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α-蒎稀光电离和离解动力学的同步辐射研究

刘宪云1,2,夏丽1,王振亚2,张为俊2

(1常州大学 数理学院 电子科学与技术系,江苏 常州213164)

(2中科院安徽光学精密机械研究所 环境光谱研究室,合肥230031)

摘 要:为研究α-蒎稀的光电离解离机制,采用同步辐射光电离质谱,在7.9~15.5eV能量范围内研究

了α-蒎稀的紫外光电离解离,对α-蒎稀的电离解离能及其碎片离子的出现势进行了理论分析.实验测得

光电离效率曲线,从光电离效率曲线中获得α-蒎稀C10H16的电离能和碎片离子C9H+
13,C7H+

10,C3H+
6 及

CHH+
3 的出现势.用Gaussian03理论方法计算了C10H16和主要的光解离碎片的总能量,用高级能量计

算方法计算了C10H16的电离能和部分碎片离子的出现势及主要的解离通道的离解能.根据实验和理论

计算结果,分析了产生碎片离子的主要的解离通道.分析表明实验测得的结果与理论计算提出的C10H16
的光解离通道获得的解离能符合得较好.
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PhotoionizationandPhotodissociationStudyofα-pineneUsing
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Abstract:Toexplainthemechanismofionizationoftheα-pinene(C10H16),theVUVdissociative
photoionizationofC10H16inanenergyregionof7.9~15.5eVhasbeeninvestigatedwithamass-
spectrometermethodphotoionizationmassspectroscopyusingsynchrotronradiation,thedissociation
energiesandtheappearanceenergiesforitsfragmentionswerepredicted.TheionizationenergyofC10H16
andappearanceenergiesforitsfragmentions,C9H+

13,C7H+
10,C3H+

6 andCH3+,weredeterminedwith
photoionizationefficiencyspectroscopy.ThetotalenergiesofC10H16anditsmainphotofragmentswere
calculatedusingGaussian03program.TheionizationenergyofC10H16,appearancepotentialsforits
fragmentions,andthedissociationenergiestoproducethemwerepredictedusinghighaccuracyenergy
model.Thedissociationenergiesofsomepossibledissociationchannelstoproducethosefragmentions
weredeterminedbasedoncomparisonofdeterminedappearanceenergiesandenergiespredictedwiththe
Gaussian-03calculations.Accordingtotheresults,theexperimentaldissociationenergieswerein
reasonableagreementwiththecalculateddissociationenergiesofproposedphotodissociationchannelsof
C10H16.
Keywords:α-Pinene;Photoionization;Photodissociation;Appearanceenergyofions;Synchrotron
radiation
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0 Introduction
Thetotalannualglobalemissionofbiogenichydrocarbonshasbeenestimatedbetween825and1150

TgCyr-1 asdemonstrated[1],andhasexceededanthropogenic Volatile OrganicCompounds (VOC)
emissions5to10-foldasdemonstrated[2-3].Monoterpenes,ofwhichα-pineneisoneoftheprincipal
species,areemittedinsubstantialamountsbyvegetation,terpenesaccountforamajorfractionofnon-
methanehydrocarbonsemittedfromtheterrestrialbiosphere,withanestimatedglobalemissionrateon
theorderof1.014kgperyear.Annualnaturalemissionsofterpenesexceedthosefromanthropogenic
sourcesonaglobalscale.α-pinene(35%)andβ-pinene(23%)arethetwomostabundantterpenesinthe
troposphere.Intheatmosphereα-pineneundergoesreactionswithO3,theOHradicalortheNO3radical,
leadingtolow-volatilityspecieswhichpartlycondenseonexistingaerosols,therebygeneratingsecondary
organicaerosols.α-pineneplaysanimportantroleinthechemistryofthelowertroposphere,andinthe
tropospheretheseorganiccompoundsreactwithhydroxyl(OH)radicals,nitrate(NO3)radicals,and
ozone(O3).Thesereactionsmaycontributetotheformationofaerosols,peroxides(hydrogenperoxide
andorganicperoxide),carboncycle,acidrain,andactiveradicalssuchasOHradical.Thishasbeen
showninnumerouslaboratoryexperimentsasdemonstrated [4-7].Butadetailedunderstandingofthe
chemicalreactionpathwaysleadingtotheproductionofSOAislacking,andingeneraltheoverallyieldof
productsdetectedintheparticlephaseistypicallylessthan30%.Despiteforthat,MEJEANMetal[8]have
shownthatnogasphaseionenergeticsdata,eitherexperimentalortheoretical,areavailableforthis
compoundintheliteratureexceptforthatAl-JobouryandTurnermeasuredtheionizationenergyusing
Photoelectron(PE)methodin1964.Still,themechanismofVUVdissociativephotoionizationofα-pinene
isstilllessunderstoodbothexperimentallyandtheoretically.

Duetotheabove mentionedreasons,itisimportanttostudythe mechanism ofdissociative
photoionizationofα-pinenebothexperimentallyandtheoretically.InordertodetermineIonizationEnergy
(IE)ofα-pineneandAppearanceEnergies(AEs)foritsfragmentalions,andtoexplorethemechanismfor
itsdissociativeionization,wepresentastudyofVUVdissociativephotoionizationofisopreneintheenergy
rangeof ~7.9~15.5eV.Synchrotronradiationhasbeenusedto measurePhotoionization Mass
Spectroscopy(PIMS)andPhotoionizationEfficiency(PIE)curves.Thequantumchemistrycalculationis
alsoperformedusing Gaussian03program and MP2 (full)methodtoobtainsomephotochemical
parameters,andthen,themechanismsofdissociativephotoionizationofα-pinenewillalsobediscussed.

1 Experiment
ThePhotoionizationMassSpectrometry(PIMS)measurementsofα-pinenewereconductedonthe

atomicandmolecularphysicsbeamline,usingVUVsynchrotronradiationobtainedfromtheelectron
storageringofNationalSynchrotronRadiationLaboratoryinHefei,China.Theexperimentalapparatus
wasdescribedpreviouslyelsewhereasdemonstrated [9-10].Inbrief,photonenergiesinaregionof7.5~
22.5eVwitharesolvingpowerof5000at15.9eVandaphotonfluxof-1012photonsS-1wereselected
withagrazing-incidenceSphericalGratingMonochromator(SGM)employingagratingof1200grooves
mm-1andaslitwidthof80mm.Forcalibrationofphotonenergies,weusedthephotoionizationspectrum
ofArwithaccuracybetterthan0.002eV.Arare-gasharmonicfilterwasinsertedintothebeamlineto
overcomehigher-orderharmonicscontaminationintheenergyrangefrom7.5to21.5eV.Themain
experimentalchamberiscomposedofabeamsourcechamber,adifferentialchamberandanionization
chamberwithaReflectronTime-of-flightMassSpectrometer(RTOFMS).

Thesamplewasintroducedbysupersonicexpensionthroughacontinuousbeamnozzlewithanorifice
of70μmdiameterfromthebeamsourcechamberintothephotoionizationchamberthroughaφ1mm
skimmer.Thesamplemolecularbeamintersectedthemonochromatizedsychrotronradiationbeamat
70mmfromthenozzle.AReflectronTime-of-flightMassSpectrometer(RTOFMS)wasemployedforthe
VUVphotoionization/fragmentationstudies.PhotoionsproducedbytheVUVlightweredrawnoutofthe
photoionizationregionbyapulsegenerator(DG535SRS)anddetectedbyaMicrochannelPlate(MCP)
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detector.TheionsignalwasrecordedbyamultiscalerP7888 (FASTComtec,Germany)afterbeing
amplifiedwithpreamplifierVT120C(EG&G,ORTEC).Tonormalizetheionsignals,wemonitoredthe
photonintensitysimultaneouslywithasiliconphotodiode(SXUV-100,InternationalRadiationDetectors,
Inc.).

(-)-α-Pinene(purity≥99.0%)wasobtainedfromFluka,Sigma-AldrichCo.,UnitedStates,and
wasusedwithoutadditionalpurificationintheexperiment.Intheexperiment,weused Ar (purity
99.99%)asthecarriergasandthestagnationpressurewasintherangeof1-3bars.Arwasalsousedas
gasfiltermediumandthepressureofthegaschamberis600Pa.Beforetheexperiments,thepressureof
theionizationchamberwasabout5.1×10-5Pa,anditwas3.0×10-3Pawhenthesamplewasintroduced
intotheionizationchamber.ThePIEcurveswasmeasuredwhilethemonochromatorisscannedwitha
wavelengthincrementof30meVandthedataacquisitiontimeforeachpointis30~40sdependingonion
abundance.Noclusterwasobservedunderthiscondition,sonofragmentionswereconsideredtooriginate
fromclusterdissociation.

2 Theoreticalcalculations
Thestudyofquantumchemicalcalculationofα-PinenewasperformedbyusingGaussion-03program

asdemonstrated(Frischetal,2004).Theequilibriumgeometryandharmonicvibrationalfrequenciesofα-
Pinenearecalculatedusing6-31G(d,P)basissetsatB3LYPhybriddensityfunctionalleveloftheoryas
demonstrated[11-12],scaleduniformlyby0.9736.Thesinglepointenergyofα-Pineneanditsfragment
productswerecalculatedusing6-31G(d)basissetswithMP2(full)method.Afterthecalculationofthe
energyE0(MP2),thehighaccuracyenergymodelwasusedtocalculatethethermochemicalparameters,
suchas,ionizationenergyofα-Pinene,appearanceenergyforitsfragmentionsanddissociastionenergyto
producethem.

3 Resultsanddiscussion
3.1 Resultsofexperiment

ThePIMSfromthephotoionizationofα-Pinenemeasuredatthephotonenergyof15.5eVisshownin
Fig.1.Ascanbeseenfromthefigure,thesignaloftheparentionC10H+

16isnotverystrong,however,the
signaloffragmentionmass-to-chargeratiom/z=93isthestrongestoneamongallfragmentions.Asno
signalatmassgreaterthanthatofC10H17+isdetectedunderourexperimentalconditions,alldetected
fragmentionswereconsideredtooriginatefromdissociationofparention.

InordertostudytheSRVUVdissociativephotoionizationofC10H16,thePhotoionizationEfficiency
(PIE)curvesofC10H+

16andthoseoftheobservedfragmentions,suchasC9H+
13,C7H+

9 ,C2H+
4 ,and

CH3+,fromtheirrespectiveappearanceonsetsto15.5eV,wererecordedatascanstepof30meVand
normalizedwithrespecttothephotonflux.ThePIEcurvesnearthethresholdregionoftheparent
molecularionC10H+

16andsomeofitsfragmentions,C9H+
13,C7H+

9 ,C2H+
4 ,andCH3+,areshowninFig.2

and3,servetodeterminetheIEofC10H16+andAEofeachfragmention.InthestudyofVUVdissociative

Fig.1 PhotoionizationmassspectraofC10H16excited
at15.5eVofphotonenergy

Fig.2 PIEspectraofC10H+
16
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photoionizationofC10H16intheenergyregion7.9~15.5eV,theIEofC10H16andtheAEsofitsfragment
ionscanbereacheddirectlybyscanningthephotonenergyofthemonochromatizedSR.Itshouldbe
pointedoutthatweignoredthethermalenergydistributionoftheparentmoleculeinourdataprocessing,
consideringthepresentnozzleexpansionwasmadeforpossiblekineticshiftsindeterminingtheAEs.

InthePIEcurveofC10H+
16(cf.Fig.2),theonsetofionizationofC10H16is8.09±0.003eV.For

fragmantions,weusedtwoapproachestodeterminetheirApperanceEnergies(AE)asdemonstrated[13].
Forionsignalsthatincreaselinearlywithionizationenergy,theAEwasdeterminedfromtheintersection
ofthebaseline(dot-line)andthegraduallyrisingline(circle-line),asshowninFig.2forC10H+

16.Whenthe
ionsignalsriseabruptlybutwithagradual,slowslopenearthethreshold,asshowninFig.3,theAEwas
determinedasthemidpointofthetwointersectsamongthebaseline,theslowlyrisinglineandtherapidly
risingline.

Fig.3 Photoionizationefficiencycurves

3.2 Thedissociationchannels
Thedissociationchannelsforα-pineneproducingfragmentionscanbededucedinTable1,andtwo

possiblecasesshouldbeconsideredduringthecalculationofdissociationenergy:1)Thefragmentionis
formedfromaneutralfragmentofparentmolecule,andthedissociationenergyiscalculatedbysubtracting
ionizationenergyofneutralfragmentfromitsappearancepotential;2)Thefragmentionisformedby
ionizationofaparent moleculefollowedbyspontaneousdissociationoftheprimaryparentionas
demonstrated[14].Thelatterisgenerallyreferredtoasdissociativeionizationandtheemphasisofthispaper
isplacedonit.ThedissociationenergyEdiscalculatedempiricallybysubtractingionizationenergyof
parentmoleculefromitsappearanceenergyasfollows

Ed=AE-EI

whereEdisthedissociationenergy,AEistheappearanceenergyforfragmention,EIistheionization
energyofparentmolecule.Asanexample,theEIofC10H16is8.09±0.003eV,theAEofC9H+

13is8.85±
0.03eV,andthereforetheEd(C9H+

13-CH3)is0.76±0.06eV.TheEIofC10H16andAEsforitsfragment
ionsC9H+

13,C7H+
9 ,C2H+

4 ,andCH3+,arelistedinTable1,alongwithsomedissociationenergiesand
possibledissociationchannelsofC10H16.
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Table1 Experimental,theoreticalandliteraturevaluesoftheionizationenergy,
appearanceenergyanddissociationenergyofα-pinene

Ions
EIorAE

DFT(B3LYP)/eV
EIorAE

(Exp.)/eV
EIorAE

(literature)/eV
Possibledissociation

channels
Ed

MP2(full)/eV
Ed(Exp.)/eV

C10H+
16 7.92 8.09±0.003 8.07[15] - - -

C9H+
13 11.62 10.95±0.03 - C9H+

13+CH3 0.76 0.76±0.06
C7H+

9 10.67 10.94±0.03 - C7H+
9 +C2H4 2.75 2.85±0.06

C2H+
4 10.65 12.08±0.03 - C2H+

4 +C7H9 2.73 3.99±0.06
CH3+ 12.90 13.51±0.03 - CH3++C9H13 4.98 5.42±0.06

3.3 Resultsofcalculation
α-Pinenehastwoenantiomers,(S)-(-)-α-pineneand (R)-(+)-α-pinene,respectively,both

enantiomersareknowninnature.Inthisquantumchemicalcalculations,the(-)-α-Pinenewasselected.
Theequilibrium propertiesofC10 H16 wasinvestigated using B3LYP hybriddensityfunctionalin
conjunctionwiththe6-31G(d,p)basissetsasimplementedintheGaussian03.Thevibrationalfrequencies
ofC10H16werecalculatedbythegeometryoptimizationsasdescribedabove.Seventy-twofrequencieswere
calculatedforthes-transstructureofα-pinene,indicatingatrueminimumonthepotentialenergysurface.
Inthesimilarway,theequilibriumpropertiesandvibrationalfrequenciesofC10H+

16werealsocalculated
usingDFTB3LYP/6-31G (d,p).Theformulaofthespeciesinvolvedinthiswork,alongwiththe
calculated MP2(full)energiesaresummarizedinTable2.Withtheaidoftheseresults,wehave
establishedthedissociationchannelsofα-pinene.

Furthermore,wealsooptimizedequilibriumstructureofsometransitionstructureandintermediate,
calculatedtheirtotalenergiesE0(MP2(full)),theMP2(full)energiesE0(inhatrees)ofvariousspecies
involvedinthedissociationofMBOarecalculatedasshowninTable2.Inhighaccuracyenergymodelof
Gaussian-03,ionizationenergy(EI)ofeachmoleculeistakenastheamountofenergyrequiredtoremove
anelectronfromamolecule,computedastheenergydifferencebetweenthecationandtheneutral
molecule.Forexample,thetheoreticalionizationenergyofα-pineneiscalculatedasfollows

EI(C10H+
16)=E0(C10H+

16)-E0(C10H16)=-390.471-(-390.762)=0.291(Hartree)≈7.92(eV)
Thistheoreticalvalueofadiabaticionizationenergyofα-pineneisclosetoourexperimentaloneof8.09±
0.003eV.

ForpossibledissociationchannelC10H16→ C9H+
13+ CH3,theappearanceenergy(AE)ofC9H13+is

calculatedas
AE=E0(MP2)(C9H+

13)+E0(MP2)(CH3)-E0(MP2)(C10H16)
InthedissociationchannelC10H16→C9H+

13+CH3,itsdissociationenergyiscalculatedasfollows
Ed=E0(MP2)(C9H+

13)+E0(MP2)(CH3)-E0(MP2)(C10H+
16)

Table2 TheMP2(full)energiesE0(inhatrees)ofvariousspeciesinvolvedinthedissociationofMBO

Species E0(MP2)(Hartree) Species E0(MP2)(Hartree)

C10H16 -390.76206805 C10H16+ -390.47099121
C9H13 -350.74777799 C9H+

13 -350.47987164
C7H9 -271.05992495 C7H+

9 -195.436676
CH3 -39.85518778 CH3+ -39.49147213
C2H4 -78.509300 C2H+

4 -78.501087

  Theappearanceenergiesofotherfragmentionsandsomedissociationenergiesofotherpossible
dissociationchannelscanalsobecalculatedinsimilarways.IEofα-pinene,AEsforfragmentalions,C10
H+
16,C9H+

13,C7H+
9 ,CH3+,andC2H3+,aswellastheEdsofsomepossibledissociationchannels,

predictedbyMP2(full)calculations,aregiveninTable1.Table1showsthattheexperimentaldissociation
energies were in reasonable agreement with the calculated dissociation energies of proposed
photodissociationchannelsofC10H16,butthedissociationenergiestoproduceC2H+

4 isdifferent,which
mayindicatethatweshouldconsidernotonlythethermo-chemistryparameterspredictedusinghigh
accuracyenergymodel,butalsosomedifferenttransitionstateswithspecificbarriersasdemonstrated[16].
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4 Conclusion
TheVUVdissociativephotoionizationofC10H16 hasbeeninvestigatedwithamass-spectrometer

methodPIMSusingSR.TheIEofC10H16andappearanceenergiesforitsfragmentions,C9H+
13,C7H+

10,C3
H6+andCH3+,weredeterminedwithPIES.Thedissociationenergiesofsomepossibledissociation
channelstoproducethosefragmentionsweredeterminedbasedoncomparisonofdeterminedappearance
energiesandenergiespredictedwiththeGaussian-03calculations.Resultsshowthattheexperimental
dissociationenergieswereinreasonableagreementwiththecalculateddissociationenergiesofproposed
photo-dissociationchannelsofC10H16.
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