy the BrH- - -Xe complex formation,with the abinitio 9.24cm ! value



5.3ResultsandDiscussion 93

exceedingconsiderablythe obsered~7 cm™! shift, andthey alsopredictanincreaseof its in-
tensity by abouta factorof four. Most conspicuougactaboutthe new bandsis thatunlike the
broadenedR(0) bandsof theunboundmonomeythexenoncomplex absorptionarequitesharp,
with widths of about0.06 cm~!. This is again,asdiscussedibove, dueto the factthatin this
caseoneviews the lowestlevel of a nonrotatingmolecule. The strongR(0) bandsof the HBr
(orin generaHX) freerotor, involve the excited J=1levels,which arelifetime broadenediueto
interactionswith thelattice phonons.

In additionto the strongbandsdueto the BrH- - -Xe comple, in the presencef xenonthere
appeasimilar groupsof additionalbandsnearthe absorptionsssignedo the polymeric(HBr),,
species,which are clearly due to complexes of thesepolymerswith xenonatoms,that is to
specieof thetype BrH- - -BrH- - -Xe or BrH- - -BrH- - -BrH- - -Xe. Thesehave, comparedo the
uncompleced bandslower relative intensitiesthan thoseof the monomercomplex. As noted
above, the large intensity of the BrH- - -Xe complex absorptiongelative to the free HBr is due
to the large enhancemertausedy the compleation. Sincethe intensitiesof the uncompleed
dimer andtrimer bandsare alreadyenhancedy the hydrogenbond formation, the additional
effect of the xenoncomplexationis smaller Thusfor instancebandsbetweer2511-2518&m1,
redshiftedfrom the2520.51cm ! freedimerbandareattributedto BrH- - -BrH- - -Xe complexes,
with the correspondingleuteridebandsappearingbetween1804-1807cm . Again multiple
sitesare obsered, with the most prominentone being at 2514.35and 2513.98cm~ for the
Br and® Br speciesrespectiely, andshiftingto 1807.01and1806.47cm~! in the deuterated
samples.

The situationdescribedfor HBr is parallelledby the behaiour of other hydrogenhalides
examined HCl andHI. In eachcaseadditionof smallamountof xenonresultsin theappearance
of strongnew bandsdueto the hydrogerbondedYH- - -Xe compleces,aswell ascorresponding
compleesinvolving the YH oligomers.Also herethe situationwascomplicatedy the presence
of numeroussites,but in the caseof chlorinetheappearancef doubletswith relative intensities
of 3:1 andwith the characteristiégsotopicsplitting dueto the 33Cl and?’Cl isotopesfacilitated
greatlytheassignmentanddatainterpretation.

Besidesxenon,we have investigatedriefly alsothe additionof small quantitiesof krypton
or argon, whoseeffect was,ascould be expectedqualitatvely identical. In eachcasenew sharp
andintensebandsdue to the hydrogenbondedYH-Kr complex appearat the expenseof the
broadenedbandsdueto thefreely rotatinghydrogenhalides.In view of the lower polarizability
of the lighter rare gasatoms,the interactionis correspondinglywealer, and the shifts of the
comple frequenciesrom thatof thefreehalidearesmaller Theinformationobtainedaboutthe
varioushydrogenrhalide- raregascomplexesis summarizedn Table5.2.

5.3.4 Photolysisof Hydr ogenHalidesin Solid Neon

As mentionedin the introduction,the condensedolvent mediumcan have a considerablesf-
fect uponthe photophysicof the guest.We have examinedthe photolysisof the HY hydrogen
halidesin solid neon,with hydrogenbromidebeingmostextensiely investigated.The 193nm
UV radiationof the ArF lasercorvenientlyoverlapstheHBr absorptionandtheavailablephoton
enepgy of 6.425eV is morethanadequatdo dissociatehe moleculewith Dy ~3.758eV. Even
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species Te rvaw | Yvaw | Vs ve [cm™1] Av, v, [cm™1]
[A] [A] [cm~1] | [em™!] | (Int. [km/mol]) | [cm™1] | exp. value

CIH 1.289 2885(37) 0 2899.8

CIH---Kr | 1.290| 3.167| 6.2 90 2876(79) 9 2877

CIH---Xe | 1.291| 3.222| 26 185 2865(126) 20 2867

CIH---Cl |1.291| 2.578| 65 138 2822(210) 63

CIH---Br | 1.296| 2.650| 61 184 2792(321) 93

CIH- -l 1.297| 2.861| 54 178 2776(421) 109

BrH 1.461 2610(12) 0 2566.6/2568.4

BrH .- -Kr | 1.422] 3.482 11 45 2606(24) 4

BrH---Xe | 1.422| 3.495| 8.4 129 2600(42) 10 2549.4

BrH---Cl | 1.426| 2.595| 36 72 2550(61) 60

BrH ---Br | 1.427| 2.705| 29 126 2534(185) 76 2527.9

BrH - - -l 1.429| 2.914| 35 154 2514(295) 96

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

though,as mentionedabove, all of the bandsbetween2450-2586m~— involve HBr, onefinds
thattheir ratesof dissociationdiffer substantiallyasshavn by the logarithmicplot of intensity
againstphotolysistime in Fig. 5.4. In generalonecanseethatthe photolysisrate of the dimers
andtrimersis considerabljhigherthanthatof thefreemonomer While apartof theeffectcould,
of coursepeattributedto thefactthatin thecaseof an“n—mer”, n HBr unitsareavailableto ab-
sorbthe photon,the obsenredratedifferences largerthancouldbe explainedin this way alone.
It shouldalsobe notedthatwhile dimersphotolysemuchfastethanmonomerthereis little dif-
ferencebetweendimersandtrimers. Concerninghe factthatnonradiatve relaxationprocesses
in dimersandpolymersin matrix areinvariablymuchmoreefficient thanin the monomerspne
mightevenadwancetheideathataggregatesshouldphotodissociatéessefficiently.

A possibleexplanationof the efficient aggrgatedissociatiorlies in the orientationaleffects
detectedexperimentallyby Apkarian,andfoundby dynamicalsimulationsoy Gerberetal [170].
The (HBr),, oligomersobviously do not rotatein the matrix, and the unboundproton of the
terminalHBr will presumablybe orientedtowardsthe potentialminimum, in the direction of
the cageexit. This may obviously favour photodissociationand increaseits rate relative to
that of the freely rotatingmonomer An additionalfactormay be the possibility of alternatve
reactve channelsavailableto the aggreyates.Thusthe enegeticH atomformedin thetransient
dissociatioreventmay overcomethe activationbarrierandreactwith oneof the otherHBr units
within the cage,yielding an H, moleculeand probablymolecularhalogen. That suchreaction
mustoccurat leastto someextentis evidencedby the obsenationthatthe (HY),, aggre@atesare
essentiallynot recoveredduring the annealingprocess.While small amountsof the monomer
canberegeneratedyy extensve annealingthelossof theaggreatess virtually irreversible.

Interestings the photolysisof samplesontaininga secondaregas,with addedxenonbeing
studiedin mostdetail. Unlike the situationwith the (BrH),, oligomers,the formation of the
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Figure5.4: Photolysisof differentspeciesn a HBr:Xe:Ne (1:1:7000)matrix. This logarithmic
plot shavs theintegratedabsorptionntensitiesof several speciesagainsthe numberof 193nm
ArF lasershots(~10 mJenepgy). As onecanclearly see,the higherHBr polymersphotodis-
sociatefasterthanthe monomey whereaghe formationof Xe complexesdecreasethe rate of
dissociation After annealingdBr andHBY- - - Xe arealmostcompletelyrecovered but the higher
(HBr),, oligomersshow only very weakreformation.

BrH- - -Xe complec considerablyretards ratherthanenhancinghe rate of dissociation.In this
case,the hydrogenatomis ejectedin the direction of the Xe atom,andbounceghenbetween
the heavy raregasandthe halogen.After severalreflectionsenoughenenpy is transferredo the
latticeto reducethe probability of a cageexit andpermanentlissociation.

5.3.5 PhotolysisProducts,and the Hydr ogenDihalide Species

As previously explained,during theinitial phasef irradiationthe mostefficiently photolysed
speciesarethe dimersandtrimers,whoseabsorptiongliminish, with a concurrengrowth of in-

tenseproductbands.The mostprominentproductabsorptionsn the caseof hydrogenbromide
appearas a group of sharpbandsbetween2523-2528cm *. This is exemplifiedby Fig. 5.5,
wherethetop traceshaws the strong(HBr), bandwith incompletelyresolved Br isotopicstruc-
ture in the top trace,with the almostcompletephotolysisof the dimer, andappearancef the
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slightly blue shifted productabsorptionsvident in the middle trace. Correlationsof the rate
of growth of the productbandswith the ratesof photolysisof the (HBr),, speciesn a seriesof
sampleswith variousconcentrationgndicatesquite clearly thattheseabsorptionsarethe result
of ahydrogenatomlossfrom the (HBr), dimer, andshouldbe assignedo the BrHBr, hydrogen
dibromidespecies. It is also easyto understandvhy the vibrational frequenciesare closeto
thoseof thedimer: in both BrH- - -Br andBrH- - -BrH speciesthe BrH frequeng is red-shifted
by interactionwith anotherBr atom,with the presencer absencef the free hydrogenmaking
little difference.

0.25 (HBr), 1

HBr/Ne
1:1000
0.20 -

0.15 -

after deposition

absorbance

0.10

after photolysis
annealed at 11 K
0.00 k d

2515 2520 2525 2530
frequency (cm™)

Figure5.5: Theformationof the hydrogendihalide speciesn solid neon. Fromtop to bottom:
(a) theisotopicallyincompleteresohed (HBr), dimerat2520cm~! directly afterdeposition.(b)
the samematrix after 20000shots193 nm photolysis,shoving the BrH- - -Br species.(c) After
annealingat 11 K for 5 min, thedimeris slightly recoreredandBrH- - -Br (two prominentsites
with clear™Br/8!Br splitting) gainsevenhigherintensity

Marny yearsago,a schemavasproposedor the bondingof hydrogerbihalideanionswhere
the 1s orbital on hydrogen,andthe half filled p-orbitalson the two halogenatomscombineto
form threecentermolecularorbitals,one of thembonding,one basicallynonbondingandone
antibonding.With four electronsavailablein theanionthe bondingandnon-bondingprbitalsare
filled, forming the well known andratherstable,stronglybounddihalideanions. Extrapolating
thismodel,theremoval of oneof thenon-bondingelectronshouldnot affectthe bondingsignif-
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icantly, andthedihalideradicals,HX, shouldhave similar propertiesandsimilar spectrunto the
anions,andanintensesearchby matrix isolationfor thesespeciesvasinitiatedin thelaboratory
of Pimentel. This searchindeedresultedin identificationof absorptiondelievedto be dueto
the HCl, andHBr, radicals[171]. At thattime the possibility of their beingdueto the anions
wasconsideredut dismissedsincethey werealsoproducedundercircumstancesyherefrom
the point of view of understandingf matrix photophysicsat that time, ion formation should
have beenimpossible.However, theoreticalcalculationscarriedout at the time, suggestedhat
HF, shouldbe anasymmetrianolecule essentiallyan HF perturbedoy a secondluorine atom,
ratherthana linear, centrosymmetricadical[172]. Elegantexperimentsby JacoxandMilligan
have castincreasingdloubtontheradicalassignmentandshown thatthespecieobsenedshould
morelik ely be matrix isolatedbihalideanions[173]. It is now understoodhatsolvationby rare
gasatomscanstabilizeionic speciesn matricesby severaleV, andthe original objectionto the
ionic assignmenivasfallacious.

The HBr, speciegproducechereappearagain,like the (HBr), dimersfrom which they are
formed.,in severaldistinctsites,with themostprominentabsorbingat2527.88and2527.50cm™!
for “BrH- - -Br and® BrH- - -Br, respectiely. The~28.5cm~! shift of thevibrationalfrequeny
from that of the free HBr indicatesthatthe interactionis relatively strong,but it is againcon-
siderablysmallerthanthevalueof 75.28cm ! predictedoy our DFT computationsEvenmore
thanthe BrHXe speciesthe BrHBr complexesphotolyzequiteinefficiently. By very prolonged
irradiationof the matrix they canbe destrged, yielding undoubtedlyeventuallymolecularBr,
product.BesidesHBr, we have alsoattemptedo photolyzeHCI in solid neon.While HCI canbe
photolyzedoy prolongedrradiationin solid xenonwhereits absorptions shiftedtowardslower
enepgies,in neonits UV absorptionoccursfurthertowardsthe blue, essentiallyout of therange
of the 193 nm ArF radiation. Only in matricescontainingXe, a smalldegreeof photolysiscan
be detectedperhapgdueto the CIHXe complexesabsorbingat lower enegies. Interestingwas
the photolysisof HCl samplescontaminatedy HBr (a contaminatiorwhich is ratherdifficult
to avoid whenboth HCI andHBr experimentsareto be carriedout). In thesesamplesonecan
by observingthe photolysisbehaiour readily identify speciescontainingHBr, sincehydrogen
bromidephotolysessery readily. In thesesamplesabsorptionglueto complexeslike HCI—HBr
or (HCI),HBr are completelyphotolyzed,while thoseinvolving only HCI units remainessen-
tially unchangedin thiswaytheabsorptionslueto themixedaggrgatescouldbe assignedvith
confidence.

5.3.6 Annealing and Diffusion in NeonMatrices

It is well known thatwhile at sufficiently low temperaturesnostatomscanbe stabilizedin rare
gasmatricesthey canbe mobilizedif thetemperaturef the matrix is increasedIn our cryostat
whenheld at its currentbasetemperaturef around8 K the spectraof bothinitially deposited
and photolyzedneonmatrix sampleswere stable,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 increasehe
temperaturdurther usually resultingin an irreversiblematrix loss. An onsetof diffusion and
selectve mobilizationof hydrogenatoms resultingin changesn theinfraredspectrumbecame
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in solid neonapparentlreadyabove about9-10K. The changesould effectively be classified
into threecateayories: changesn the site distribution of existing guestsyecovery of photolyzed
speciesanda growth of new productsandall threeeffectsaredocumentedn Figs.5.6and5.7.
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Figure 5.6: The H-Xe stretchvibration of the nev HXeBr speciesn neon. The lower trace
shavs a HBr and Xe containingNe matrix (2:1:20000)after 193 nm photolysis. Annealingof
thismatrixat12K leadsto theappearancef thenew HXeBr molecule shovn in theuppertrace,
wherethe mostprominentsitesareat 1450.5and1452.5wave numbers.

As notedabove, initial depositionusuallyyieldedfor mostspeciesa numberof distinctsites,
reflectingprobablyimperfectionsof the matrix structure,anddistribution of differentlocal en-
vironmentsand geometrief the neonatomssolvating the guest. Using annealingthe spectra
weresimplified,with theintensityconcentratingnto theabsorption®f presumablyhemoststa-
ble site,andmary absorptiorbandsbecamesharper Besideghe obvious speciesvhich do not
appearin the infrared spectrum:halogenmoleculesandin particularmolecularhydrogen the
mostinterestingnew productsaccompawing the annealinganddiffusionin our matriceswere
thenovel, hydrogencontainingraregascompound®f the type of HRgX or HRgH, which were
previously extensvely studiedin solid xenonandkryptonmatriceq26, 174]. Thisis exemplified
by Fig. 5.6,shaving a sectionof the spectrunof Ne: Xe:HBr=20000:1:2with theregion of the
H-Br stretchingvibrationsof the samespectrunshowvn for comparisorin Fig. 5.7. In theinitial
spectrumin the top traceof Fig. 5.7, strongabsorptionsdueto HBr monomey bandsassigned
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Figure5.7: Overview spectreof differentspeciesn the HBr region: After depositionafter 193
nm photolysisandafter 11 K annealing.The completephotodissociatiomf all specieqexcept
BrH- - -Xe) after prolongedtreatmentwith 30000shotsof an ArF laseris shovn in the middle
trace. Annealingthen allows the recovery of photolyzedspecies,as well as growth of new
productsfor exampleBrH- - -Br.

to the (HBr),, oligomer aswell asthe sharpBrH- - -Xe complexescanbe seen.After extensve
photolysisthereis still no absorptionin the bottomtraceof Fig. 5.6, but almostall the HBr

stretchingvibrationsin Fig. 5.7 (middle trace)disappearwith the exceptionof a smallamount
of the BrH- - -Xe comple, andthe photolysisresistantBrH- - -Br product. Upon annealingof

thesamplenear11-12K, hydrogenatomdiffusionsetson, accompaniedby partial recovery of

the HBr monomerabsorptionandof the BrH- - -Xe complexes,aswell asaslightgrowth of the
BrH- - -Br absorptionsOnecanalsonotethe abose mentionedchangesn therelative siteinten-
sitiesanddistribution. In addition,onecanseein the Fig. 5.6 a strongpair of absorptionsear
1450.48and 1452.54cm~! dueto the HXeBr moleculeappeard26]. The formationof these
speciesn solid neonis interestingin thatit confirms,thatthe existenceof thesecompoundss

not solely dueto stabilizationby the polarizablexenonandkrypton solvents,andthis aspecis

the subjectof the separateehapter6. Their formation,however, alsoprovidessomeinteresting
insightinto the diffusionprocesses solid matrices.

While theformationof speciedik e HXeBr in solid xenonduringannealingdf samplesesult-



100 CHAPTERS5. PHOTODISSOCIATION OF HYDROGENHALIDES

ing from HBr photolysiscanbewell understood174], their similarly efficient growth in dilute
neonmatricesis muchmoresurprising.A hydrogenatomdiffusingthrougha xenonmatrix to-
wardsa halogen(e.g Br) atom can, regardlessof the direction of approachnot avoid passing
throughthe appropriateconfigurationfor HXeBr formation, with a first solvation shell xenon
atombetweerthe hydrogenandthe bromine. The situationis quite differentin solid neoncon-
taining only typically 1 partin 200000f xenonatoms.Evenif pre«isting XeBr compleesare
presentthe hydrogenhasonly abouta onechancean 12 to be approachindgrom theright direc-
tion to form HXeBr, ratherthaninteractingwith the halogenandyielding the muchmorestable
BrH- - -Xe complex. To make mattersconsiderablyvorse,the matrix undoubtedlyaboundswith
mary moreBr atomsthanpreeisting BrXe complexes,andonethusmight expecta preferential
recovery of thehydrogerbromide.In spiteof thatonenotesthatrecovery of thehydrogeralide
monomeris only arelatively minor processandthatthe (HBr),, polymersdo not reformalmost
atall. Againstall statisticalconsiderationghe formationof the raregashydrogenhalideseems
to bethe mostefficient process.

000
i

O°
000°

Figure5.8: Schematidrawing of the formationprocessof HXeBr in solid neon: A XeBr com-
plex surroundedby neonatomswhichis “attacked” by hydrogeratomsfrom differentdirections.
Only the hydrogenapproachindrom the xenonside“tunnels” throughthefirst solvationshell.

It appeardike the hydrogenatomsare selectvely avoiding the bromineatoms,and when
approachingn XeBr comple, preferto interactwith the xenonend. A possibleinterpretation
would be to postulatethat eachatomin the matrix is protectedby a shell of hostatoms. In
generalthebinding potentialbetweere.g. neonhostatomandthe guestwill bedeepethanthe
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neon-neorinteractionof ca. 30 cm!. The activationenegy for penetratingsucha protective
solvation shell may then be considerablyhigherthan the barrierfor simple diffusional motion
througha pureraregas(neon)matrix. Thisideahasaninterestingparallelin a seriesof recent
studiesby Gordonandcoworkers[175, 176]. They foundthatby evaporatindiquid heliuminto
which impurity atomshave beeninjected,they obtaina solid residue which remainsstableup
to temperature®f about9-10 K whenit decomposesxplosively, yielding 90-98 % gaseous
helium. The interpretationof this experimentis the formation of animpurity stabilizedsolid,
consistingof helium “snowballs” consistingof a heary atome.g. nitrogenor xenon,with a
relatively tightly held solvationshell. We thereforesuggesthatsimilarly alsoin a solid matrix,
eachguestatomor moleculein generalcanbe viewed asbeingsurroundedy sucha solvation
shell(seeFig. 5.8),which can,dependingnits stability, retardor enhancats reactions.Thefact
thatagainststatisticalconsiderationshe hydrogenatomsappearto preferreactingwith xenon,
ratherthan with the halogen,would thenreflect the fact that the activation enegy neededo
penetrateéhe neonsolvationshellof axenonatomis lower thanthatof thehalogen(bromine).

As notedabove, andascould be seenin Fig. 5.7, somereformationof HBr doesoccut so
thatthe brominesolvation shellis not quite inmpenetrable We took advantageof the fact that
thesharptransitionsdiscusse@bove andassignedasthe Q(0) linesof HBr in two differentsites
appeain parallelwith thebroadR(0) linesof monomeridHBr, andin theabsencef any (HBr)n
polymerbands.to confirmtheir assignmentlt shouldbe noted,thatthe BrH- - -Xe comple is
alsoformed,in parallelwith HXeBr, duringannealingpf the photolyzedsamplesalthoughagain
to amuchlesserextentthanonewould expectstatistically A final productwhich alsoreappears
onannealingpf thecompletelyphotolyzedmatricess the BrH- - -Br comple. Its formationmay
be dueto thereactionof hydrogeratomswith molecularBr,.

5.4 Theoretical Methods and Computational Results

The calculationswere carried out on Silicon GraphicsPowver Challengework stationswith
the help of the Gaussiarf4 programpackage/40]. In mostdensity functional computations
the B3LYP hybrid functional was used,althoughin somecasesthe resultswere checled by
other methods. For the light atomsH and F all electronswere treatedexplicitly, usingthe
311++G(3df,3pdpasissetwith two diffuseandfour polarizationfunctionson eachatom. For
theheavier atoms,Cl, Br, or | thequasi-relatristic effective corepotentialés6pld/4s4p/ldasis
setsof the Stuttgart/Dresdegroupwereemployed[177].

We have first computedhe geometrieof the diatomichydrogerhalides HY, themseles,to
checkthe methodsandprovide comparisorwith experiment.We have thenexaminedthe effect
of formationof hydrogerbondedcomplexesuponthegeometryandvibrationalfrequeng of the
hydrogenhalides. The resultsof our computationsarelistedin Tables5.1 and5.2. Remaining
with a given YH speciesthe shift uponformationof an YH- - -X comple is smallestwhenX
is araregas,increasingfrom Kr to Xe with the rare gaspolarizability Much larger shifts are
obtainedfor the “hydrogendihalide” specieswhereX is a halogenatom. Hereagainthe shifts
increasavith the sizeandpolarizability of the halogen.
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5.5 Summary

HydrogenhalidesHY nearlyfreelyrotatein solidneonmatrix,andtheir8 K IR spectraconsisiof
strong,lifetime broadenedR(0) lines,andweakandvery sharp,matrixinducedQ(0) transitions.
The free rotationis stoppedn strongly boundoligomers,and complexeswith the more polar
izableraregaseKr and Xe, which exhibit sharpzerophononline spectrawith well resohed
Br or Cl isotopicsplitting. The spectraof both the monomersaswell asof the oligomersand
complexesaresomavhatcomplicatedoy the presenceof multiple sites. The hydrogenbonding
resultsin aredshift of theboundYH- - -X frequeng, anda considerabléncreasan its intensity
The interpretationof the resultsis facilitatedby extensve densityfunctionalB3LYP computa-
tions.

The hydrogenbondingalsohasa considerablenfluenceuponthe YH photolysisbehaiour.
The 193 nm excimer laserradiation photolysesmuch more efficiently the oligomersthanthe
monomers,an effect which is attributed to the molecularrotation. Photolysisof the dimers
resultsin well defined,asymmetrichydrogendihalide productssuchasBrH- - -Br. Formationof
complexeswith raregasatomsontheotherhandretardghephotolysis.Annealingof thematrices
above =10 K resultsin selectve mobilizationof hydrogenatoms,resultingin partial recovery
of the YH monomersaswell asin formationof the HXeY compoundsn neonmatrix. There
is, ontheotherhand,virtually noreformationof thedimersandtrimers.A modelexplainingthe
obsened annealingoehaiour andthe formationof the raregashydrogenhalidecompoundss
proposed.



Chapter 6

New RaregasCompoundsin Solid Neon

TherecentlydiscoveredhalogernxenonhydridesClXeH andBrXeH, their deuterate@nalogues,
andtentatvely alsothe HXeH dihydrideswere generatedn solid neonmatrices,and charac-
terizedby infraredabsorptionspectroscop The preparatiorof theseinterestingspeciesn the
weakly interactingneonmatrix, aswell asextensve DFT calculationssuggesthattheir obser
vationis not solely dueto stabilizationeffectsby the matrix, but thatthey shouldbe capableof
independenéxistenceasfree moleculesn thegasphase.
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6.1 Intr oduction

Eventhoughseveralsmallionsor metastablespeciesnvolving raregasesvereknown for along
time, until fairly recently its raregaselementsveregenerallyregardedaschemicallyinert. In
1962Neil Bartletthasshovn in histrailblazingstudy[178,179] thatthey arecapableof forming
of whatonecouldconsiderasnormalchemicalcompoundsgompellingchemistgo readjuston-
siderablytheirthinking regardingtheseelementsin aburstof actwvity in theyearsthatfollowed,
a numberof compoundsf noble gaseshave beenreported[180, 181, 182, 183 184. While
mary of thesecan be regardedas metastablespecies several are actually thermodynamically
stablecompoundsaindcanbe obtainedcommercially For example,xenondifluoride hasfound
arelatively widespreadiseasa fluorinatingagent,andhasusefulapplicationan semiconductor
processindor etchingsilicon.

Very shortly after the discovery of the first rare gascompoundsmatrix isolation special-
ists madeconsiderablecontributionsto the understandingf their chemistry with for instance
xenondichloride[185], kryptondifluoride [186] and mixed xenonchloro-fluoride[187] having
beencharacterized Infrared spectraof the HArj andHKr; specieshave alsobeenobsered,
althoughinitially their structureandionic naturewerein doubt[163], but recentcalculations
helpedto clarify the exactstructure[188, 189. The progressn the following 20-30yearswas
thenrelatively slow, with the chemistryof rare gaseseingeffectively restrictedto a few com-
poundsof xenoninvolving themostelectrongative elementsfluorineor oxygen.Quiterecently
anew breakthroughn this directionoccurredn thelaboratoryof Rasanernwhenawholegroup
of novel neutralrare gascompoundsvasobsened. Theseincludednot only several hydrido-
halogenide®f the type HRgX with botha halogen(Cl, Br, or I) anda hydrogen(or deuterium)
atomboundto Kr or Xe [26], but alsothe symmetricdihydrides[190], aswell asseveralcom-
poundswith CN, SH andothergroupsbounddirectly to theraregas[191, 192].

While thesespeciesverecarefully characterizedthe questionremainedasto the ability of
the moleculesto exist outsidethe stabilizing ervironmentof the polarizablexenonor krypton
hostmatrix [27]. To addresghis questionwe explore in the presentpublicationthe properties
andchemistryof thesespeciesn solid neon,whereary stabilizationdueto the solventwill be
appreciablydiminishedwith respecto the heavier rare gases.We also explore the questionof
solvent stabilizationby extendingour earliertheoreticalcomputationswith additionalraregas
atominteractionsvith theHRQgY speciesWe believethattheresultsshaw clearlythatthesolvent
stabilizationis not essentialat leastin the caseof HXeCl andHXeBr , andthatonceprepared,
the specieshouldbe capableof existenceasfree gasphasemolecules.

6.2 Experimental

To producethesamplesn our experimentscommerciallyavailableHBr andHCI gasegAldrich,

purity > 99.8%)wereused.HIl wasproducedn astandardvay by reductionof thehalogerby red
phosphorusaindwater The correspondingleuteratedhalidescould be generatedby substituting
D, 0 for regularwater After extensie passvationof thegassystemmixturesof theneonmatrix
gas(MesserGriesheim,purity > 99.999%)with xenon(Messe+Griesheim purity > 99.998%)
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andthe hydrogenhalideswerepreparedy standardsolumetrictechniquesThe concentrations
of thehydrogenhalidesrelative to thematrix gaswerein therangeof 1:1000-1:20000while the
xenon:hydrogemalideratio variedfrom 0.5:1to 10:1.

The sampleswere depositedon a coppermirror substratecooledby a Leybold RGD 580
closed-gcle refrigerator While it shouldbe nominally capableto attain6 K, currentlyits base
temperatures only about8 K. The premixed gaswasexpandedvia a pulsedvalve througha 1
mm orifice, usinga backingpressureof about2 bar, andcondensean the 8 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 annealedy
carefully raisingthe substratdemperaturéo 10-12K, but attemptgo increasehe temperature
muchbeyond12 K usuallyresultedn anirreversiblelossof the matrix.

The samplesvereinvestigatedspectroscopicallyisinga Bruker IFS 120 HR Fouriertrans-
form spectrometerequippedwith beamsplitteranddetectorsor the 500-30000cm™—! spectral
range. In mostexperiments,a backgroundnfrared spectrumwasfirst recordedusinga MCT
(mercury-cadmiuntelluride) detectorin the spectralrangeof 500-4000cm~! with 0.06 cm™!
resolution.Subsequentlyhe spectravererecordedafter sampledeposition after differentperi-
odsof 193 nm photolysis,andfinally againafter carefulannealingof the sampleby raisingits
temperatureéo the desiredvalue,typically 10-12K, for timesrangingfrom 5-20min.

6.3 Resultsand Discussion

In thepreviousstudiestheHRgY speciesverein mostcasegpreparedy photolysinghydrogen
halidesHY in matrix of a raregasRg, andby subsequenéannealingof the sampleq26, 190].
Irradiationof the samplegesultsin a permanentissociatiorof theHY speciesandpresumably
in the formationof halogenandhydrogenatoms. The presencef halogenatomsis evidenced
by theinfraredabsorptiorbandsdueto theP; , = P, /, transitionbetweerthegroundstatespin-
orbit componentsvhich appeain theirradiatedsamplesiear3600cm—! in Br and~7600cm~!
in 1 [193]. Subsequentontrolledannealingpf thematricegresultsthenin diffusionof hydrogen,
andis accompaniedby the growth of strongabsorptionbandsof the products,assignedo the
HRQY speciesin severalinvestigationsof thesespeciest wassuggestedhatthey arestrongly
ionic structuresof thetype HRg™Y ~ [26, 27]. We have recentlyinvestigatedorotonsolvation
in rare gasesand shown that the effectively dimensionlesprotonwill always be solvatedby
two raregasatoms[156]. This naturallyraisedthe questionof wetherthe stability of the HRgY
speciexouldbedueto the stabilizationby the raregassolvent, thatis, if they couldbe actually
consideredo bethefour-atomspeciefRgHRg)"Y ~. We useheretwo approacheso testthis
guestion:we examinethe solvation of the HRgY speciedy rare gasesandthe stability of the
(RgHRg)*Y~ four atomicspeciesy densityfunctionalcalculationsandwe try to preparethe
HRQgY speciesn solid neon,where,in view of themuchlower polarizabilityandhighionization
potentialof neonatoms the stabilizingeffect of theraregassolventshouldbe nggligible.
Theinfraredspectreof eventhemostdilutedHY+Xe : neonsamplesneasuredmmediately
after depositioncontainednot only the monomericHY bands but alsoratherstrongdimerand
trimer absorptionsseeFig. 5.1. Thisis in partdueto formationof the complexesin the super
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sonicexpansionandduring depositionon the matrix surface,andmayalsobe contributedto the
relatively high,8 K temperaturef thematrix substrateThespectraare however, somavhatmis-
leading,sincehydrogenbondinggreatlyenhanceshe oscillatorstrengthof the YH absorptions,
in somecasedy morethananorderof magnitudg194].

In the presenceof xenon,additionalstrongand sharpbandsappearin the spectrumwhich
canbeidentifiedasYH- - -Xe speciescomplexesof the hydrogenhalidewith axenonatom.The
complex formationresultsin aredshift of theHY infraredabsorptionandagainin aconsiderable
enhancemertf its intensity

6.3.1 The HXeBr and DXeBr species

Fromtheexperimentapointof view it wasmostexpediento studythephotolysisof HBr sinceits
absorptioroverlapswvell the193nmline of theargonfluoridelaser Whenexposedo the193nm
line, theHBr samplesrebleachedjuiteeffectively, sothataftersome60 minutestheabsorptions

0.10 r 4
Water

0.05 WJU u\\
after deposition

0.00 WWW
after 193nm photolysis

DXeBr

absorbance

-0.05
after 11K annealing

1000 1200 1400 1600 1800 2000
frequency (cm™)

Figure6.1: A seriesof spectraof an HBr/DBr:Xe:Ne mixture shaving the xenoncompound
formation process. The DBr (and HBr) bandspresentin the top traceright after deposition
disappeacompletelyafterextendedl93 nmirradiation(middletrace).Annealingof the sample
at 12 K allows H atomdiffusion, andleadsto appearancef bandsof the HXeBr and DXeBr

products.
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both of the (HBr),, aggr@ates aswell asof the monomerichydrogenbromidedisappeaalmost
completely Although BrH- - -Xe photolyzesless efficiently thanthe free species.even these
complesarebleachedafter an extendedirradiation. The photochemistryf hydrogenhalides
in rare gasmatrices,as well asthe effect of hydrogenbonding, were studiedin detail in the
previouschapter

More dilute samplegHBr:Xe:Ne= 1:1:10000)shov immediatelyafter UV irradiationlittle
evidenceof ary new raregascompoundormation. When, however, the samplesare carefully
annealedo temperaturegabove ~9.5 K allowing hydrogenatomdiffusion, a group of strong,
sharpbandsappearsiear1450cm~! asshown in the lowesttraceof Fig. 6.1. Specifically new
bandggrow in at1436.611442.611450.4%nd1452.57cm !, with thelattertwo beingfavoured
with increasingdilution of the samples.Prolongingthe sampleannealingandincreasen the
annealingtemperaturgesultsin a gradualdisappearancef the lower frequeny absorptions,
andtheintensityshiftsin favour of the 1452.57cm™! band.In moreconcentratedamplessome
absorptiorin thisregion, andin particularthe1442.61cm~! band,appearsmmediatelyafterthe
sampleirradiation, but the intensity againincreasegrasticallyupon annealing,with intensity
shifting to the higherfrequeny 1450.49and1452.57cm ! absorptions.
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Figure6.2: The hydrogenstretchingvibration of HXeBr in solid neonin sampleswith differ-
ent Xe concentrationsAs the Xe concentrations increasedthe absorptiondroadenandshift
towardsblue. Thelowesttraceshavs the HXeBr bandin a purexenonmatrix.
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Thesebandsclearly correspondo the H-Xe stretchingfrequeng of the HXeBr molecule.
With increasingkenonconcentrationadditionalbandsprobablydueto speciesnvolving more
thanoneXe atomappeaiat higherenegies,andwhenthe concentratiorof xenonis increasedo
1%,the 1452cm~! absorptioris followedby a broadstructuredabsorptiorextendingto beyond
1503.2cm™, the positionof the correspondindgdiXeBr absorptionin a purexenonmatrix [26].
This dependencen thexenonconcentrations shavnin Fig. 6.2.
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Figure6.3: Thehydrogenstretchingvibrationof DXeBr in solid neonusingtwo differentxenon
concentrationsTheinsertshows the very weakabsorptionsat 1163.19and1169.98cm ! of a
highly diluted HBr:Xe:Ne = 1:0.5:10000matrix after photolysisandannealingat 12 K. These
absorptions@reassignedentatvely to theasymmetricstretchof HXeH (two sites).

The HXeBr bandsshift appropriatelyin deuteratedamplesasonecanseein Fig. 6.3. A
nearlyidentical patternof bandsappearsear1050cm~!, with the DXeBr bandsat 1053.94,
1058.13,1062.67and 1064.07cm~! mirroring the four major sharpbandsin the HXeBr re-
gion. Increasingsampledilution, andmorethoroughsampleannealingagainfavour the highest
frequeny 1064.07cm ! band.In neonthe frequenciesareagainconsiderablyed shiftedcom-
paredwith the 1100cm™~! absorptiorbandin a purexenonmatrix. Besideshe xenonhydrogen-
bromide,in themostdilute experimentghediffusionalsoproducedabsorptiondandsat1163.19
and 1169.98cm! (seeinsertof Fig. 6.3), very closeto bandsassignedn solid xenonto the
xenondihydride. Accordingly, we assigntheseneonmatrix bandssomevhattentatvely alsoto
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theHXeH species.

Irradiationof the sampleausinga tungstenamp wasfoundto photolyzevery efficiently the
HXeBr speciesThis confirmedtheirrelatively labile nature put alsopreventedmeaningfuimea-
surement®f their visible andnearlR absorptiorspectra After thesespeciesveredecomposed
andtheir absorptionsbleachedpnly a very minor amountcould be regeneratedy additional
annealinganddiffusion. This suggestshatthe reactioninvolvedis probablynot dissociatiorto
H + XeBr (or HXe + Br) but morelikely to bromine-hydrogemecombinatiorand presumably
cornversionto the BrH- - -Xe "isomer". Similar photo-instabilityhasalsobeenobseredin pure
xenonmatriceq26].

It is interestingto notethataround9 K temperaturewherewe obsenre the onsetof a long-
rangehydrogendiffusionin solid neonandformationof the HXeY moleculeschangesn the
matrix Ramanspectrumwere previously obsened, andinterpretedn termsof a partial hcp-fcc
phasetransition[53]. If this is acceptedjt is concevable that the onsetof global hydrogen
mobility is connectedvith sucha phasetransition.

6.3.2 The HXeCl and DXeCl species

Hydrogenchloride absorptionoccursat considerablyhigher enegiesthanthoseof hydrogen
bromide andarethereforenotefficiently excitedby the193nmlaser Only afteraveryprolonged
irradiationthereis aminor photolysisof theHCI monomerwith basicallynochangen thesharp,
spectrallyshiftedabsorption®f the CIH- - -Xe compleces. Annealingof suchirradiatedsamples
leadsto growth of absorptionslueto the HXeCl speciesasonecanseein Fig. 6.4. Theselike
the correspondingprominecompound,exhibit in solid neonseveral distinct trappingsites, all
of themagainconsiderablyed shiftedcomparedvith their positionsin purexenon.In samples
thoroughlyannealedo 11-12K, the HXeCl absorptionsoncentratento a quintetat 1607.03,
1608.25,1609.88,1611.80and1614.22cm~!, with the underlinedfourth componenbeingthe
strongest.Using a deuteratedample the correspondindXeCl absorptionsappearat 1167.40,
1168.751170.331172.14and1172.96cm .

WhenanHBr impurity wasaddedo the HCI/Ne sample this of coursecouldbe photolyzed
very efficiently, asdid the mixedHBr- - -HCI complexes,andannealingof suchirradiatedmixed
sampledeadsalsoto anenhancedormationof the HXeCl speciesThis maybedueto thereac-
tion HClI+H—H,+Cl, followed by reactionsof the Cl atomwith Xe andeventuallywith another
hydrogenatom. Interestingly eventhoughthe 193 nm laserline overlapsideally the HI absorp-
tion, andindeedHI is easilyphotolyzedin solid neon,we hadno succesdrying to generatehe
correspondingdXel compoundby annealingof the photolyzedmatrices. This may eitherbe
dueto anintrinsic instability of the iodine compoundwhich needsthe stabilizingenvironment
of solid xenon,or perhapgo the dynamicsof the matrix diffusion andreaction,which do not
favour the compoundformationin solid neon. In this connectionit is appropriateto note, that
theoreticalcalculationsalsopredictthe HXel moleculesto be boundconsiderablywealer than
the correspondingdpromideor chloride[27]. Thelower stability of the HXel speciess alsoevi-
dencedby the obsenationthatin solid xenonit canbereadily photolyzedby infraredexcitation
near3000cm !, causedy thelow dissociatiorenegy Dy = 2950cm ! [174].
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Figure6.4: The effect of annealinguponsite distribution. Spectrashav the hydrogenstretching
vibrationsof HXeClandDXeClin asampleof H(D)Br:Xe:Ne= 1:0.5:10000.

6.3.3 The formation of HRgY In rar e gassolids

If oneconsideranore closelythe problemof the mechanisnof their formation, it is, in fact,
remarkablehattheHRgY compound$orm in solid neonwith anefficiency comparabléo thatin
solidxenon.They areundoubtedlyformedwhenlighterandmoremobile hydrogeratomsdiffuse
throughthe matrix andeventuallyapproachan Rgy, e.g. XeBr comple. The substitutionaBr
atomwill presumablyhave twelve nearesnheighbourxenonsandregardlessof the directionof
approachwhenthe hydrogenreacheshe secondsolvationshell, therewill be a quasi-lineaH-
Xe-Br configurationappropriatefor HXeBr formation[27]. The situationis quite differentin
solid neon,whereevenif an XeBr comple is alreadypresentonly oneof the brominenearest
neighbourgs xenon,andthe approachindgwydrogenwould thusappeaito have alessthan10%
chanceof arriving exactly from theright direction. Onemight thusexpectthatin morethan90%
of eventsthe hydrogenwill encountethe halogenandfind theglobalminimumonthe potential
surface,thatis the BrH. - -Xe comple, ratherthanthe shallov, muchlessstableHXeBr local
minimum.

To explain the experimentalobsenation that this doesapparentlynot occur thatthe hydro-
genbromiderecombinationis relatvely minor, andthatthe HXeBr forms efficiently, we have
proposedhateachmatrix isolatedatomcanbe viewedasbeingsurroundedy a protectve sol-
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vationshellof thematrixatoms.Sincetheinteractionof theguestatomwith theraregasatomsis
usuallystrongetthantheinteractionbetweernwo raregasatomsthemseles,sucha shellmaybe
relatively stable andtheactivationenegy for penetratingt maybeconsiderablhjhigherthanthat
for diffusionthroughthe purematrix. If the barrierfor penetratingsucha solvationshellaround
Cl or Br atomsin neonweretoo highto overcomeatthe10-11K temperaturevheretheH atom
diffusion takes place, this would explain why the hydrogenhalide recombinationis relatively
inefficient. The hydrogenwould thenpreferentiallyhave to attackthe Xe-Br complex from the
xenonside- supposingsucha solvation shell aroundthe xenonatomis easiero penetratehan
thataroundthe halogen explainingthe efficient HXeBr formation. Extendingthis idea,in the
caseof the largeiodine atomthe neonsolvation shellmight be lessstableandmore penetrable,
andthis couldleadto efficient HI recombinationandprovide analternatve explanationfor our
failureto obsene the HXel speciesn solid neon.

| Species| Xenon(from ref. [26, 190]) | Neonafter 12K annealing |

HKrCl | 1476 - (tried to obsene, but failed)
DKrCl | 1106 -
HXeF | - -
HXeCl | 1648 1607.03,1608.25,1609.88,1611.801614.22
DXeCl | 1198 1167.40,1168.751170.491172.141172.96
HXeBr | 1504 1436.61,1442.61,1450.49 1452.57
DXeBr | 1100 1053.94,1058.13,1062.67 1064.07
HXel 1193 -
DXel 893 -
[ HXeH [1166,1181 [ 1163.19,1169.98 |

Table6.1: »(H-Rg) [cm~!] for H(D)RgY moleculesn solid xenonandneon,with the strongest
absorptionsinderlined.

Thevibrationalfrequencie®f theHXeY andDXeY speciebseredin thiswork arelisted
in Table6.1, and comparedwith the valuespreviously found in solid xenon. The comparison
revealsa ratherlarge matrix effect, with the frequencieseing appreciablyblue shifted when
going from neonto xenon. The guest-hosinteractionsare quite comple, andtheir magnitude
anddirectiondependon the natureof the trappingsite, polarizabilitiesof boththe guestandthe
host,anda numberof otherfactors. Very large matrix shiftsare,in general,jndicative of ionic
or stronglypolarbonds.Thebondsin theHXeY moleculesndeedhave a partialionic character
andthe relatively large blue shifts obsened could be rationalizedby stabilizationof the polar
structuresy the polarizablexenonsolvent.

6.4 Theoretical Calculations

As explainedin theintroduction,the considerablestability of thelinearRgHR(g" ionsled to the
guestiorof whethertheHRgY compoundsn thematrix couldbeviewedasRgHRg'Y ~ species,
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ratherthanasHRg'Y — aspreviously proposedandif they owe their stability to the stabilizing
effect of the matrix. To explorethis idea,we have carriedout densityfunctionalcalculationson
thesesystemaisingtheGaussiar®4 programpackagg40]. Mostof thecalculationsverecarried
out by the hybrid B3LYP method,althoughseveralresultswerechecled by othermethods.On
thelight atoms(H,F) all electronswvereexplicitly treatedwith the 6-311++G(3df,3pdbasissets.
For theheaier halogenskr andXe, thequasi-relatvistic effective corepotential6s6pld/4s4pld
basissetsof the Stuttgart/Dresdegroupswereused[177].

| Species | r(Xe- - -H) | 7(H-Xe) | r(Xe-Y) | v(Xe-Y) | §(HXeY) | v(H-Xe) |
HXeF 1.6915 | 2.1670 | 434.0(153)| 603.2(0.9)] 1882.8(401)
Xe --HXeF | 45082 | 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)
HXel 1.7749 | 3.0756 | 137.1(17) | 468.0(0.5)| 1491.3(2163)
Xe --HXel | 4.4708 | 1.7744 | 3.0763 | 136.9(18) | 477.0(0.5)| 1493.2(2210)

Table6.2: The computationapropertiesof different(Xe- - -)HXeY moleculesat the B3LYP/6-
311++G(3df,3pd)/SECRvel. Bondlengthsaregivenin A andfrequenciesn cm~!, with the
correspondingntensitiegkm/mol] in parentheses.

B3LYP/6-311++G(3df,3pd)/SECP

@”ﬂ 2.688 0

Figure6.5: Schematiagepresentationf the DFT (B3LYP) geometryoptimizationof XeHXeCl.
Startingfrom a linear (XeHXe)" cationand a CI~ anion at a large distance,the calculation
smoothlycorvergesto an HXeCl molecule,with the secondXe atom being pushedleft to a
distanceappropriatefor a weak Van-derWaalsbond. The resultinggeometryof the HXeCl
"perturbed"by the secondXe atomis almostidenticalto thatof the"free" HXeCl.




6.5Summary 113

Someof theresultsaresummarizedn Table6.2. The calculatedgeometriesandvibrational
frequenciedor the HRgY speciesarein good agreementvith the previous theoreticalresults
[26], andthey overestimatsomeavhatthefrequencie®bsenedin solid neon.To checktheeffect
of additionalsolvation, we have optimizedthe four-atomicRgHRQY speciesstartingfrom the
geometryonemight expectfor the RgHRg"Y ~ speciesthatis from the optimizedgeometryof
RgHRg", with the halogenat a relatively large distancerom oneof theraregasatoms.As one
canseen Fig. 6.5,theoptimizationsmoothlycorvergedto aRg- - -HRgY geometryyieldingthe
HRQY speciesvith analmostidenticalgeometryandfrequenciessobtainedrom thetriatomic
calculations. The remainingrare gasatom was pushedaway to a comfortablylarge van-der
Waalsdistance. This result, coupledwith the ability of the HRgY compoundgo exist in the
weaklyinteractingneonmatrix providesa strongevidence thatthesedo not owe their existence
solelyto the stabilizationby the matrix, but shouldbe capableof independenéxistenceasfree
gasphasamolecules.

6.5 Summary

Theinfraredspectraof thenoblegascompound$iXeCl, HXeBr andtheir deuterate@nalogues,
andpossiblyalsoof the xenondihydridemoleculesvereobseredin solid neon.Their detection
in theweaklyinteractingneonsuggestshatthey shouldbecapableof existenceasfreemolecules
even without the stabilizationeffect of the matrix, a conclusionsupportedalsoby DFT calcu-
lations. A mechanisnfor the formationof thesexenoncompoundss proposedgxplainingthe
obsenationthatthey form in the highly dilutedneonmatriceswith similar efficienciesasin solid
xenon.
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Part IV

Mass-selectedspecies
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Chapter 7

Mass-selectedCS) and Ci;F{ in Neon

Die Wahrheitender Menstensinddie unwiderlgbarenIrrttimer.
FRIEDRICH NIETZSCHE

Infrared, visible as well aslaserinducedfluorescencend excitation spectraare obtainedfor

several simple cationsdepositedfrom a massselectedion beam. In the presentchapterwe

demonstratéhesuccessfubndcleanmassselectiorby presentingpectraof sample®btainedy

depositingheisotopic?*S?C32St ion in naturalisotopicabundanceandanalyzingts spectrum.
Spectraof C,F{ depositedrom a 20 eV ion beamexhibit quite differentinhomogeneoutne

profiles, suggestinghat even the moderatelyhigh kinetic enegiesresultin considerablesolid

damage.Analysisof the spectraindicatesthatthe Jahn-Eller distortedvibrational structurein

the doubly degenerategroundstateof C,F/! is strongly perturbedin the newly formed sites,
which arepresumablof lower symmetry A 33-46cm~? splitting of the origin andothertotally

symmetrichandsin emissions tentatively attributedto thespin-orbitsplitting in the2E; , ground
state.
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7.1 Intr oduction

Oneof the majoraimsof the matrix isolationtechniquewasthe preparationstabilization,and
spectroscopicharacterizatiorof radicals,ions, clustersand similar highly reactve, transient
specieg[15, 17]. While there are mary methodsfor generatingthesereactionintermediates
andtransientsmostof themsharethe sameshortcomingjn thatthe speciesof interestare not
preparedn pureform, butin amoreor lesscomplex mixturewith avarietyof otherspeciesAlso
sincethe early days,an obvious solutionto this problemwasfrequentlyconsidered:isolating
thedesiredonsor moleculedby meansof massselection.While conceptuallyit appearsimple,
implementatiorof thismethodprovedfor awholevarietyof reasonso bequiteelusve[25, 102].

In thefirst place,only for relatively few speciest is easyto generateon beamsof sufficient
intensityto accumulatesufiicientconcentratiorior their spectroscopicharacterizationAnother
difficulty liesin thefactthatin orderto massselecttheions,they typically have to beaccelerated
to ratherhigh enepies, andto slow them down sufficiently for successfutlepositionis not a
trivial task. Evenif theirenegy canbereducedo 10-20eV, anion with this enegy striking the
matrix whoseatomsareboundby few meV will producealot of damagegcanvaporizehundreds
of atoms penetrateleepinto thematrix [81], andreactwith impuritiesandotherspeciegpresent
in the solid [101], thus defeatingthe major aim of matrix isolation. Final problemlies in the
spacechage resultingfrom accumulatiorof the chagedspeciesn the nonconductingaregas
matrix [25]. This mayresultin strayelectricfieldsdeflectingthemolecularion beamandfurther
complicatingtheion deposition.

In spiteof the problemsoutlinedabove, therehasbeenin the lastdecadea steadyprogress
in this field, indicatingthatthe problemsarenot insurmountable Several differentgroupshave
reportedsuccessfutliepositionof massselectedons and obsenationsof their spectra[81, 82,
85,86, 25,100,116, 117],andin particularthetrailblazingexperimentof MAIER andhis group
[23,102 103 have demonstratethatthe problemscanbe solved.

We have now constructedan apparatugor massselectedon depositionin our laboratory
whichis in mary respecsimilar to the successfutlesignof MAIER andcoworkers. The subject
of the presentchapterwill be someinterestingresultsandinsightsobtainedin the first exper
imentsusingthe new apparatusnvestigatingindividual isotopic speciesof the CS} and C;F¢
cations.

7.2 Experimental

As notedabove, the apparatusonstructedn our laboratoryhasfeaturessimilar to that of the
Maiersgroup,andit is describedn detailin section2.4. Theion sourcein our experimentcon-
sistssimply of a12 mm SwageloKkT piece.Theprecursogasflowsthroughthecollinearsections
and50W of 2.45GHz microwave power areappliedto aneedleelectroddocatedin the perpen-
diculararm. The pressuren the sourcechamberevacuatedy a 3601/s turbo-moleculapumpis
10~*-10~2 mbar To improve the confinemenbf the chagedspecieproducedn thedischage,
we usethe magneticfield from a ring shapemagnetsurroundingthe Swagelok. The sourceis
typically held at +20 V, andthe dischage productspassthrougha grid andare acceleratedo-
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wardsa 2 mm skimmerheldat-20 V. Sincebothcw experimentsaswell asexperimentswith a
pulsedlaservaporizationsourcewereforeseenn our apparatusywe have optedfor a quadrupole
masdilter which, unlike for instancel OF, allows bothmodesof operation.

Theions producedn the sourcepassthrougha skimmer arefocusedusingan einzellense
anddeflected9(r in a quadrupoleelectricfield. Dependingon polarity, the ionic speciesare
eitherdeflectedowardsa Faradaycup, permittingto measurehe total sourceion current,or in
the oppositedirection, to be focusedby a secondense,L2, onto the entranceapertureof the
guadrupolemassfilter. The neutralsiet remainsundeflectecandis pumpedby a second3601/s
turbo-moleculapump.

Themassselections accomplisheavith amodifiedcommerciatriple stageHIDEN HAL/3F
quadrupoldilter with 12 mm rods, which hasa specifiedmassrangeof up to 500 amu,anda
betterthanunit massresolutionthroughoutthis range. Thereis a trade-of betweenresolution
andtransmissionwvhichis 10%,but canbemadehigherby sacrifyingresolution.Thequadrupole
massfilter wasfitted with 7 mm entranceandexit aperturesandis differentially pumpedby a
1501/s pump.

Following massselectiontheion beamis directedtowardsthe matrix substratdoy meansof
afurthereinzel-lend.3. The substratea silver coatedcopperplate,is cooledby a LEYBOLD
RDG 580closed-gclerefrigeratorto 7-8 K. Theion beamis depositedn thesubstratessimulta-
neouslywith the matrix gas,neonin the presentase.In orderto maintainthe overall neutrality
of the matrix, andavoid building up spacechagesandstrayfields, the matrix was sprayedoy
electrondrom a hot tungsterfilamentheld at negative potentialsof upto Ug;;, = —200 V. We
experimentedwith alternatingthe ion andelectrondeposition,but in the end continuousoper
ation provedto be mostefficient, with optimal resultsbeingobtainedwith the electroncurrent
beingmaintainedat aboutfive timestheion current.

In orderto optimizethe experiment,the ability to measuregheion currentis essential.For
this purpose pne Faradaycup permittingmeasuremenf the total ion currentis locatedin the
deflectionchamber A seconddetectorcloseto the cold surface allows measuringthe mass
selectedon current. Theweakcurrentsareamplifiedby aFEMTO DLPCA 100currentamplifier
anddigitized in the quadrupolecontrol unit. Currentsaslow as100fA canbe easilydetected
andwe obtainmassspectrawith S/N betterthan10000:1.With the massfilter setto thedesired
massall theexperimentaparametersanbeadjustedor maximumcurrent.With ourmicrowave
dischagesourcewe couldproducefor bothCSj andC,F{ mass-selectecurrentsof upto 2 nA.

After depositionthe matrix is rotated120® andthenthe matricesare characterize@gpectro-
scopicallyusinga BRUKER IFS 120 HR Fourier transformspectrometerequippedwith beam
splittersanddetectorgor the 500 - 30000cm™~! spectralrange.|R absorptionspectraaremea-
suredwith aliquid nitrogencooledMCT (mercury-cadmiuntelluride)detectorataresolutionof
0.06cm !, whereasall otherspectrawererecordedwith 0.5 cm ! resolution. Laserexcitation
spectraaremeasuredisinganAr* laserpumpedandpower stabilizeddyelaseroperatingwith a
stilbene-3dye. Thetotal emissionof the samples detectedvith a PMT (andappropriateoptical
filters) connectedo a lock-in amplifier. Laserinducedfluorescencepectraare measureadvith
the FT spectrometeusingthe samedetectorat aresolutionof 0.5cm .
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7.3 Resultsand Discussion

In ourinitial experimentsve have investigatedseveralionswhosematrix spectraarewell known

from previousstudies.To producetheions,we have employeda microwave dischagethrougha
low pressurerecursorgaseitherpureor diluted with aninert buffer gas. In thefirst place,the
massspectrunof theionsemanatingrom thedischagewasrepeatedlyecordedandthesource
conditionswereoptimizedfor theion of interest.

7.3.1 The CS; Cation

A typical massspectrumobtainedusing CS,; is presentedn the Fig. 7.1a, which shaws the
ion currenton a logarithmicscaleagainstthe selectedon mass. After someoptimization,the
strongespeakis indeedthe parention, CS;, accompanieavith *C and?*S isotopicsatellites.
Also presents anumberof easilyidentifiablefragmentsin particularS,, CS,S,andC. Typically
the mostintensemasspeaksfrom the sourcecorrespondetb anion currentof aboutl1-2 nA.
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Figure7.1: Massspectraobtainedrom our microwave dischage sourcefor theionsinvestigated
in thiswork: CSJ (a) andCyF{ (b).

In the smallinsetof Fig. 7.2 we presentan infrared spectrumof a sampleresultingfrom a
3hdepositionof 1.5nA currentof ion mass76 amu. In spiteof the nearlyafactorof 10 shorter
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depositiontime thanin the experimentsof Leroi et al, aweaksharppeakat 1206.92cm ™1, very
closeto the1207.1cm! frequeny assignedy themto the v; asymmetricstretchingvibration
of CSJ in solidneon[101], is clearlyobsenablein thespectrumIn contrastwith their study we
find in oursampledittle evidenceof eitherthe CSfragmentat1273.7cm~!, or of theCS, anion
at1159.4cm~!. If presenttall, their concentrationselative to thatof the CS} cationmustbe
atleasta factorof tenwealer thanin the earlierexperiments We have thereforeno information
asto the identity of the negatively chaged speciesmaintainingneutrality of the matrix. The
absenceof CS suggestghat dissociatve recombinatiorwith of the CS} cationwith electron
doesnotoccurto ary appreciablextentin our study
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Figure7.2: Partial excitation spectraof themass-selected#C?*?SJ (a) and??S'2C*'S*(b) ionsin
solid neonmatrices.Theinsetshows theinfraredabsorptiorspectrunmof theformerion.

The presenceof CS} is then unambiguouslyconfirmedby the laserinducedfluorescence
experiments.Fig. 7.2ashaws a total excitation spectrumof the matrix obtainedby scanninga
laserdirectedonto the matrix sampleover the spectralrangenearthe origin of the well known
A 211, <X 211, CS; transition[47,48. The spectrumshaws clearly the (0,0,0)origin bandat
21010.57cm !, aswell asseveralexcitedvibrationallevels,the(1,0,0),(0,2,0)Fermiresonance
doubletat 21567.27and21628.72m !, andthe (2,0,0)level at22101.0cm 1.

The remaining,and mostimportantquestionwhich hasto be answereds whetherthe ob-
sened CS/ arereally dueto the ion deposition,or whetherthey could be dueto neutralCS,
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from the sourcereachingthe matrix, andbeingionizedby the electronsrom the tungsterfila-

ment,or by theionsfrom the molecularbeam.This questionis unambiguouslyesolhed by the
Fig. 7.2bfrom a separatexperiment,wherethe massfilter wastunedto mass78 ratherthan
76, anda currentof 0.15nA depositedcagainover 3 hours. Oneobtainsa spectrumvery similar

to Fig. 3a,but with the bandsdistinctly shiftedto 21011.0521562.0521622.50and22092.46
cm~t. Theseareclearlyattributableto the34S'2C32St molecularion presentn anaturalisotopic
alundancen our sample.

(Ul,Ug,U;),) 32813C328+ ‘ 32812C328+ 32812C328+ ‘ 34812C328+
from Ref. [195] thiswork
(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
1(0,00) | 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 19202.17] 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
(0,04 16170.3
(1,0,4) 15589.7

Table7.1: Obseredbandsof mass-selecte@S; in solid neon.

A resoled fluorescencepectrumof CS} is shavn in Fig. 7.3, anda similar spectrumwas
alsorecordedor theisotopic3*S'2C3*?St cation,with the obsenedbandsandtheir assignments
listedin theTable7.1. Themeasuredrequenciesrein generain goodagreemenivith previous
studies,but in view of the highersignalto noisein the presentwork, a numberof nev bands
wasdetected.The mostprominentfeaturesin the emissionspectrumare “Fermi polyads”due
to the nearresonancdetweernv; and2wv,. While the assignmentsf thefirst two polyads,that
is theresonani(1,0,0),(0,2,0) levels andthe levelsinvolving the 2v, overtone:(2,0,0),(1,2,0)
and(0,4,0)arequite unambiguoustor the higherovertoneghe spectrabecomemorecomple,
andmorelevels are detectedhan expected. Someof this complexity probablyarisesfrom the
RennefTeller splitting in the degenerateX 11, state,or is causedby additionalresonancem-
volving thew; asymmetricstretchingmode.
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Figure 7.3: Laserinducedfluorescencespectrumof the mass-selectetf C*2S; molecularion
excitedat21567cm~! (1,0,0).

A strongbandat 18592.98cm ! is clearly the overtoneof the asymmetricstretchingvibra-
tion, yielding a value of 2vy =2417.75cm~!. This bandis againorigin of a seriesof polyads
dueto combinationswith ; and2v,. Combiningthe frequenciesf 2v3” = 2417.80and4vs”
= 4840.30cm™!, one can deducethe molecularconstantvaluesof ws;” = 1207.14and X33 =
-0.5875. The asymmetricpotential displaysnegative anharmonicity that is the level spacing
increasesvith the valueof the vibrationalquantumnumberv. This is usuallyattributedto the
presenceof a quartictermin the potentialenegy expression,andonetreatsthe enegy levels
in termsof eithera harmonicoscillatorwith a perturbingquarticterm, or morecommonlyasa
mixedharmonic-quartioscillator wherethe constantz changedrom 0 to 1 asonegoesfrom a
pureharmonicto a purequarticoscillator

H, =P+ (1-0a)Q*+a*3Q" (7.1)

By settingupthe P and@ matricesn aharmonicoscillatorbasisset,onegetsfrom theobsenred
2v3” and4uvs” levelstheconstant = 0.004724. In eithercase githerusingthe Morseoscillator,
or mixedharmonic-quartioscillatoronecancomputeanalmostidenticalvalueof thevibrational
frequeny 5 = 1208.31cm~!. Examinationof the infrared absorptionspectrumin this region
revealsa weak, sharpbandfairly closeto the computedfrequeng, at 1206.92cm !, which
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disappearsiponannealingof thesample.

In Table 7.1 we alsolist the frequenciesneasuredor the isotopic3*S2C32St jon. In the
previous studiesboth normal 2C*2S) aswell asthe isotopic 1*C3?S] ions were investigated
[196, 195. Basedon theisotopicshiftsit wasconcludedhatin both electronicstatesnvolved
in the transitionthe v, and 2w, levels arealmostperfectly mixed. While onewould expectthe
symmetricstretchingvibrationy; to exhibit no !3C isotopicshift, p ~1.0,while for v, anisotopic
parametep =1.034canbe predicted,both»; and2v, exhibited almostidenticalshifts justin
themiddle betweerthesetwo values.Basicallythe sameconclusioncanbe madein the present
work basedon the obsened 34S isotopic shifts. Strictly speaking,3*S'2C32S* is no longera
symmetricD., molecule,and thereforealso the odd overtones,for instancethe v; and 3v;
levelscouldin principleappeadirectly in the spectrumUnfortunately dueto therelatively low
isotopicatundanceof 3*S the spectraof the mixedisotopomerexhibit a somavhatlower signal
to noiseratio, andthesdevelswerenot detected.

7.3.2 The C4F¢ Cation

Anotherpreviously well known ion which we have now investigatedvith our nenv experimental
apparatuss C,F{, the hexafluorobenzeneation. It is known thatit possessea fully allowed
7 <> m* transitionin thevisible, andis known to fluorescan matriceswith closeto unity quan-
tumyield [122]. To producetheion, we have againemployed a microvave dischage through
apureparentCyF, ata pressureof about10~2 mtorr. Oneof the problemsof suchapproachis
the extensve fragmentatiorof the parentresultingin avery complex massspectrumAs shavn
in Fig. 7.1bafter optimizationthe parention is the strongespeakin the spectrumbut a large
numberof fragmentsandotherreactionproductss obsened,with justaboutary C,F;’ ion with
n andm rangingup to atleast8 beingpresent.

In Fig. 7.4we compareanabsorptiorspectrunof asampleresultingfrom 4 h depositionwith
themasdilter setto 186 amuwith the correspondingxcitation spectrum.This wasobtainedoy
monitoringtheintensityof the samplefluorescenceandscanningheexciting laserin this spec-
tral region. A very strongemissionclearly attributableto C;F¢ is indeedobsened, but boththe
absorptiorandlaserexcitation spectraexhibit someinterestingdifferencesvhencomparedvith
the previous studies,wherethe cationwas producedby in-situ 1216 A Lyman-« vacuumUV
radiationphotoionizatiorof the parenthexafluorobenzenewWhile the photo-ionizedspectraex-
hibitedessentiallya singlesiteandanarrav inhomogeneoudistribution,theion-beamdeposited
samplesontain,besideghe“major” CsF{ site A with origin at21551.77cm~!, numerousther
sites,which exhibit appreciablespectrakhifts,bothto higherandlower enepies.

Sometime agowe have similarly comparedspectraof severalionic speciegreparedn our
laboratoryby in situ photolysisof the parentneutralsin neonmatrices,with the corresponding
specieslepositedby Maier andcoworkersfrom massselectedon beamdq104, 105]. While the
ionizationproducednatricesyielding well defined sharplines,theion beamdepositiorresulted
in broad,structurecbandswith widthsexceedingl50cm~t. We have atthattime explainedthis
differenceéby inhomogeneoulroadeninggdueto damageo theneonmatrix causedy theimpact
of the enegetic, ~60 eV ions. The presentinvestigationseemso confirm this interpretation.
While thein situ photolysisproducesa singlesite with origin at 21551.77cm !, eventhoughin
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Figure 7.4: Laserexcitation (top) and absorption(bottom) spectraof the hexafluorobenzene
radical cation,C,F}. Besidesthe bandsdueto the “main” site A, notethe presencef several
additional,spectrallyshiftedsites.

our casetheenegy of theionsis believedto be~ 20 eV, theirdepositiorresultsin aboutadozen
discretesites,whoseorigins spana rangeof morethan200cm, from 21409.43to 21640.44
cm~L. In oneexperimentontheotherhand wheretheenegy of thedepositedonswaslowered,
thesubsidiarysitesalmostdisappearedindthe“main” sitewhichwasobsenedandinvestigated
in the previous studieswvasdominant.

| Mode | fromRef.[122] | SiteA | SiteB| SiteC |
v 540[ 537.4] 5375
Vi 426| 422.5| 420.8| 424.0
Vg 265| 2639 263.2] 2635

| 0-0X, 21558| 21551.8| 21565.3| 21607.0]
0-0X, 32.8 46.1
Vg 289 288.8] 294.7| 296.9
V1sa 305.0/ 308.3
Vit 417| 417.2| 432.8| 440.9
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| Mode | fromRef.[122] | SiteA | SiteB| SiteC |
vi7 + Vg 498 497.9| 500.9| 503.0
2v4g 508 508.8
529.9 528.6 541.1
Vo 554 553.1| 553.6| 554.7
560.3| 560.4| 560.5
567.2
Vg Xg 585.5| 599.1
688.2 710.2 707.6
v 699 698.5 721.9 731.4
759 758.4
770 770.0
2v47 797 797.3 814.7 816.2
801.2 823.8
826 825.9
830.1
Vo + U1 843 842.6| 848.9| 851.9
Vo * Vigq 859.0f 862.7
41/18 919 919.3
ve + Uy 972 971.2| 986.8| 9954
vy + 21/18 1052 1052.0
2v, 1107| 1106.5| 1107.0| 1108.5
29 Xo 1141.0| 1153.1
V16 1226| 1225.0| 1246.5
Vo + 3vg 1253| 1252.2| 1274.8| 1286.2
1280 1278.8
1310.1
2% V17 + 27/18 (7) 1324
Vo + 2v17 1352| 1350.7
2vy + Vg 1397| 1396.0f 1402.3
205 + U1 14125
ve +4vg 1474 1473.3
21/2 + vy 1526 1524.9
21/2 + 2V18 1605 1604.6
vy 1661| 1659.6| 1660.2 ?
1682| 1681.4
V15 1698| 1694.1| 1696.2| 1706.6
1734 17329
1805, 1805.2
1966.5
2172 2165.2
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| Mode | fromRef.[122] | SiteA | SiteB| SiteC |
2220| 2219.9
Vis t Vg 2250| 2248.9
2281.6
2432

Table7.2: Obseredtransitionsof CsF{ in solid neon.All valuesin cm™*.

In Table 7.2 we list the obsened transitionsof C,F; both for the “main” site A, aswell
asfor the two strongestnew” sitesB and C, which are blue shifted by 12.9and55.3cm ™!,
respectrely. In Fig. 7.5, a comparisonof the spectraand frequenciesof the “main” site A
with thoseof the new sitesB andC reveals,thatwhile the progressionn the totally symmetric
mode,v», is essentiallyidenticalfor the threesites,andalsoidenticalwith the known gasphase
frequenciesthe otherlevels involving the Jahn-Eller actve modesrg and vy; [197] exhibit
strongperturbations. Thusthe 288.8cm~! vy5 level, is in both of the strongesperturbedsites
split into two componentsboth of themblue shiftedto about295 and305cm™1, respectiely.
Similarly, ;7 which occursat417.2cm~! in the mainsiteis shiftedto 432.8and440.9cm~! in
the two othersites. This appliesalsoto their combinationand overtonebands.In generalthe
vibrationallevelsinvolving the Jahn-Eller actve modesarein all the new sitesstronglyshifted
and sometimessplit in several componentsand newv absorptionsappear Also the 0-0 band,
andeachof the bandsof the strong,totally symmetricv, progressiorwhich is seenup to v,=3,
exhibit in the spectraof the new sitesa broadersatelliteband,shiftedin emissionby ~ 33 and
46cm~!, respectiely.

A tentatveinterpretatiorof theseobsenationsis thatwhenproducedy in situ photolysisof
the parentthe C;F{ cationis in anunperturbedite with relatively high symmetry When,how-
ever, theion is depositedn thematrix from the gasphasewith kineticenegiesof ~ 20eV, lower
symmetrysites,perhapswith nearbyvacanciesareproducedandpopulatedwhich stronglyaf-
fect the Jahn-Eller distortion, perturbthe relatedvibrational structure,andrelax the selection
rules. An interestingquestioninvolving the doubly degenerategroundstateof C,F; andsimilar
cationsis themagnitudeof thespin-orbitsplitting. Severaloldertheoreticalvorkssuggestethat
thisis probablysmall[198], but thereis little a priori evidenceonthis point. Comparedvith the
spinorbit constantsn a numberof smallcompoundof first row elementsthe obsened 33-46
cm~!separatiorof the two component®f the origin band,aswell asof the othertotally sym-
metric levels would seemto be of the right orderof magnitudeto be assignedo the spin-orbit
splitting of the degenerateX 2E; , groundstateof the C;F{ cation.

If oneacceptghis assignmentthenconsideringthatthe magnitudeof the splitting changes
by some30% betweenthe two sitesexamined,the questionarisesasto how muchof this is
intrinsic, free C4F¢ splitting, and how muchis due to the asymmetricervironment. In other
words,onemightaskif oneseesanextracomponenbecausé¢heselectiorrulesarerelaxed,and
a level which is not accessiblen a symmetricsite becomesisible whenthe site symmetryis
lowered,or becausehe initially degenerateandunresohablelevelsweresplit by the asymme-
try. An unambiguousnswerto this questionwill requireadditionalstudy It shouldbe noted,
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Figure 7.5: Overview of the LIF spectrumof the main site A comparedwith thoseof two of
the “perturbed”sites,denotedB andC. For easeof comparisonthe spectraof thesesiteswere
shiftedto make the 0-0 origins overlap. Note the splitting of the spectrallines, aswell asthe
presencef broadersatellitebandsnearthe 0-0 origin andothertotally symmetricbands.

thatthe spin-orbitsplitting wasneglectedin mostprevioustreatment®f the substitutedenzene
cations. Strictly speakinghowever, the spin-orbitandJahn-Eller interactionsarenot indepen-
dentof eachother andif bothsplittingsarenon-neligible, bothwould have to besimultaneously
consideredn arigoroustreatmenbf the X 2E;, groundstatevibrationalstructure.

Jahn-Teller Effect in the BenzeneCation and its Symmetrically Substituted Homologues

Halogenatedenzenesepresent groupof compoundsvhoseradical cationshave beenexten-
sively studiedby matrix spectroscop [199, 127. Simple Hueclel Molecular Orbital theory
shaws that the unhybridizedp electronson the six carbonatomsof the benzenegroundstate
occupy ana, andadoubly degenerates;, binding molecularorbital, yielding a stable,closed
shellstructure In the cationoneof the electrondrom the highestoccupiede;, molecularorbital
(HOMO) is missing,resultingin a doubly degenerateX 2E;, groundstate.A = — m promotion
of oneof the &, electronsnto thee,, orbital yieldsalow exciting B ?A,, electronicstate,and
representshe lowestenepy fully allowed electronictransitionof the cation. In benzenatself
anotherelectronicstateresultingfrom promotionof oneof the o electrondies below the 2A,,
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state,andprovidesa"gatevay state"for its non-radiatve relaxation thatis its interactionresults
in severebroadeningof the B stateandshorteningof its lifetime. When, however, at least2-3
hydrogeratomsonthebenzeneing aresubstitutedy halogenstheenegy neededor ther —

relative to theo — 7 excitationis loweredto the extentthatthe B ?A,,, statebecomeshelowest
excited electronicstate. The pathway for its non-radiatve relaxationis closed,the spectrabe-
comesharp,andthe radical cationsfluorescewith nearunity quantumefficiency, andcanthus
be convenientlyinvestigatedy laserinducedfluorescence.

Figure7.6: Normalvibrationsof anXsY s moleculewith Dg;, symmetry FromRef.[45]

As we explainedin previous publications[122, 197], the emissionspectrumshaows clearly
the distortionof theion dueto Jahn-Eller effect. While in a symmetryallowed transitionof a
moleculewith a D¢, sSymmetryonly thea modesy; andwv, shouldappearmostprominentin
the spectrumareactuallyvibrationsvyg, v17, v16, andu, 5 (seeFig. 7.6) — preciselythe modesof
&, Symmetrywhich accordingto theoryshouldbecomeactie, if the groundstatesymmetryis
loweredfrom Dg,, to Doy,. Thepresencef Jahn-Eller effectis thenconfirmedby analysisof the
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resolhedemissionspectrawhich unlike the absorptiorspectraappeaiquiteirregularanderratic
—they reflectthevibrationalstructureof the degeneratgroundstatedistortedby the Jahn-Eller
effect.

Local Site Symmetry and SpectroscopicSelectionRules

Interestinginsightscan be gainedby comparingthe spectraof the ionsin differentsites. Or-
dinarily, suchspectraappearto be almostidentical exceptof a uniform shift of all the bands,
correspondindo slight differentialshiftsin the enegiesof the electronicstatesnvolvedin the
transition. Also in the presentcaseof CsF¢, the absorption-laseexcitation spectrashav just
suchaneffect, theresolhedfluorescencehowever, exhibits besideghe usualuniform shift of all
bandsadditionalchangesn the spectrumyeflectingchangesn the vibrationalstructureof the
X 2E;, groundstate.As notedpreviously, the structureof this stateis distorteddueto the Jahn
Teller effect,andwhile the excitationspectrumreflectingthe structureof theupperB 2A,, elec-
tronic stateconsistof regulararraysinvolving severalnearlyharmonicvibrationalfrequencies,
the emissionspectrumlacksthis regularity, with only a progressionn the totally symmetrica, ,
moders,, the"ring breathing'frequeng, beingclearlyrecognizable.

The bandsof this progressiorare obsenable at leastto v,=2, andthey are showvn for the
main site A in Fig. 7.7, and comparedwith the correspondingsectionsof the spectrain the
subsidiarysitesB andC in thelower panelswhosefrequeng scaleshave for clarity beenshifted
in frequeng by 12.9and55.3cm™!, sothatthe0-0 bandsoverlap. Onecanclearly seethatwhile
for themainsitea singlesharpbandis obseredfor eachvalueof v, in the panelsB andC each
bandhasa broadersatellite shifted ~34 and ~45 cm~!, respectiely, towardslower enegies.
This suggestshe presenceof a very low lying level above the vibrationallevel of the ground
stateaswell asabove eachexcited v,” level. Theseenegiesareway too low to correspondo
anintramoleculawibrationalmodeof theion, andsurelytoo high to correspondo its rotation.
While, in principle,the possibility thatthis modecould correspondo a "translational"modeof
theion, it is significantthatsimilarly shiftedsatellitesarenot obseredfor the othetr non-totally
symmetricvibrationallevels.

As notedabove, the groundstateof the cation, X 2E;,, is a doubletstate,whosespin orbit
splitting is unknavn. While a few theoreticalorksdiscussinghis problempredicteda smaller
splitting betweerthefine structurecomponentsthe obsenedvalueis of the sameorderof mag-
nitude as, for instance the fine structureconstantA, = 77.12 — 0.655v + 0.0057v2 (in cm~1)
obsenedin the X 211 groundstateof diatomicCF [200]. This raisesthe possibilitythattheextra
level detectedn the subsidiarysitesis dueto the higherspinorbit componenof thegroundstate.
Hereagaintwo possibilitieshave to be consideredEitheris the forbiddentransitionin themain
site A too weakto be obsened, but becomesllowedin the "perturbed"sitesB andC, or is the
splittingin themainsitetoo smallto beresolhed,but theneardegenerag is splitin thesesites.In
eithercasethespin-orbitsplitting interpretations consistentith the broaderappearancef the
satellitebands.In almostevery casewherespin-orbitsplitting in multiplet statesn matricesvas
obsened,thehigherlevel wasbroadenedsa resultof fastnon-radiatve relaxationinto phonon
statesouilt uponthethelevelsof thelower spinorbit component.

In eithercase the mostlik ely causeof this differencebetweenthe "main” and"subsidiary”
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Figure 7.7: Detail of the LIF of C4F} shaving the total symmetricvibration v, in the doubly
degeneratealectronicgroundstateX 2E;,,.

sitesis the local geometryand symmetry and it is of interestto considerfrom this point of
view the likely natureof the trappingsite. The lowestenepgy structureof rare gassolidsis
experimentallyknown to be FCC, but neutronscatteringstudieshave suggestedhatgasphase
depositedsamplecontainboth FCC andHCP regions,with the presencef impuritiesfavoring
the growth of the HCP alundance In eithercase the structureconsistsof identical planeswith
hexagonallyarrangedaregasatoms,with the differencebetweenthe HCP and FCC structures
beingonly in thearrangementf theseplanes.Consideringhenearesheighbordistancebetween
two neonatoms,andthe geometryof the CsFs molecule,it appearghat the mostnaturalway
to accommodaté¢he guestis to replaceseven neonatomsin one of theseplanes,asshown in
Fig. 7.8,yielding in eachcasea site of relatively high symmetry Thesitewill exhibit in anHCP
latticeahexagonalDs,, local symmetrywhile in the caseof FCCit will be D3, with athree-fold
improperrotationaxisanda centerof inversion.

In the caseof thein situ producedons,the geometryof the siteis unlikely to changeduring
thephotoionizatiorprocessWe suggesthatthe symmetryin the subsidiarysites,resultingfrom
thedepositiorof theenegeticionsfrom theion beamis loweredasaconsequencef thedamage.
The exact natureof the site is unknaowvn, but it may simply be an additionalvacang, thatis an
additionalmatrix atommissingin theimmediateneighborhooaf theisolatedion. The lowered
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Figure7.8: The CsF{ cationembeddedn a neonmatrixin asitewith high symmetry

symmetryhaslittle effect uponthe intramolecularvibration - the valuesof the v, vibrational
frequenciesaandtheir overtonesareto within aboutl cm~! identicalin all the threesites,but it

appeargo affect the selectionrules,andalsoinfluenceshe spin orbit splitting betweenthe 1/2
and3/2 componentssincecomparisorof the B andC sitesyields considerablydifferentvalues
of ~ 33and45cm 1, respectiely.

Effect of Siteson the Jahn-Teller Distortion

As notedin the above section,the frequenciesof the totally symmetricr, mode, and of its
overtonesare basicallyunafectedby the changesn the trappingsite andits symmetry Quite
differentis the behaior of the Jahn-Eller active e,, vibrationalmodes,asis exemplified by
Fig. 7.9. Herethe top panelshaws sectionsof the fluorescencepectrumof CsF; in the main
"unperturbed'site A. As shavn in the right handsection,easilyidentifiablein emissionarethe
lowestfrequeny e,, modesv;s = 288.8cm™!, vy, = 417.2cm™, with severalbandspreviously
shown to be dueto their combinationsandovertoneseingpresentat higherenegies. An iden-
tical patternof bandsis thenrepeateduilt uponthe totally symmetricy, level, aswell asupon
its overtonesasshaown in thetwo spectrakectiongdurthertowardstheleft.

Thebottomtwo spectrahenshow the correspondingectionsof the spectran the perturbed
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Figure 7.9: Detail of the LIF of C;F{ shawing the Jahn-Eller active modesy;; andvyg in
combinationwith v,.

subsidiarysitesB and C, which have againbeenshifted by the appropriateamountsneededo
malke the 0-0 origin bandsof all the sitescoincide,to make more apparenthe changesn the
vibrationalstructure.lt is immediatelyvisible thatin the placeof thevg level now appeartwo
bandsboth of themshiftedto higherenegiescomparedvith the mainsite frequeng. Thetwo
bandsareat 294.7and305.0cm ! in the site B and296.9and308.3cm ! in site C. Similarly
alsothe v;; modeis blue shiftedfrom its 417.2cm™! frequeng in the main site to 432.8and
440.9cm~! in theB andC sites respectiely. Thesamespectrallyshiftedbandpatternsareagain
repeatedn combinatiorwith v, and2v,, asclearlyvisible in the Figure.

In previous studiesof halogenatedenzeneadical cationsit was alreadynotedthat while
the groundstatestructuresn neonmatrix arevery similar to the structureobsenedin the gas
phase the shifts and perturbationsof the Jahn-Eller actve modesand levels were distinctly
largerthanthoseof the levelsnotinvolvedin the distortion,asin the presentcaseof thetotally
symmetrica, v,. Thepresenstudyof theeffect of sitesgivesadditionalevidencedemonstrating
this sensitvity of the Jahn-"Eller distortionto local ernvironmentandits symmetry
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7.4 Conclusion

In the presenmanuscrippreliminaryresultsarepresenteavhich areobtainedwith a new appa-
ratusfor depositionof massselectedonsin low temperaturenatrices.With this apparatusve

obtaininfraredandvisible absorptionaswell asfluorescencandfluorescencexcitation spec-
tra of massselectedons. We demonstratéhe successfuandcleanmassselectionby presenting
spectraof samplebtainedoy depositingthe isotopic34S!2C32St ion in naturalisotopicakun-

dance. Experimentswith C,F} demonstratethat depositionof ions with high kinetic enegy

from the gasphase producegyuite differentinhomogeneoubne profile, andresultsin a variety
of “perturbed”sites,presumablydueto nearbydefectsandvacancies.The emissionspectraof

the perturbedsitesare characterizedby appreciableshifts and doubling of the vibrationallev-

els of the degenerateX ?E;, groundstate,which may be dueto combinationof the spin-orbit
splitting andthe Jahn-Eller effect.



Summary and Outlook

In the scopeof this thesis,a new apparatugor the depositionof mass-selectensin low tem-
peraturematriceswas constructed.The successfulnd cleanmass-selectiowas demonstrated
by presentingspectraof samplesobtainedby depositionof isotopic3*S2C32St cationsfrom a
dischage sourceusingCS, in naturalisotopicabundanceasprecursor With the new apparatus,
infraredandvisible absorptionaswell aslaserinducedfluorescencandlaserexcitationspectra
are obtainedfrom mass-selectednd matrix-isolatedions. Experimentswith the C;F§ cation
demonstratedhat the depositionof ions with high kinetic enegy from the gasphaseresultsin
avarietyof perturbedsites,presumablydueto nearbyvacanciesandlattice defectsproducinga
differentinhomogeneoubne profile comparedvith in-situ experiments.Theeffectsof ion beam
depositionJik e fragmentatioror matrix damageyerediscussedn detailandthe concentration
of mass-selecteidnsin raregasmatricesvasexaminedquantitatvely.

Unfortunately the original purposeto coupleour remarkablysuccessfulaservaporization
sourcewith the mass-selectioapparatugould not be achieved sincethe sourceemittedtoo low
averageion currentsor spectroscopicahvestigationsFor futureexperimentsit is thusplanned
to applyfor anew vaporizationaserwith ahigherrepetitionrateallowing sufficiention currents.

Parallel to the planningandimplementatiornof the new mass-selectioapparatusresearch
wascontinuedusingtheold, corventionalsetupwith the mostinterestingesultsbeingpresented
in this thesis:New insightsinto the vibronic structureandrelaxationof tungsteroxides,aswell
asthe photodissociatiorof hydrogenhalidesand, connectedwith that, the formation of new,
neutralraregascompoundsn solid neon.

Absorptionandfluorescencapectraof WO andWO, in the spectralrangefrom IR to near
UV have beeninvestigateddentifying several, previously unknavn electronicstatesof WO in
thenearinfraredrange.Besidedluorescencérom theknown visible electronicstatesemission
from the low lying electronicstatesin the nearinfraredand extensve groundstatevibrational
emissionwas obsened, providing a wealth of spectroscopienformationwith nearly unprece-
dentedaccurayg for a matrix molecule. The interestingrelaxationpathways of WO suchas
inter-electroniccascaderocessesyhich areleadingto theseemissionswerediscussedn de-
tail.

IR absorptiorspectraof hydrogerhalidemonomersthestronglyboundoligomers aswell as
complexeswith the heavy raregaseXr andXe have beenexaminedshaving thatthe hydrogen
bondingresultsin aredshift of theboundYH- - -X frequeng anda considerabléncreasan its
intensity Theinfluenceof thehydrogernbondinguponthehydrogenhalidephotolysisbehaiour
wasdiscussedndthe photolysisproductsvereexamined.Annealingof the neonmatricesafter
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photolysisresultedn partialreformationof the monomersaswell asthe formationof the novel
HXeY compounds.A mechanisnfor the formationof theseneutralnoble gascompoundsn
solid neonis proposedand their detectionin the weakly interactingneonsuggestghat they
shouldbe capableof existenceasfree moleculesn the gasphase.This conclusionis supported
by ab-initio quantumchemicalcalculationswhich werealsoperformedor thetungsterdioxide
asacomparisornwith experimentakesults.

Theseresults,which were obtainedwith the old setup,the first resultsof the new mass-
selectionapparatusaswell assomeadditionalstudiesnot coveredby this thesis,led to a series
of publicationgpresentedn thefollowing list of publications.
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of Diatomic Boron Nitride", J. Chem.Phys.104, 3143-31461996).

. A.M. Smith,M. Lorenz,J. AgreiterandV.E. Bondybe: "Electronic Structue of Diatomic
Boron Carbide", Mol. Phys.88, 247-254(1996).
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