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Negative photoion spectroscopy of freon molecules in the vicinity of the ClRedge
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Polar photodissociation of GEl,—, (h=0-2) has been studied using synchrotron radiation within the en-
ergy range 195-217 eV. The first observations of negative photoion fragments from these molecules after core
excitation are reported. In addition to observing a number of previously known resonances two additional
resonant states, just above the @liBnization limit, are observed and play an important role in the polar
photodissociation process. The difficulties in identifying these above threshold spin-split features using nega-
tive photoion spectroscopy are discussed.
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[. INTRODUCTION transitions to antibonding states with almost no evidence of
Rydberg transition$15]. The accepted model for molecules

Spectroscopy of core excited molecules is a valuable techin which halogen atoms form a cage around the central car-
nique from which much information concerning symmetry bon atom is that the diffuse Rydberg wave functions are ex-
and electronic structure can be obtained. Features observediled from within the cagé28]. The Rydberg states exist in
in core excitation spectra are essentially characterized bgin outer, shallower potential which has poor spatial overlap
resonances associated with the first empty molecular orbitalgith the C 1s wave function. Whereas the antibonding states
(MO’s), which often appear as broad bands, as well agwhich can also be regarded as scattering resonances for
sharper structures involving transitions to Rydberg orbitalselectrons trapped between the carbon atom and the ligands
The advantage of this technique as a means of investigatingave enhanced spatial overlap with the £wlave function.
these unoccupied MO’s lies in the simplicity of the interpre-This effect is not observed in GHbecause the H atoms have
tation of the spectral data due to the highly localized natureveaker scattering amplitude than the more electronegative
of the core electron. halogens.

Chlorine containing molecules such as carbon tetrachlo- Although most previous measurements of polar photodis-
ride (CCl,) and the freon moleculdCF,Cl,_,) are perfectly  sociation have been performed in the valence shell excitation
suited for inner shell spectroscopy using soft x-ray photonstegion [29] a number of such studies have recently been
In addition these molecules have received considerable attereported in the core excitation energy rarj§é-33. In the
tion due to the recognition that they are responsible for theases of CO and J© these investigations have shown that
depletion of the Earth’s ozone layer through photochemicathere is a complete suppression of shape resonance features.
processes in the upper levels of the atmosp[iE&@. In view  This is significant because shape resonances are a controver-
of the importance of quantitative data for the photoexcitatiorsial subject in part because there is no generally agreed way
of freons and CC| these molecules have been studied by &o distinguish them unambiguously from doubly excited
number of groups[3—-11. Much attention has also been stateq28]. However in our previous work involving the cage
given in electron impact studies to the inner shell transitiorstructured Sgmolecule we have clearly observed the pres-
regions involving the CI @,2s and C & electrons[12-23.  ence of shape resonances in the formation of fragment anions
Schenket al. [24] have reported photoion pair formation [34].
from freon molecules in the photon energy range 8-26 eV. In the present work we have further investigated the role
They observed that the negative photoion yields of thesef antibonding and Rydberg states on cage type structures by
halomethanes displayed similar patterns and that the monatudying negative photoion formation in CCind several
atomic halogen negative o€~ and F) are dominant. To freon moleculeCF,Cl,_,, n=1,2) within the energy range
the best of our knowledge there have been no previousl§95-217 eV in the vicinity of the core Clp2energies.
reported measurements concerning the polar photodissocia-

tion of CCl,.
In the valence-isoelectronic series of tetrahedral mol- Il EXPERIMENT
ecules, CECl,_, (n=0-3), only CCl, can haveTy symmetry. These experiments were performed at the Daresbury labo-

The electronic and vibrational spectra of tetrahedral molratory UK Synchrotron Radiation Source on beamline 5D,
ecules withTq symmetry should in principle be relatively using a spherical grating monochromator which incorporates
simple due to their high molecular symmetry. However,three gratings to provide photons within the energy range
when these molecules are compared with the simpler tetr&20-215 eV. The experiments described here were carried out
hedral methanéCH,) molecule some differences arise. The using the high energy gratindtdEG) within the photon en-

C 1s x-ray absorption spectra of methane appears to be conergy range 195-215 eV with a bandpass between 0.03 and
pletely Rydberg likg15,25—-27 showing no evidence of an- 0.06 A. Photons produced in the storage ring entered the
tibonding states. However CLseems to be dominated by experimental chamber via a 2.4 mm internal diameter glass
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R e v PR ] (1b31a2)(2a21b7)(332)
4PI_IE e (2b24a2)(5a23b24b22b%1a26a2)
o 434 p,—HH 2p,, (7a23b28a25b59a26b510a24b?1 182285502 7h51 2a23a56b28b3) ,
0‘. where the parentheses denote the €IA1s, C 1s,
_ . .. Cl 2s, Cl 2p, and valence orbitals respectively. In addition
8 & ] there are unoccupied valence antibonding orbitals
€ 1251 o T . - 1380, 903, 709, and 142 which have (C-C),
g o / (C-Ch*,(C-F)", and(C-F)" character, respectively.
o b ?‘* 1 Figure 1 shows the first measurements of the yi¢ld
e / curve in the energy region required for Qb Zxcitation
; 1.00 - ° T (195-217 eV. This ion yield curve was obtained with a pho-
5 ton energy resolution of 0.06 A200 meV at 205 ey, A
(7] ’° CI from CF CI ] small F signal was obtained at these energies however no
o7 L ™ rom LF, | resonant structure was observed. @li@ner shell excitation
) Hbde studies of CECl, have been made by several groups using
\0 “ electron energy loss techniqugkb], photoabsorpion tech-
e LJ L niques [37] and photoion-photoion coincidena@IPICO)
osol  13a, 14a ] techniqueq19]. The assignments used to describe some of
R = the resonant structure observed in thé geld are given in
200 205 210 215 Table | and follow those of Zhangt al. [15]. The intensity
Photon energy (eV) distributions of the Cl p5,13a,,14a, and Cl 2,,,13a, tran-

) ) . ) sitions are slightly different to those observed in the photo-
_ _FI_G. 1. Cr photqloq yu_ald curve obtalned_for _cgelz in the absorption measurements.
vicinity of the CI 2p ionization edge. The vertical lines represent The formation of Cl after Cl 2 electron excitation may

lonization potentials for the spin Orb.'t split szelec.trons' AISO. follow a spectator Auger decay mechanism similar to that
marked are Rydberg states converging onto these ionization limits

(2P1/onp, 2P4oNns, 2P5onp, 2P3ons) and unoccupied valence or- observed in S.@ [3.8] gnd Sk [34]'. Cl_. was not .observed
bitals associated with Cli2excitation after Cl 2o excitation in CRCI, which is suggestive of the
' fact that the atom which has the core hole or vacancy after

photoabsorption is not involved in the negative ion channel.

capillary, were crossed at 90° by a low pressure gas jet of thg gpectator Auger decay is responsible for the negative ion
target species and subsequently detected using#fAho-  fragmentation at these high energies then a process such as
tocathode. The photon flux was obtained by taking into ac-

count the relative detection efficiency of the photocathode «
with respect to wavelengtf85]. CRCly +hv— (CRCly)

A triple-quadrupole mass spectromegetiden Analytical !
HAL IV IDP) was then used to analyze the negative ion (CF,Cly) + €ruger
fragments produced in polar photodissociation of the target
species. The ions formed in the interaction region were swept l
towards the quadrupole by an electrostatic field0 V/cm, CRCI*" +CI”
defined by a pair of high transparency mesh grids. Negative
ions with a stable trajectory within the triple-quadrupole may occur. Indeed above the Qb Zdonization potentials,
mass spectrometer were detected by an off-axis channel eleehere a large negative ion continuum is observed, the pro-
tron multiplier. The data presented here have been normabess may be
ized to account for target gas density by calibrating the sen-
sitivity of the ionization gauge to within £7% for the
different species investigated, using an MKS Baratron type
170 capacitance manometer. The photon energy was cali- l
brated by comparing the positive ion yield produced after (CRCI™) + CI” + €3yger-
S 2p core electron excitation of fwith the high resolution
photoabsorption spectrum measured by Hudsoal. [36].

CECl, + hy— (CFZCIZ)* + e;hotoelectron

In both cases the multiply charged fragment can undergo
further dissociation. The negative ion continuum appears to
be a function of photon energy, which is probably a result of
the negative ion no longer being produced from a resonant
state and the ejected core electron can now carry away any
excess energy. The chlorine anion may also be formed via
ultrafast dissociation which occurs before Auger decay. An-
ion production via ultra-fast dissociation has recently been
observed in B{CH,),,Cl [39].

Ill. RESULTS
A. CF.Cl,

The ground state electronic configuration of ,Ck (in
C,, symmetry is given by
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TABLE |. Experimental energies for resonances in the $plec- 6.0 ——1———— ———
tra obtained from C§Cl,. The uncertainty in the term values for the 4s| L 2p
above threshold resonances arises from the quadrature sum of the I 4p|_|-|'|- w2
40 meV uncertainty in the.energy of the Qb R)nizatio.n. potentials 4s| Tl 2
and the 150 meV uncertainty of the resonance position. 5.0 |- 4p| J m Pin 1
Energy +0.15eV)  Term value(eV)  Electronic transition ;;
200.73 6.74 Pajp— 133 ®aol ] :. i
202.23 6.87 Pro— 133, 5 S .
204.04 3.43 Pa— 48y £ Cf from CFCI, S D
204.07 3.24 Pap—4s %S a0l . !' ‘l‘ 1
205.70 3.40 Pip—4s ot .
205.80 3.30 P1p— 148y Té .‘ |
207.47 (2pa0) > K :&.’\.{ 5
207.53 -0.06+£0.16 &,— o or 2e 20 /v .
209.10 (2p10) 7t -
209.20 -0.10+0.16 Bip— 0 Or 28° ¢
1.0 . 2a|_| L_h3a, .
Some of the below threshold resonant features have been o '_ |_| Me 0
assigned to photoexcitation into antibonding unoccupied va- 200 205 210

lence orbitals, 1&,,9b,,14a,, and b;. This excitation will
only be intense if the antibonding orbital is spatially close to

the.origir)ating orbita[40].AdditipnaIIy, mixing between the FIG. 2. CF photoion yield curve obtained for CFCIn the
antibonding and Rydberg orbitals of the same symmetry, iy of the CI 2y ionization edge. The vertical lines represent
should be small. Extensive mixing of unoccupied valencgnization potentials for the spin orbit split Cp2electrons. Also

and Rydberg orbitals will distribute the oscillator strength marked are Rydberg states converging onto these ionization limits
between many excitations resulting in a broad rather than 8P, ,—np, 2Py ;o— NS, 2P3,—np, 2Ps;,—ns) and unoccupied

single distinct transition. In the case of a molecule which hasalence orbitals associated with Qb 2xcitation.

a potential barrier, penetration of the diffuse Rydberg orbitals

into the inner molecular region is avoided and the antibondyiscoant to what was observed in Skhere S was ob-
ing orbitals may behave as quasibound states. The first fe@'erved after S @ excitation[34].

peaks at 200.73 eV and 202.23 eV appear to be well sepa-

rated from any possible Rydberg states and are believed to be

purely due to excitation into unoccupied valence orbitals. B. CFCl3

However the features at higher energies may have contribu- . i .
tions from both Rydberg and unoccupied valence orbitals. The grognd_state electronic configuration of CE@ Cg,
Rydberg states converging onto the ionization limits of thesymmetry is given by
Cl 2p electrons are marked on Fig. 1. They have been iden-

tified using the previously reported quantum defects of King  (1af1e*)(2a9)(3a)(26"4a)) (5ai3e*1a54e"6a75¢")
and McConkey[4_l]. The most intense features, which ap- (7a28a266*9a210a27¢"8e*1 122961 0e*2a2)
pear to reach their respective maximasdd.1 eV above the 1

Cl 2p ionization potentials, are due to previously unobserved A

states. These two peaks have been fitted to Voight functions,

i.e., by a Lorentzian function convoluted with a Gaussianwhere the parentheses denote the €IR 1s, C Is,
function. The Lorentzian width should give a measure of theCl 2s, Cl 2p, and valence orbitals respectivelis]. In addi-
width of the state, whereas the Gaussian width correspond®n there are unoccupied valence antibonding orbitals
to the instrumental broadening due to the resolution of thd2a), 11>, and 1%} which  have (C-CI)",
monochromator. These fits give linewidths of (C-Cl)’, and(C-F)" character, respectively. Figure 2 shows
2.2+£0.4 eV(2ps,) and 0.7+£0.5 eM2py;»). The fact that all  the CI ion yield curve obtained after photoexcitation of the
of these resonant states are only observed in thel@innel Cl 2p inner shell electrons of CFEIThe CrI yield was mea-
suggests, if the spectator Auger decay mechanism holds, thatired with a photon energy resolution of 0.03100 meV at
they are all to some extent localized in the vicinity of the C1205 eV).

atoms. This localization could explain why no resonant Spectroscopic measurements for @léectrons in CFGI
structure is observed in the Ehannel. The absence of reso- have been performed previously by groups using electron
nant structure in the Clchannel after Cl @ excitation in  energy loss techniqud45,42, photoion mass spectrometry
CF5Cl also suggests that the ligand with the core hole canndi20] and photoion-photoion coincidence technig{&d. The
undergo decay to become a negative ion. This is notablgssignments of Zhanet al. [15] have been used to describe

Photon energy (eV)
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TABLE II. Experimental energies for resonances in the Cl ing the quantum defects of King and McConkgil]. The
spectra obtained from CFLI broader features appear to be due to the antibonding
133, (C-F)" and 1 (C-Cl)" unoccupied valence orbitals. In-
Energy +0.1%eV)  Term value(eV)  Electronic transition  terestingly the intensity distribution of these unoccupied va-
lence orbitals agrees well with that observed in the electron

58(1)_;33 2.2513 %";/22:11215: energy loss work of Zhanet al. [15]. The negative ion yield

‘ : curve above the Clionization thresholds is considerably
202.33 6.50 Pro— 1229 larger than the yield below the inner core transitions. Similar
203.15 5.66 P1p—1le behaviour was observed in gH, and it is thought that it is
203.96 3.24 Pap—4s,133 due to polar photodissociation from an excited ionic state,
205.57 3.24 P1jo—4s such that
;8325 319 3(12/;3/2)1_?1 CFCk+hyv— (CFCE) * €photoelectron
207.43 -0.23+0.16 & o OF 267 l .
208.81 (2py) (CFCE™)" + CI" + €xyger-
209.03 -0.22+0.16 R,— 0 or 27 Here spectator Auger decay no longer occurs because the

excited electron is now in the continuum. It is also no longer
the below threshold resonances observed in they@ild & resonant process since the ejected electron can remove ex-
curve shown in Fig. 2. The present assignments and thef€ss energy and a continuum of negative ion signal is ob-
experimental energies are listed in Table II. tained.

The Cr yield observed in the vicinity of the ClRedge
has a maximum which is nearly a factor of 30 times the size
of the largest CI signal obtained after ClIf2 excitation in C. CCly
CFCl,. This large increase cannot be explained using the The ground state configuration of GQIn T4 symmetry
simple idea of having an extra chlorine ligand in this mol-is given by
ecule. Zhanget al. [15] have observed a slight increase in the

64942 2 642 61~21+61 4146
oscillator strength for CFGlcompared to CCl, in the en- (1tz1ay) (2a7)(2t7387) (3tz4a; 1t1€74t)
ergy region required for Cl2excitation, however it is not as (5a35t56a561526*7t52t5)
large an increase as that observed in the negative ion chan- 1A,

nel. In fact the increases in photoabsorption oscillator
strength at the Cl 2 edge as we progress along the;CFto  where the parentheses denote the €1Q 1s, CI 2s, Cl 2p,
CCl, chain appear to be proportional to the number of Cland valence orbitals, respectivdgly5]. In addition there are
ligands. This does not appear to be the case in this study afnoccupied valence antibonding orbitalafhnd 82 which
the CrI” fragments. both have(C-CI)* character. The analysis for GQlo date

It is thought that the CI photoion production resulting has been based ofy symmetry, however, the isotopic dis-
from inner shell excitation of CFGlis due to spectator Au- tribution of Cl(75.5% CF®,24.5% C#’) breaks the symme-
ger decay in a similar manner to that described for thery of the molecule so that it consists of a mixture of five
CF,Cl, molecule. Again we see contributions from unoccu-isotopomers; two oTy, two of C5,, and one ofc,, symmetry
pied valence and Rydberg orbitals below the @li@nization  [18].
thresholds, and from previously unobserved resonance states The CI photoion yield curve obtained for CCin the
just above the ionization thresholds. The term values for thicinity of the Cl 2p ionization edge is shown in Fig. 3. This
unoccupied valence orbitals appear to be slightly smalleyield curve was measured with a photon energy resolution of
than the corresponding term values observed inGLE  0.03 A (100 meV at 205 ey, Much previous work has been
whereas the term values for the above threshold states appeairried out on the Cl 2 photoexcitation processes in CCl4,
to be slightly larger. including electron energy losgl2,15,16,42 and photoab-

The \oight profiles fitted to these two peaks give sorption[17,18,37 spectroscopies. The abundance of earlier
linewidth ~ values  of  0.98+0.10 €¥¢p;,) and  spectroscopic studies allows for a relatively easy interpreta-
0.83+0.15 eV2py,,). There appears to be structure with ation of the below edge resonances observed in theyfeld
spacing of 0.4 eV on top of the resonances which may be dueurve. These assignments are shown in Fig. 3 and tabulated
to vibrational levels or it may be due to two electron excita-in Table IIl. According to their large term values the 200.31
tion processes occurring in the same energy region, similar tand 201.85 eV bands are assigned as transitions to the C-CI
that observed for Sfafter S 2 excitation[34]. The mixing  antibonding orbital @, from the Cl 2p;, and Cl 24, orbit-
of Rydberg orbitals with unoccupied valence orbitals appearsls, respectively. The t8 orbital appears to have 4 bands
more clearly in CFGJthan in the CECl,. Two sharp features associated with it and HL7] has suggested that this is due
at 204 and 205.5 eV superimposed on top of broader featurée Jahn-Teller components of the transitions from the spin
appear to agree well with the assignment sfRydberg or-  orbit split Cl 2p orbitals. However de Simonet al. [18]
bitals converging onto the spin orbit split Cbdonization  have also suggested that the fact that 4€Mmade up of five
potentials. Here again the Rydberg states were obtained usotopomers may produce the splitting. The progressive low-
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FIG. 3. CI photoion yield curve obtained for CLin the vicin-
ity of the Cl 2p ionization edge. The vertical lines represent ioniza-
tion potentials for the spin orbit split ClRelectrons. Also marked
are Rydberg states converging onto these ionization lif2B,
—np, 2P4»,—ns, 2P3,,—np, 2P5,— ns) and unoccupied valence
orbitals associated with Cl@2excitation.

ering of symmetry may split the, state into two and then
three dipole allowed substates.

PHYSICAL REVIEW A 70, 042707(2004)

TABLE lll. Experimental energies for resonances in the ClI
spectra obtained from Cg&lI

Energy +0.1%V) Term value(eV) Electronic transition

200.31 6.73 Pap— 7
201.85 6.88 Pip— 7
202.98 4.06 Pajo— 8tx(1)
203.50 3.54 P3p—4s
203.89 3.15 Paro— 8t2(2)
204.67 4.06 P1o— 8ty(1)
205.19 3.54 P1p—4s
205.64 3.09 P12—8t2(2)
207.04 (2p3)7t
207.41 -0.37+0.16 &,— o or 2e
208.73 (2py)~*
209.09 -0.36+0.16 R— 0 or 26

CRsCl, CECl,, CFCL, and CCJ, and found that all of these
curves had approximately the same peak in oscillator
strength with a value per Cl atom ef3.65X 1072 eV . This
implies that the oscillator strength increases linearly with
increasing number of CI ligands. The ratio between the
CFCl and CC}, oscillator strengths after ClRexcitation
should therefore be 4/3, which is very similar to the increase
we observe in the Clsignal between CFgland CC}. How-
ever this additivity rule is clearly not in accord with the
change observed between the,Ck to CFCL and it is not
clear what causes this. It is suspected that symmetry consid-
erations and bond lengths may play a role in the fétma-

The present data shows fine structure not observed in pr&lon- This could produce the anomalous behavior observed
vious methods even though the resolution used is of the sanf$Pecially since it appears likely that the negative ion forma-
order, if not worse, than the previous measurements. The fadlen is sensitive to the localization of the excited electron.
that this structure is observed more in the second broad pedi'® lack of any resonant structure in theykeld after Cl 2
than in the first suggests that it is due to Rydberg state§Xcitation provides evidence for such a localization effect.

converging onto the Cl2edges. These Rydberg states may
be too weak to be observed in photoabsorption, but may

. . . IV. DISCUSSION
actually provide quite strong channels when the photoion

pair process is considered.

The origin, and term values, of the two dominant resonant

The two most intense resonance peaks that occuieatures observed for the first time in the freon molecules
~0.37 eV above their respective ionization thresholds havstudied in the present work, remains a difficult question. The

also been observed by de Simoeteal. [18] and Ho[17] in
their photoabsorption spectra. de Simateal. measured the

equivalent features have been observed previously in, CCl
photoabsorption cross sections and thus attributed to either

energies at the center of each peak to be 207.36 and 209.8Rape resonances or two electron excitation by different
eV in agreement with the present data. Their measuredorkers[17,18. In our earlier worl{34] we have shown that
widths for these states, which were both 1.33 eV, are in rean Sk, which has a similar cagelike structure to ¢@hd is
sonable agreement with the linewidths obtained from theconsidered to provide prototype examples of shape reso-
present data. The linewidths obtained from Voight profilesnance phenomena, such resonances can have lifetimes in the

are 0.95+0.15 e\2p3,») and 1.34+0.15 e\2p,,,). de Si-
moneet al. attributed these peaks to quasibourid(shape

femtosecond regime—long enough for a trapped electron to
behave as a spectator while Auger decay takes place.

resonances. Whereas Ho proposed that they originated from In the present work, as the molecule was progressively

two-electron excitation or shape resonance.

changed from CGlto CFE,Cl,, the term values of these qua-

The peak at 207.41 eV is only a factor of 1.4 larger thansibound resonant states is found to decrease. These changes

the comparable shape resonance state in CH@Is is very

in term values are most likely related to changes in the C-ClI

different to the much larger change that is seen going fronbond length. According to Paulin@3] attaching a fluorine

CF,Cl, to CFCk. Zhanget al. [15] compared the oscillator
strength per Cl atom for CI®2 excitations of

atom to the same carbon atom as a chlorine atom will pro-
duce shortening of the C-Cl bond—a result of partial double
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bond formation with some of the carbon bond orbital being The alternative assignation, namely that the features we
released by the large ionic character of the C-F bond. It is t@bserve are due to two electron excitation processes is also
be expected therefore that, as further fluorine atoms are sulpot without problems—most noticeably the fact that such
stituted into the freon molecules, the C-Cl bond lengths willexcitations are not normally found to have a larger oscilla-
further decrease and this effect is seen inahenitio calcu-  tion strength than single electron excitation. Although two
lations of Shimizwet al. [44] for CF,CI, CF,Cl,, and CFC{.  electron excitations have been seen using anion yield spec-
In addition Zhanget al. [15] have shown that the term value troscopy in CO and kD [30,32,33 where the shape reso-

of the (1s—t,) transition in CCl is larger than in CFwhich  nance channel was suppressed, these excitations were sub-
illustrates that the inner well potential of COb stronger.  giantially smaller than the one electron Rydberg and
This is also consistent with the C-Cl bond length beingmgjecylar orbital excitations, unlike the features observed in
greater than the C-F. Therefore we might expect the ter e present work. It is of course quite possible that both types

\{alug of any shape resonance state to increase as more ch “excitation are occurring as we have observed previously in
rine ligands are substituted onto the carbon atom—in accor F, [34]
6 .

with what we observe in the present work. However it should

be noted that the relationship between bond length and shape

resonance energy position is a controversial topic in the lit- ACKNOWLEDGMENTS
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