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REMPI-PESS OF THE CLO RADICAL: THE C T STATE 

CHAPTERR TWO 

RESONANCE-ENHANCEDD MULTIPHOTON IONISATION PHOTOELECTRON 

SPECTROSCOPYY OF THE C L O RADICAL: THE C2£ STATE * 

ABSTRACT T 

AA (2+1) one-colour resonance-enhanced multiphoton ionisation study is carried 

outt on the C22" state of the CIO radical in the one-photon energy range 29500 - 31250 

cm"1.. The CIO radical is produced by one-photon photolysis of C102 employing 359.2 

nmm photons derived from a separate laser. In this way a significant concentration of 

vibrationallyy excited CIO in its spin-orbit split X 2nn (H = 3/2 or 1/2) electronic 

groundd state is produced. In addition to mass-resolved excitation spectra, kinetic-

energyy resolved photoelectron spectra for the X3Z"(v+) <- C2I"(v'=3-5) transitions are 

measured.. These transitions are not completely Franck-Condon diagonal, and indicate 

aa decrease in bond length on removal of the Rydberg electron from the C22" state. In 

additionn to an unambiguous assignment of the C2I" state, valuable information is 

obtainedd on the degree of vibrational excitation with which the nascent CIO radical is 

formedd in the photolysis of C102. Analysis of the photoelectron spectra is supported 

byy Franck-Condon calculations based on potential energy curves either from 

experimentall  spectroscopic parameters, or obtained by theoretical ab initio methods. 

**  D.H.A. ter Steege. M. Smits, CA. de Lange, N.P.C. Westwood, J.B. Peel, and L. Visscher, Faraday 

Discuss.,, 115, 259 (2000). 
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CHAPTERR TWO 

2.11 INTRODUCTION 

Atmosphericc chemistry has attracted appreciable interest in recent years, 

becausee the physical and chemical processes which are at the root of phenomena such 

ass ozone depletion and global warming are becoming increasingly understood. In the 

stratospheree the short-wavelength solar radiation causes fragmentation of parent 

moleculess leading to short-lived reactive species which may be formed in 

electronically,, vibrationally and rotationally excited states, and which can initiate 

chainn reactions leading to seriously depleted ozone concentrations. The CIO radical is 

aa case in point, because under Antarctic conditions this radical and higher chlorine 

oxidess resulting from the breakdown of chlorofluorocarbons (CFCs) under the 

influencee of solar radiation are now known to be crucial in the catalytic ozone 

breakdownn cycles in that part of the globe [1]. The Nobel Prize in Chemistry, awarded 

too Crutzen, Molina and Rowland in 1995, recognized the scientific and societal 

importancee of the elucidation of such atmospheric processes. 

Fromm the point of view of the chemical physicist the CIO radical in its excited 

statess is not all that well characterised. In the laboratory the CIO radical can be 

producedd in a number of ways. The earliest method was introduced by Pannetier and 

Gaydonn [2] who seeded hydrogen-oxygen flames with molecular chlorine. Later 

Porterr and Wright [3] observed CIO production after flash photolysis of Cl2/02 

mixtures.. Another method of generating CIO is the reaction between CI atoms, often 

producedd in an electrodeless microwave discharge, and ozone [4-6]. Also, the 

reactionss between O atoms and C120 [7], and between H and CI atoms and C102 [8,9], 

havee been used to produce CIO. In this work we generate CIO through photolysis of 

C1022 via its dissociative A2A2 excited state [10,11]. We note that the main 

photodissociationn channel, C102(A
2A2) -> C10(X2n, v") + 0(3P), is enhanced when 

bandss associated with the antisymmetric stretching mode are excited in the A2A2 state 

off  C102 [10,12,13]. The competing, but minor, dissociation channel giving C1(2P) + 

02(( Ig', Ag, Zg
+) has also been investigated [14-16]. In all these production methods 
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REMPI-PESS OF THE CLO RADICAL: THE C:£ STATE 

thee CIO radical is formed with different degrees of electronic, vibrational and 

rotationall  excitation. 

Thee ground state of the CIO radical is characterised by the outer valence 

electronn configuration ...(7a)2(2rt)4(37i)3. This configuration leads to an inverted 2UQ 

groundd state, with 2Uy2 below 2IT| 2 separated by a spin-orbit splitting of -321.77 cm' 

'.. CIO in its X2n32 state has been studied with various experimental physical 

methods.. We mention matrix isolation infrared absorption spectroscopy [17,18], 

tunablee diode laser infrared absorption measurements [19,20], a vacuum ultraviolet 

absorptionn study [21], and microwave spectroscopy [22], which have all contributed 

too a reliable set of precise vibrational and rotational constants for the CIO radical in its 

X 2nn state. 

Thee lowest ionic states obtained by ejecting an electron out of the 3K 

antibondingg orbital give a ...(7CT)2(2TT)4(37I)2 configuration leading to three relatively 

close-lyingg 3I~, :A and ' l ^ ionic states with ionization energies of 10.887 [23], 11.750 

[23]]  and 12.46 eV [5], respectively. 

Thee lowest valence excited state, labeled A, with valence shell configuration 

,..(7a)2(2Tt)3(37r)44 has 2nQ symmetry, and is inverted with a spin-orbit splitting of-

519.55 cm"1 [24]. Promotion of a bonding 2n electron to an antibonding 3TT orbital 

enlargess the bond length and lowers the vibrational frequency. The A state has been 

studiedd extensively by absorption and emission spectroscopy [24-28], and is known to 

bee predissociative [25]. The existence of a second valence excited state, B I , 

presumablyy with electron configuration ...(7a)'(2rc)4(37t)4 [25], has not been 

confirmedd directly. It is estimated to be located ~ 31000 cm'1 above the ground state, 

andd is quite likely predissociative as well. The location of the B state is inferred from 

thee A-doubling observed in the electronic ground state of the CIO radical [29]. 

Higher-lyingg excited states of the CIO radical possess Rydberg character and six 

statess labeled C to H have been characterised so far. These states are all formed by 

promotingg an antibonding 3K electron into a predominantly nonbonding Rydberg 

orbital.. The lowest-lying Rydberg state is the C2Z" state, with configuration 
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...(7OT(27Ï)) (3TT) (8a) . The Rydberg electron possesses predominantly 4SG character 

att small internuclear distance, and significant 3da character at larger internuclear 

distancess [30]. This state has been investigated previously by VUV absorption 

spectroscopyy [21], laser induced fluorescence (LIF) [31,32], and (2+1) resonance-

enhancedd multiphoton ionisation (REMPI) spectroscopy [33]. Accurate spectroscopic 

constantss are known from [20,21,24]. The D (3n->9a), E (3TT->10O), and F 

(37t—Mia)) Rydberg states are all believed to have 2I~ symmetry [23,30]. The 

Rydbergg electron in the D state has dominant 4pa character at small internuclear 

distance,, and strong 4sa character at larger R [30]. The Rydberg electron in the E 

statee evolves rapidly from an s,p,d admixture for small R to dominant 4pa character at 

largerr R [30]. For the F state there is a gradual change with internuclear distance from 

dominantt sa and pa character to stronger da character [30]. These Rydberg states 

havee been studied with single-photon vacuum ultraviolet absorption spectroscopy 

[21],, (3+1) REMPI spectroscopy [23,34], and REMPI-PES [23]. The G and H states 

aree even less well known. The G state possesses a 'A core on the basis of REMPI-PES 

[23],, its overall symmetry has been suggested to be 2n or 2A [35]. The symmetry of 

thee H state still needs to be ascertained [33]. 

Dependingg on the way in which CIO X2n is generated, the distribution over the 

ground-statee IT32 and 2U\2 spin-orbit components, and vibrational and rotational 

levelss can vary substantially. It is important to obtain precise experimental 

informationn about this distribution. Not only does this provide significant clues to the 

mechanismss that produce CIO, in addition it will affect the chemical reactivity of the 

CIOO radical under atmospheric conditions. Depending on the method of observation 

CIOO is observed to be formed vibrationally cold after reaction of CI with O3 [34], or 

vibrationallyy excited up to v'=3,4 using LIF detection [31,32]. When CIO is formed 

followingg photodissociation of ClOi, the amount of CIO generated and its state 

distributionn is known to vary with the photolysis wavelength [31,36,37]. When 

employingg the latter production mechanism it is therefore important to use a separate 

photolysiss laser whose wavelength is optimised for CIO generation. This can be 
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REMPI-PESS OF THE CLP RADICAL: THE C2T STATE 

achievedd by tuning the photolysis laser to appropriate vibrational features of the 

A2A2(vi,V2,v3)) <- X2Bi dissociative transition of C102 [10,36]. 

REMPII  has proved to be extremely valuable to study and characterise excited 

statess of small molecules and short-lived radicals because of its excellent selectivity 

andd high sensitivity when employing appropriate detection techniques. It is most 

easilyy performed in combination with mass-resolved ion detection, but the preferred 

modee of operation is in conjunction with photoelectron spectroscopy (REMPI-PES) 

whichh involves kinetic-energy resolved electron detection. 

Inn the present paper we describe REMPI and REMPI-PES studies on the C2X 

statee of the CIO radical generated by photolysis of C102. Studies of CIO excited states 

usingg (2+1) REMPI are rare, the only other work being that of [33]. These REMPI-

PESS experiments allow an unambiguous assignment of the C I" state. In addition, 

sincee the C2I"(v' ) state is populated by two-photon excitation from the X Ftafv") 

groundd state, valuable information is obtained on the degree of vibrational excitation 

withh which the nascent CIO radical is formed in the photolysis of C102. This 

informationn is important in understanding the photofragmentation mechanisms of the 

parentt C102 compound. Analysis of our PE spectra is further supported by Franck-

Condonn calculations in which the appropriate potential energy curves are either taken 

too be Morse potential curves based on experimental spectroscopic parameters, or have 

beenn obtained by theoretical ab initio methods. 

2.22 EXPERIMENTAL SETUP 

Thee tunable light source used in our MPI experiments consists of two pulsed 

dyee lasers pumped by a Lumonics HyperEx-460 excimer laser operating on XeCl 

(3088 nm, ~ 10 ns pulses, 30 Hz repetition frequency). A HyperDye 300 operated with 

RDCC 360 NEU with an output of 1 mJ and served as the dissociation laser. The REMPI 

probee laser (Lumonics Hyperdye-500) ran on DCM in DMSO with an output of 2 mJ 

andd was frequency doubled using a Lumonics HyperTrak-1000 unit with a conversion 
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efficiencyy of about 10 percent using angle-tuned non-linear KDP. The two beams 

enterr the ionisation region of a "magnetic bottle" electron spectrometer from opposite 

sidess with the dissociation laser beam unfocused and the probe laser beam, optically 

delayedd by 15 ns, focused by a 25 mm quartz lens to a spot size of 3.10~K cm2. 

Thee "magnetic bottle1' electron spectrometer has been described in detail 

previouslyy [38-40] and only a short description will be presented here. The 

spectrometerr consists of a flight tube in which a magnetic field is generated which 

divergess from 1 T in the ionization region to 10"3 T at the beginning of a 50 cm long 

flightt tube. This strong inhomogeneity enables the parallelization of about 2JI sr 

(50%)) of the emitted electrons produced in a single laser shot. The electrons are 

spatiallyy separated according to their kinetic energies and detected at different times 

byy a pair of microchannel plates (MCPs) at the end of the flight tube. The electron 

signall  is preamplified and recorded by a digital storage oscilloscope (Textronix TDS 

774,, 500 MHz) connected to a microcomputer (Intel 80486DX2, 66 MHz) for further 

analysis. . 

Thee use of the "magnetic bottle" electron spectrometer as a time-of-flight mass-

resolvedd ion spectrometer has on several occasions proved to yield valuable additional 

spectroscopicc information, although the ion detection efficiency is lower than for 

electronn detection. Appropriate voltages can be applied to two grids at opposite sides 

off  the ionisation region and the voltages on the MCPs are adjusted to permit the 

detectionn of positively charged ions. The mass resolution in this mode is about 1 at 

1500 amu. 

CIOO radicals were produced through photolysis of C102 via the (10,0,0) band of 

itss dissociative A2A2 excited state, with the dissociation laser set at 359.2 nm. C102 

wass produced by passing pure Cl2 gas (Matheson, 99.5%) through a glass tube packed 

withh NaC102 (Aldrich, 80% technical grade) [41]. The sample was effusively 

introducedd into the spectrometer, with typical pressures of 10'4 mbar in the ionization 

regionn and 10"6 mbar in the flight tube at a system background pressure of 2.10"7 

mbar. . 
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AA (2+1) one-colour REMPI-PES study was carried on the CIO radical in the 

one-photonn energy range 29 500 31 250 cm"1 using the probe dye laser. The energy 

scalee of the photoelectrons was calibrated using the known (2+1) REMPI signals of 

Krr [42], introduced into the spectrometer simultaneously with CIO2. An energy 

resolutionn of ~ 15 meV with an absolute accuracy of + 5 meV was achieved for all 

photoelectrons.. In addition, mass-resolved ion excitation spectra were obtained by 

monitoringg the 35C10 and 37C10 isotopomers, which were measured simultaneously 

byy setting suitably time-gated integrators. 

2.33 COMPUTATIONAL DETAILS 

Thee potential energy curve of the CIO 2n ground state was calculated at the 

Completee Active Space Self-Consistent Field [43] (CASSCF) level of theory. The 

potentiall  energy curves of the Rydberg states of CIO were calculated with an 

improvedd virtual orbital method [30]. We first optimized core orbitals for the 3I " state 

off  the C10+ ion at the CASSCF level of theory and added the Rydberg electron in a 

subsequentt Restricted Active Space Configuration Interaction (RASCI) [44] 

calculationn allowing only single occupancy of the virtual (RAS3) orbitals. This 

methodd takes care of the relaxation of the core orbitals with respect to the ground state 

andd of near-degeneracy interactions but does not include so-called dynamical electron 

correlationn effects. 

Al ll  calculations were performed with the DALTON program system [45] and 

employy the daug-cc-pVTZ basis sets of Dunning and coworkers [46-48]. The active 

spacee used in the CASSCF calculation for the X2n ground and 3£" ionic states 

consistedd of the 7a, lit  and 3n orbitals, while we included all virtual orbitals in the 

RAS33 space for the CIO C2I"(v' ) calculations. On the potential energy curve 78 

pointss were calculated in the range 1.2-1.8 A with a spacing of 0.002 A around the 

minimumm and a maximum of 0.04 A at the edges. The resulting data for the C2Z" and 

X^nn states were spline-fitted to obtain numerical functions of 1024 evenly spaced 
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pointss for use in the calculation of the Franck-Condon factors. These were determined 

viavia a standard method of numerical solution of the one-dimensional vibrational 

Schrödingerr equation. Vibrational wavefunctions and energies were obtained for v 

valuesvalues from 0 to 7 covering an energy range of 10000 cm . 

2.44 RESULTS AND DISCUSSION. 

Excitationn spectra are commonly recorded either by employing mass-resolved 

ionn detection or by monitoring the total electron count. The latter method in this case 

leadss to overlapping spectra from the 35C10 and 37C10 isotopomers (ratio 3:1) and so 

ionn detection, preferably on 35C10, was employed. 

60000 0 MI500 0 6100(1 1 

two-photonn energy (cm") 

FigureFigure 2.1: Experimental excitation spectrum of the CIO C~Z(v') *-<— X2Tlffv ") transition using a 
singlesingle tunable laser for both photolysis of 'CIO'2 and the spectroscopy of the CIO radical generated in 
thethe process. 

Inn Figure 2.1 we present an excitation spectrum obtained by 35C10+ ion 

detectionn in the two-photon energy range 59000-62500 cm" , the expected energy 
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regionn for the C2I <-+-  X2n excitation [35]. This spectrum shows different 

vibrationall  intensity distributions from those obtained previously [33], not 

surprisinglyy since the previous study involved a different production method 

(dischargee of Cl2, 02, and Ar) and rotational and vibrational cooling using a 

supersonicc expansion. The present spectrum was obtained by using a single laser 

whichh produces photons both for the C102 dissociation as well as for the subsequent 

two-photonn resonant MPI spectroscopy of the 35C10 radical. The observed excitation 

spectrumm shows much detailed rotational structure and is dominated by a band head 

startingg at a two-photon energy of 60 411 cm'1. About 23 cm'1 to the red the spectrum 

showss a weaker band head. We have carried out simulations using rotational constants 

Be,, rotation-vibration coupling constants a and y, and vibrational constants coe and 

coexee for the X [20,21,24] and C [21] states, as well as the ground-state spin-orbit 

splittingg A [21]. These parameters are summarised in Table 2.1. 

TableTable 2.1: Spectroscopic constants for the 35ClOX217and C2I states. 

v0.oo <oe coexe A Bc a y 

X 2n;; - 853.72 5.58 -321.77 0.623473 0.005945 0.000016 

C2 I '' 58374.73 1077.74 6.365 0.69805 0.005762 

Al ll  values in cm ' taken from [20,21,24]. 

Inn these simulations a transition from 2X~ <-<- 2na and a temperature of 500 K were 

assumed.. In a two-photon excitation process AJ = 0, , 2 transitions are allowed, 

andd the corresponding rotational branches and their intensities were calculated. As 

shownn in Figure 2.2b, the simulated C227(v'=5) <^<- X2n3/2(v"=4) transition agrees 

reasonablyy well with the observed spectrum in Figure 2.2a, where the above strong 

andd weak features correspond to the P and O band heads, respectively. The C I" 

(v'=5)) <—<- X2ni/2(v"=4) transition was also simulated, but barely observed. At our 

excitationn wavelength of 331.2 nm the excess energy available after photolysis of 

ClOii  is estimated to be ~ 11 400 cm"1 at 500 K [36], which is ample for production of 

thee CIO radical in its v"=4 vibrational state. The assignment of the other features in 
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thee observed excitation spectrum will become clear later. The broad feature around 59 

6000 cm"1 is of unknown origin. 

Thee rotational structure in the region of the band head is degraded to the blue. 

Thiss is consistent with the conjecture that an antibonding (3JT) electron is promoted to 

aa nonbonding (3dcr/4sa) Rydberg orbital, which would lower the bond distance and 

increasee the moment of inertia of the molecule in the excited state compared to that in 

thee ground state. 

(v'=5)) (v'-4)D>. 

(v'=5))  (v"=4)„., 

— '' 1 ' 1  1 < 1  1 1 1 1 — 

6000 00 6010 0 6020 0 6030 0 6040 0 6050 0 6060 0 6070 0 

two-photonn energy (cm ) 

FigureFigure 2.2: Experimental (a) and simulated (b) excitation spectra of a representative part of the CIO 
C~Z(v')C~Z(v') <—<— X'JJffv") transition using a single tunable laser for the photolysis of CIO: and the 
spectroscopyspectroscopy of the CIO radical generated in the process. Assignments are given above the spectrum. 

Theree is an important problem in obtaining REMPI spectra of a species 

producedd by photodissociation of a precursor with only a single laser. When the one-

photonn absorption spectrum of the precursor compound shows significant 

(vibrational)) structure, intensity changes due to variations in the photolysis efficiency 
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cann not be distinguished from those due to intrinsic changes in the excitation spectrum 

off  the CIO radical formed. This is precisely the case with the A2A2(vi,v2,v3) <- X2B| 

absorptionn spectrum of C102, where the A2A2 state is known to be predissociative 

[36].. It is therefore preferable to employ one laser at a fixed wavelength for the 

photolysiss of the parent compound, and a second laser for the spectroscopy of CIO. 

Fromm a recent study [49] of the one-photon A2A2 <- X2B| absorption spectrum of 

C1022 no transition at 30 194 cm"1 is apparent, since it is outside the range covered. 

However,, if we extrapolate the data of Lim et al. [49], a transition to A A2 (13,2,0) is 

estimatedd to occur at approximately 30190 cm"1 or 331.2 nm. In this picture both the 

symmetricc Cl-0 stretch and bend modes are excited. 

— 11 1 1 1 1 1 1 1 1 ' 1 ' 1 ' 1 ' 1 
590000 5950 0 6000 0 6050 0 6100 0 6150 0 6200 0 6250 0 6300 0 

two-photonn energy (cm ) 

FigureFigure 2.3: Experimental excitation spectrum of the CIO C?Z(v') <-<-  X2I7a(v") transition using a 
separateseparate laser at 359.2 nm for the photolysis of C102 and a second tunable laser to scan the CIO 
transition.transition. Assignments are given above the spectrum. 
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Additionally,, the C2I " (v'=5) <-<-  X2n3/2 (v"=4) excitation is estimated to 

occurr around 60395 cm'1. At the chosen wavelength both the C102 photolysis and the 

CIOO REMPI process appear sufficiently efficient, leading to the dominant feature in 

Figuree 2.1. 

Inn Figure 2.3 we present another excitation spectrum of the CIO radical in the 

two-photonn energy range 59000-62500 cm'1. This spectrum was again obtained in a 

(2+1)) REMPI process employing 35C10+ ion detection. However, the crucial 

differencee with the spectrum shown in Figure 2.1 is that here a separate photolysis 

laserr with a wavelength of 359.2 nm (~ 27840 cm"1) was added which pumps the 

AA A2( 10,0,0) <- X2Bi (0,0,0) one-photon transition of C102. This procedure ensures 

thatt the production of CIO is approximately constant, leading to an excitation 

spectrumm which is much more representative for the spectroscopy of the CIO radical. 

Thee difference with the spectrum in Figure 2.1 is striking. Again, several features 

arisingg from the C2I"(v' ) <-<- X2FIn(v") transition are observed and extensive and 

nott completely resolved rotational structure is present. In order to aid with the 

analysis,, simulations of the excitation spectrum were attempted with the same 

molecularr parameters as above and an estimated temperature of 500 K. Again, the 

agreementt with the experimental spectrum is quite reasonable. On the basis of our 

simulationss we assign various transitions of the type C2Z"(v'=2-5) ^<_ X2FI]/2. 

3/2(v"=0-4).. The positions of the band heads of the observed P and O branches, as 

welll  as the corresponding results of the simulations, are summarised in Table 2.2. 

Att our photolysis wavelength of 359.2 nm the excess kinetic energy available is 

approximatelyy 9050 cm"1, more than sufficient for the observed vibrational excitation. 

Fromm our spectra it is not easy to decide whether the CIO radical is formed in higher 

vibrationall  levels than v"=4. The observable transitions expected from these levels 

eitherr occur outside the spectral range accessed during the present experiments, or are 

predictedd to be weak. The expected low intensities arise from the small Franck-

Condonn factors that play a role in the two-photon excitation processes C2I"(v')<-<— 
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X2Ili/2,3/2(v">4)) which appear in our spectral range [50]. Our results, therefore, do 

nott allow any conclusions about CIO X ui  2,3 2(v">4) formation. 

TableTable 2.2: Experimental and simulated band head positions. 

c 2r(v')4-x 2nn(v" ) ) 

V'=2< --  V"= 0 0=1/ 2 

v'=2< --  v"= 0 0=3- 2 

v'=3< —— v"= 0 0=1/ 2 

v'=3< —— v"= 0 n=3. 2 

v'=2< --  v"= l  o=,/ 2 

v'=2< --  v"= l  0=3/ 2 

v'=3< --  v"= l  0=1 2 

v'=3< —— v"= l  0=3, 2 

v'=4< --  v"= l  Q=I  2 

v'=4< --  v"= l  0=3/ 2 

v'=4« --  v"= 2 0=1- 2 

v'=4< —— v"= 2 0=3/ 2 

v'=5< --  v"= 2 o=l, 2 

v'=5« --  v"= 2 0=3 2 

v'=5« --  v"= 4 0=1/ 2 

v'=5< --  v"= 4 0= 3 2 

00 branc h 

Exp. . 

Nott  obs. * 

6061 6 6 

Nott  obs . 

6164 6 6 

Nott  obs . 

5977 2 2 

6048 8 8 

6080 8 8 

6151 2 2 

6183 2 2 

Nott  obs . 

6100 6 6 

6169 8 8 

6201 2 2 

Nott  obs . 

6038 8 8 

Sim. . 

6028 6 6 

60611 1 

61321 1 

6164 6 6 

5945 0 0 

5977 3 3 

6048 5 5 

6081 0 0 

6150 8 8 

6183 3 3 

6068 0 0 

6100 5 5 

61691 1 

6201 6 6 

6007 0 0 

6039 5 5 

PP branc h 

Exp. . 

Nott  obs . 

6063 8 8 

Nott  obs . 

6167 6 6 

Nott  obs . 

5979 6 6 

6051 6 6 

6083 2 2 

6154 0 0 

6186 0 0 

6071 1 1 

6103 0 0 

6172 6 6 

6204 2 2 

6010 4 4 

6041 1 1 

Sim. . 

6031 4 4 

6063 7 7 

61351 1 

6167 5 5 

5947 3 3 

5979 7 7 

6051 2 2 

6083 6 6 

6153 8 8 

61861 1 

6070 7 7 

61031 1 

6171 9 9 

6204 3 3 

6009 4 4 

6041 7 7 

Alll values in cm" 
** not observed 

Inn a recent study CIO2 was photolysed in the spectral region between 335 and 

3700 nm [37] in a single-laser experiment, and C10+ was monitored with REMPI. CIO 

wass found to be generated in its spin-orbit split electronic ground state in vibrational 

levelss v"=3-6. With a laser wavelength of 360.2 nm or 27 762 cm"1 one-photon 

excitationn of C102 to its A2A2( 10,0,0) state takes place with significant CIO 

X2riQ(v"=5)) production. Previous experiments that involved the wavelength-

dependentt formation of vibrationally excited CIO from the photolysis of CIO2 include 
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aa study in the spectral region 356-370 nm [51]. Employing a laser at 351 nm to excite 

thee A2A2 (11,0,0) dissociative band of C102 the formation of CIO X 2nn in vibrational 

levelss v"=0^1 was observed [36]. Our experiments essentially confirm such results. 

(a)) 60488 cm (b)608088 cm 

ii  r 

>/ J WW UAW' 
0,00 0.2 0,4 

AA A 
0.00 0.2 0.4 

(c)6l832cm m (d)) 62012 cm 

66 5 4 

0,00 0,2 0,4 

Electronn energy (eV) 

0,00 0,2 0,4 

Electronn energy (eV) 

FigureFigure 2.4: Photoe/ectron spectra obtained at two-photon energies of (a) 604HH cm' which 

correspondscorresponds to the O branch band head in the C2T (v '=})  <-<-  X2n, 7(v' '=1) transition: (b) 60808 

cm'cm' which corresponds to the O branch band head in the C2Z~ (v'=3) <—f-X2n„;(v"=l)  transition: 

(c)(c) 61832 cm' which corresponds to the O branch band head in the C'T (v'=4) <-<-  X2ft12(v"=l) 

transition:transition: and (d) 62012 cm' which corresponds to the O branch band head in the C2Z(v '=5) <-<-

XX22nni;i; 2(v'2(v' '=2) transition. 

Thee experimental peak height ratios for the C2E"(v'=3) <—<- X2n3/2(v"=l) and 

C2ZXv'=3) ) X 2n,/2(v"=l) ,, and for the C2S~(v'=4) X2n3/2(v"=2)) and C2S" 

(v'=4)) — XTIi/2(v"=2) transitions, are estimated as about 2.5:1. If this intensity 
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ratioo reflects a Boltzmann distribution over the ground-state spin-orbit split doublet, a 

temperaturee of- 500 K is derived. In view of uncertainties about laser dye curves and 

thee limited signal to noise ratio this temperature is only very approximate at best. 

Fixingg the probe laser wavelength on specific features in the excitation spectrum 

off  the C22T state and analysing the ejected electrons according to their kinetic 

energies,, PE spectra from the C22T state to the accessible ionic states were observed. 

PEE spectra obtained at two-photon energies of (a) 60488 cm"1 which corresponds to 

thee O branch band head in the C2X~ (v'=3) <-<-  X2n12(v"=l ) transition; (b) 60808 

cm"11 which corresponds to the O branch band head in the C I " (v'=3) <— <-

X2ri3/2(v"=l)) transition; (c) 61832 cm"1 which corresponds to the O branch band head 

inn the C2S" (v'=4) <-<-  X2n3/2(v"=l ) transition; and (d) 62012 cm"1 which 

correspondss to the O branch band head in the C2Z~(v'=5) <-<- X2n3/2(v"=2) 

transitionn will be discussed in some detail. The PE spectra are presented in Figure 2.4. 

Thee PE spectra only show evidence for one-photon transitions from the C"S 

statee to the lowest X3I" lowest ionic state. This is not surprising, since the C I " state 

cann be viewed as the lowest Rydberg state belonging to a series converging upon the 

lowestt ionic state. Often for a Rydberg state the shape and position of the potential 

energyy curve are very similar to that of the ionic state upon which the series 

converges,, leading to Franck-Condon diagonal spectra with Av - v+ - v ,= 0. Indeed, 

alll  PE spectra show a maximum intensity at the diagonal transition. However, the off-

diagonall  Franck-Condon factors are not negligible and indicate a slight difference in 

bondd lengths between the C2S" state and the lowest X3X" ionic state. Moreover, the PE 

spectraa confirm unambiguously that the C2I" state can be described predominantly as 

aa 3X" core with an external Rydberg electron, which is removed on photoionisation. 

Thee PE spectra arising from C22"(v'=3) are similar in appearance, with the 

dominantt transition to X3I"(v+=3) as expected for photoionisation from a Rydberg 

state.. The C2I'(v'=3) state in (a) is reached from CIO X2ITi  2, and in (b) from X2n3 2. 

Forr one-photon ionisation the difference in the positions of the dominant peaks in the 

PEE spectra shown in Figures 2.4a and 2.4b should therefore correspond to half the 
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spin-orbitt splitting in the neutral ground state. Indeed, a shift of 19  1 meV is 

observedd in going from Figure 2.4a to 2.4b. The PE spectra arising from C2I"(v'=4) 

andd C I'(v'=5) show dominant transitions to v+=4 and v+=5 respectively, but for 

higherr v' off-diagonal Franck-Condon factors become progressively important. In our 

PEE spectra we observed vibrational spacings in the X3E" lowest ionic state which 

correspondd well with an earlier experimental value of 1040 cm"' obtained by 

conventionall  PES [5]. The slight differences that exist for the 35C10 and 37C10 

isotopomerss are not resolved. 

R(A) ) 

-534.44 J 1 

FigureFigure 2.5: Potential energy curves as a function of internuclear distance for the X2Fland C2I states 
ofof the CIO radical, and the X3Z lowest ionic state of CIO', calculated at the ah initio CASSCF level oj 
theory. theory. 

Inn order to calculate Franck-Condon factors we generated ab initio potential 

energyy curves using the improved virtual orbital CASSCF method outlined above. 

Thesee curves are presented in Figure 2.5 and show minima at 1.602, 1.473 and 1.464 

AA for the CIO X2n , C2I" and C10+ X3I" states, respectively. The calculated excitation 

energiess (Te) relative to the X2n ground state are 53292 cm"1 for the C2E" and 79 634 

cm"'' for the ionic X3Z" state. 
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Ourr calculated ground state CIO bond length is too long by 3 pm. Song and 

Sungg [52] presented HF, MP4 and CISD calculations which show that the ground-

statee bond length of CIO is shortened by 2 pm upon inclusion of dynamical electron 

correlation,, while the C10+ bond length remains almost unchanged. Since these 

dynamicall  electron correlation effects are not well represented in the CASSCF 

method,, this is likely to be the major cause of the discrepancy found in our present 

calculations.. The curves for the C2I" and ionic X3S" state are very similar and this 

leadss to a very diagonal Franck-Condon matrix. The improved virtual orbital method 

does,, however, give a possible bias for such a diagonal matrix because both the 

primaryy Rydberg state and possible interacting valence states are represented with the 

samee set of doubly occupied orbitals. This may underestimate the influence of such 

valencee states. When analysing the occupancy of the C2S" state we find that it is 

clearlyy a Rydberg state with only littl e mixing from other states. To get a better 

descriptionn of this mixing and of the missing dynamical electron correlation effects 

wee therefore also tried optimizing the C and other Rydberg states directly within a 

RASSCFF formalism using a larger active space that included double excitations out of 

coree orbitals. With this procedure, however, we encountered severe problems in 

convergingg to the proper excited states. The RASSCF procedure implemented in 

DALTONN [45] converged to different local minima depending on the starting orbitals 

chosenn and made it impossible to obtain a reliable representation of the full potential 

energyy curves. This convergence problem might be an indication of a stronger 

couplingg between states than is apparent from the improved virtual orbital method, but 

moree work is necessary to substantiate this hypothesis. 

Franck-Condonn factors were also calculated from Morse potential energy curves 

constructedd from experimental information available for the CIO C I" state [21] and 

C10++ X3I" ionic state [5]. The data available for the lowest ionic state are somewhat 

questionable,, since the Morse potential had to be composed on the basis of vibrational 

37 7 



CHAPTERR TWO 

spacingss of 1040 cm"' between v*=0 and v+=l [5], and of 1024 cm"' between v+=3 

andd v+=4 as estimated in this work. 

Inn Figure 2.6 our experimental Franck-Condon factors measured for the X3I" 

(vv ) <- C S"(v') one-photon ionisation transitions are compared with the results of our 

calculationss based on ab initio and Morse potential energy curves. The ab initio 

calculatedd Franck-Condon factors are more diagonal than those computed from the 

Morsee curves, but the overall correspondence is reasonable. The agreement between 

ourr experimental Franck-Condon factors and those computed from our Morse type 

potentialss is optimal for a bond length of 1.475  0.005 A for CIO' in its X3Z" state, a 

valuee in agreement with the previous experimental estimate of 1.48  0.01 A [5]. 

v'' = 3 v'' = 4 v'' = 5 

(a) ) 

(b) ) 

(c) ) 

FigureFigure 2.6: Franck-Condon factors for the ~'Z(v') f- C~I(v') one-photon ionisation transitions 
obtainedobtained from (a) the present experiments; (b) the present ab initio calculations; (c) calculated on the 
basisbasis of Morse potentials derived from spectroscopic parameters of the CIO C2! state [21] and the 
CIO*CIO*  3T state [5, this work]. 
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2.55 CONCLUSIONS 

Thiss paper presents a REMPI and REMPI-PES study of the lowest-lying 

Rydbergg state of the CIO radical, C2I"( v'=3-5). This state is now unambiguously 

characterisedd and is found to possess a 3I~ core and a Rydberg electron of ka 

symmetry.. When the Rydberg electron is removed on photoionisation, the Franck-

Condonn factors accompanying the ionisation to the lowest X3S" ionic state are not 

completelyy diagonal. Using ab initio and experimental potential energy curves a 

comparisonn between experimental and calculated Franck-Condon factors shows a 

changee in bond length on removal of the Rydberg electron, suggesting that the bond 

lengthh in the X3Z~ ionic state is 1.475  0.005 A. In addition it is confirmed that UV 

laserr photolyis of CIO2 via its dissociative A2A2(vl,v2,v3) band generates the CIO 

radicall  in its electronic X2TIQ electronic ground state, but with a significant degree of 

vibrationall  excitation up to at least v"=4. 
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