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The electronic transitions and resonance-enhanced vibrational excitations of octafluorocyclopentfge (c-C
have been investigated using high-resolution photoabsorption spectroscopy in the energy-+Ehg¥ 6In

addition, the high-resolution electron energy loss spectrum (HREELS) was recorded under the electric dipolar
excitation conditions (100 eV incident energyQ° scattering angle) over the-3.4 eV energy loss range. A

He(l) photoelectron spectrum (PES) has also been recorded between 11 and 20 eV, allowing us to derive a
more precise value of (11.288 0.002) eV for the ground neutral state adiabatic ionization energy. All
spectra presented in this paper represent the first and highest resolution data yet reported for octafluorocy-
clopentene. Ab initio calculations have been performed for helping in the assignment of the spectral bands
for both neutral excited states and ionic states.

1. Introduction larger etching selectivity and polymerization than in a more

) . o conventional c-GFg plasma However, before c-&5 can be
As part of an international effort to reduce the emission of widely adopted it must be shown to have little (or no)

atmospheric pollutants that may lead to global warming the onvironmental impact.

K%/oto Proto;:]ol and ith ameno:menas have been deveLoped 0 T4 compute the global warming potential (GWP) and lifetime
phase out the use of several anthropogenic gases by 2010y 5 atmospheric molecule, one requires both knowledge of

!ngludtlr.lg sgar\r/]eralfspeqes 3r|5|tng frOT tthhe plagma pr(:cesfstlr?gthe electronic state spectroscopy and the absolute photoabsorp-
Industries. Therelore, in order to meet the requirements of € i, ¢ro55-sectional values in the visible and vacuum ultraviolet
Kyoto Protocol, industry has been seeking alternative gases that(VUV) region of the electromagnetic spectrdms part of a

will beth operatfe In currept p:jlasma reactors;; dd énamtgm high Jarger project to investigate the electronic state spectroscopy
performance of current feed gases (€96 R). Oc- of several plasma processing molecules and to evaluate their
tafluorocyclopentene, ¢4, is among the fluorocarbons sug- 16 i giobal warming in the earth’s atmosphere (see, e.g., ref
gested as a candidate to replace the traditional feed gases use we have, therefore, recorded high-resolution VUV photo-

in the semiconductor industry to prepare silicon wafers for,SiO absorption, electron energy loss, and photoelectron spectra

reactive ion etching. Surface reactions induced by &R (PESSs) of c-GFs. As far as we are aware, no other spectra have

plasmas have been studied on silicon dioxide and silicon nitride ooy raorted in the literature. Indeed, a review of the literature
substrates using an inductively coupled plasma source, reveahngreveals little experimental data for o6, these being limited

to some measurements of the electron attachment line shapes
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Figure 1. High-resolution VUV photoabsorption spectrum of ¢Fg, recorded using the Arhus synchrotron facility, showing valence and Rydberg
states in the 611 eV energy range.
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Figure 2. High-resolution VUV photoabsorption spectrum of gFg, recorded using the Arhus synchrotron radiation facility, showing valence and
Rydberg states and vibrational progressions in the-8150 eV energy range.

work, but the former has proven to disagree with our present experimental techniques, including (1) VUV photoabsorption
calculations (see Computational Method section). using a synchrotron radiation source, which provides data on
Electron energy loss spectra in the present experiments andoptical allowed transitions, (2) high-resolution electron energy
excitation energies derived from theory are used to help assignloss spectroscopy (HREELS) in electric dipolar interaction
the major bands in the photoabsorption spectra. Further infor- conditions, which allow only optically allowed transitions to
mation is derived from a high-resolution PES, which is used to be monitored, and (3) He(l) photoelectron spectroscopy (PES)
help in the identification of Rydberg states in the VUV spectrum. to determine the ionization energies. HREELS was used in order
The VUV absolute photoabsorption cross section ofsEsC  to increase the energy range studied, the VUV absorption curve

reported in this paper is used to derive its photolysis lifetime in peing limited in energy by the transmission limit of the entrance
the earth’s atmosphere and compared to other candidates fokyindow of the photoabsorption cell (see below).

replacement in the plasma indusry. 2.1. VUV Photoabsorption.The high-resolution VUV pho-
toabsorption measurements (Figures 1 and 2) were performed
using the ASTRID-UV1 beam line at the Institute for Storage
The electronic states of octafluorocyclopentene {EsC Ring Facilities (ISA), University of Aarhus, Denmark. A detailed
spectroscopy has been studied using a range of differentdescription of the apparatus can be found elsewHese,only

2. Experimental Section
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Figure 3. Electron energy loss spectrum of gFgrecorded at the University of Lig in the 5-14 eV energy region in electric dipolar interaction
conditions (100 eV incident energsy; 0° scattering angle).

a brief description will be given here. A toroidal dispersion scattered electron signal detected by an electron multiplier of
grating is used to select the synchrotron radiation with a full the continuous dynode type. Both electron energy selectors work
width at half-maximum (fwhm) wavelength resolution of in the constant pass-energy mode. Spectra were recorded for
approximately 0.075 nm. The synchrotron radiation passesenergy losses between 5.0 and 14 eV at step intervals of 10
through the static gas sample at room temperature. A photo-meV. The electron energy loss scale was calibrated to the
multiplier is used to detect the transmitted light. For wavelengths “elastic scattering peak”. The resolution, measured as the fwhm
below 200 nm, a flow of He gas is flushed through the small of the elastically scattered electron peak was about 40 meV.
gap between the photomultiplier and the exit window of the The apparatus was used with relatively high incident energy
gas cell to prevent any absorption by air contributing to the electrons (100 eV) and a quite small scattering angle: 0°),
spectrum. A LiF entrance window acts as an edge filter for such that strictly electric dipole interaction conditions apply.
higher-order radiation, restricting the photoabsorption measuresThe derived VUV cross section was normalized at 8.57 eV from
to below 10.8 eV (115 nm). The grating itself provides a our VUV photoabsorption value of 7.203 Mbar to obtain
maximum wavelength (lower energy limit) of 320 nm (3.9 eV). absolute cross section values, a method shown to be reliable in
The sample pressure is measured by a Baratron capacitanc@revious works (see, e.g., ref 12). Comparison of the HREELS
gauge. To avoid any saturation effects, sample pressures weré&ross section values with those recorded using the synchrotron
chosen such that the transmitted flux was0% of the incident radiation source thus provides a test for any systematic errors
flux. in the optical values arising from the line saturation effect and
Gas transmission results are compared to a background Scaﬁecond-order light frqm_ the.“ghF source and beam line. These
recorded with an evacuated cell. Absolute photoabsorption crossVer€ found to be negligible in this work. The present HREELS

sections may then be calculated using the Béambert law: spectrum is shown in Figure 3.
2.3. Photoelectron SpectroscopyHe(l) (21.22 eV) photo-

I, = 1, exp(=nox) electron spectra of c4Eg (Figure 4) were taken at the Univefsite

to de Ligge, Belgium. The apparatus has been described in detall
previously!® Briefly, the spectrometer consists of a 180
cylindrical electrostatic analyzer with a mean radius of 5 cm.
. ; The analyzer is used in constant energy pass mode. The incident
number density of the sample gasjs the absolute photoab- photons are produced by a D.C. discharge in a two-stage

sorption cross section, andis the absorption path length (25 differentially pumped lamp. The energy scale was calibrated
cm). The accuracy of the absolute cross section is estimated tousing argon lines using the valu#Rs, = 15.760 eV andPy,
be better thant5%. = 15.937 eV)415and the resolution of the present spectrum is
2.2. High-Resolution Electron Energy Loss Spectroscopy.  measured from the fwhm of the Ar peaks to be 20 meV, in
The instrument used at the Univefsite Liege, Belgium (VG- presence of c-€Fg. The position of the first peak in the first
SEELS 400) has been described in detail elsewHern electronic band of the c4Eg PES was determined by making
electrostatic electron energy monochromator defines a narrowuse of a least-square fitting with a Gaussian curve. Repeated
energy spread about the mean incident electron energy, and aests in our laboratory have shown that this procedure is not
three element lens focuses the electrons into the collision region.very sensitive to the choice of the limits used for the fitting,
The electron beam intersects the effusive gas beam, which flowsand so the uncertainty of the position of a peak maximum is
through a hypodermic needle, at®90he working pressure in ~ more or less one energy interval between two successive
the chamber with target gassl.5 x 10~ mbar. The analyzer ~ experimental points, giving, in the case of the #~PES, an
system is also an electrostatic energy analfzeith the uncertainty of+0.002 eV. The same procedure was used for

wherel is the intensity of the light transmitted through the gas
sample]o is that through the evacuated cellis the molecular
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Figure 4. He(l) photoelectron spectra of csks recorded at the University of Lig (a) in the 1320 eV energy region, (b) in the 16-83.0 eV

energy region, and (c) in the 13-05.0 eV energy region (see discussion in text).
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all the energy values quoted in the paper. The intensities in the

spectrum were corrected for the transmission of the analyzing 5 A - -

system. The spectrum presented in Figure 4 consists of two parts k\ s A WL \\ g Sl W
with the high-energy region>(15 eV) being recorded without ors| R T2 o \;. o 17N

Argon in order to avoid the strong signal due to the presence 4 = wa T 12 ‘;m ‘“5,. s J

of the rare gas. The Ar lines shown in the lower energy part of ":"; L Y m
the spectrum are due to Ar features produced by the Ble(l) s

andy lines, respectively. The PES presented in this paper is - il

the sum of 22 individual spectra. This procedure allowed us to .. .

obtain a good signal-to-noise ratio while keeping the pressure (a) (b)

in the spectrometer at a very low levek% x 10°°
mbar).

Octafluorocyclopentane SaneplThe gas sample used in the
VUV measurements was purchased from Fluorochem, with a
minimum purity of 99%, while for PES and HREELS experi-
ments, the sample was purchased from ABCR with a quoted
99.8% purity.

3. Computational Details

We performed ab initio calculations to determine vertical
excitation energies of the electronic states and the lowest
ionization energies. As recently review&dhe calculation of
electronic spectra, especially for molecules with a large number
of electrons, remains a difficult task. Because of its low
computational cost, the time-dependent density functional theory
(TDDFT) method has recently become a very popular méthod
and, in the case of the acrolein molecule, was shown to give
results in good agreement with more costly calculations (i.e.,
MS-CASPT2), using the PBEO functiondl!8 Therefore, the
same method was employed in the present work: the geometry
of c-CsFg was optimized at the DFT/PBE0/6-311G** level, and
the electronic excitation spectrum was calculated at the TDDFT//
PBEO0/6-31#+G** level. These calculations were performed
with the Gaussian 03 packa$fe However, it is also well- S s
knownt6-2°that TDDFT has difficulties describing certain types \\\ inY ° G
of electronic states, such as Rydberg states. Thus, the lowes " W,
lying excited states of c-Es were also computed at the EOM- W/ ™ wem G oo
CCS[* level with the MOLPRO prograr?? The geometry was '
optimized at the MP2/cc-pVDZ level with Gaussian, and then Y
diffuse functions (5s, 5p, 5d) taken from Kaufmann eBalere : &m w e
added at the center of the molecule (cc-pVVERR basis set). - bt
Finr?lly, the lowest irc:nization er;ergiles o(fjcg@\;]vere ogggled (@) (h)
with Gaussian at the UPBEQO level, and at the RC d )

- ! Figure 5. Ground state structure of calculated by (a) the PBEO/
RCCSD(T) Ieye@ W'th_ MOLPRO. The ROVGF'meth(.i’&Zf . 6-%116** method, (b) the MP2/cc-p\5fDE§ method, (c) %;‘l((-i‘ I)-|OMO (30a
implemented in Gaussian was also used to obtain the ionizationef ¢c-CyFs, (d) the LUMO (224) of c-CsFs, and () the SHOMO (21%.

energies using both PBE/6-311G** and MP2/cc-pVDZ geom- lonic states structures (PBE0/6-311G**) of (f) tRa' state, (g) the
etries. 2A" state, and (h) HOMO-2, 29a

Two different methods were used to determine the difference
between the vertical and adiabatic energies for the lowest ionic
states: (@) the vertical ionization energy is simply the difference
between the ground state and the ionic state at the neutral 4.1 Structure and Properties of c-GFs. The calculated
equilibrium geometry, while the adiabatic value is given by the geometries in Figure 5a,b show the results from the two
difference of the energies (corrected by the zero-point vibrational calculation methods employed, PBEO/-6311G** and MP2/cc-
energy (ZPVE) correction) obtained at both neutral and ionic pVDZ, respectively. To the best of our knowledge, there are
equilibrium geometries; (b) to use FrareRondon analysis to ~ no experimental values for the ground state geometry offe;C
obtain the energy difference between the vertical excitation and but our results are very similar to those obtained by Fischer
the position of the 60 vibrational band. This analysis was and Caé®at the HF, MP2, and B3LYP levels using the 6-31G*
performed in the frame of the Domck€ederbaum modé?, basis set. .
which simply requires the frequencies of the ground state, and  The calculated electron configuration of th&éAX ground state
the first- and second-order derivatives, with respect to the normal of ¢-CsFg is
coordinates, of the ion energy, at the geometry of the ground () core F 1s orbitals 18 142 2d? 3d? 2d'? 442 3d'? 5d?
state. (b) core C 1s orbitals 644d'2 7d2 842 5d'2

g .

4. Results and Discussion
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TABLE 1: Calculated Vertical Excitation Energies (TDDFT/PBEO0/6-311++G**//PBE0/6-311G**) of the Lowest Lying States of
c-CsFg (eV), Oscillator Strengths, and VUV Experimental Data

symmetry E (eV) fL HOMO, 304 (r) SHOMO, 214 ¢(C—C)/In(F) HOMO-2, 294 n(F) other exp. (eV)
X 1A’ 0.000 ground

state
2A’ 7.138 0.0126 7—3s/o*(C—F) 7.221
3A 7.369 0.0020 o (C—C)In(F) —x*
11A" 7.428 0.3064 n— 7* 7.754
21A" 7.778 0.0047 n(F) — z*
47’ 8.540 0.0972 n— o *(C—F) a
31A" 8.584 0.0056 o (C—C)In(F)— 3s/o *(C—F)
41A" 9.072 0.0039 o (C—C)In(F) —o *(C—F)
51A’ 9.120 0.0016 n(F) — 3s/o *(C—F) 9.523
51A" 9.123 0.0006 z— 3p
6 A’ 9.203 0.0013 7z—3p 8.837
7N 9.580 0.0029 n(F) — z*
6 A" 9.626 0.0011 n(F) — z*
81A 9.651 0.0004 n(F)— z* +7— 3d
91A’ 9.728 0.0175 n(F)— x* + 7 —3p+x— 3d a
10A’ 9.747 0.0073 7w 3p+ a— 3d+ n(F) — z* 9.421
7A" 9.929 <0.0001 n(F) — z*
11*A"  10.023 0.0039 n(F) — o *(C—F)
12IA"  10.100 0.0186 n(F) — z*
81A" 10.113 0.0014 n(F) — z*
91A" 10.223 0.0068 o (C—C)In(F)—3p
10*A"  10.279 <0.0001 7— 3d
13'A"  10.362 0.0042 o (C—C)In(F)—3p
14*A"  10.432 0.0023 7 —3d
11'A"” 10.521 0.0012 n(F) — z*
15IA"  10.608 0.0059 n(F) — z* +x— 3d
16'A" 10.624 0.0358 a* 3d + n(F) — a* a
121A"  10.703 0.0039 n(F) — 3s/o *(C—F)
17'A’  10.721 0.0134 n(F)— 3s/6 *(C—F) + 7* — 3d a
131A"  10.721 0.0121 n(F)— 3s/o *(C—F) +

n(F) (HOMO™?) — 3p

18IA"  10.735 0.0003 n(F)— 3s/o *(C—F)+ 7 —4p
141A"  10.794 0.0023 7— 3d
191A"  10.931 0.0001 n(F)— 3p
15'A"  10.957 0.0040 7—4s
16'A" 11.001 0.0122 o (C—C)In(F)— 3p 10.570
20%A"  11.012 0.0117 n(F) — z*
17'A"  11.040 0.0001 n(F) — 7* + n(F) — 3s/o *(C—F)
18*A" 11.081 0.0182 n(F)— 3p
21'A"  11.088 0.0022 7— 4p
19'A" 11.131 0.0057 o (C—C)In(F)— 3d
221A"  11.161 0.0156 n(F)— 3s/o *(C—F) + n(F) —x* 10.401

aSee discussion in text.

(c) o(CF) orbitals 98 6d'2 1042 1142 7d'? 1242 84'2 1342 0.148 eV were observed (see Figure 1). In the absence of any

(d) o(CC) orbitals 14& 1542 9d'2 1642 104'? experimental data on the excitation energies for the vibrational

(e)n(F) lone pairs 178 1842 11d'2 1942 12d'2 2042 1342 modes of c-GFg in the literature, we have labeled these features
21422242 14d'2 15d'2 2342 2442 16d'2 17d'2 2542 2642 184’2 va' andvg', respectively, and identified them on the basis of
2742 194d'2 204'2 2842 2942 214d'2 our PES (see section 4.5) as being mainly due to contributions

(f) 7(C=C)In(F) lone pair 30&. of the G=C stretching and €C stretching modes. The

The highest occupied molecular orbital (HOMO) in the calculated transition energies, oscillator strengths and the main
neutral ground state, 30aepresented in Figure 5¢ with the character of the wave function are shown in Tables 1 (TDDFT
MOLDEN software is calculated to be mainly(C=C) and results) and 2 (EOM-CCSD results). Most calculated transitions
only partial F lone pair character. The lowest unoccupied have very low intensities, because of their Rydberg character.
molecular orbital (LUMO) is essentially the*(C=C) (224&') There are rather large differences between the two sets of results.
orbital (Figure 5d) with a slight bonding character with the It is well-known®20 that TDDFT methods do not accurately
adjacent carbon atoms, as in butadiene. The second highestlescribe Rydberg states. These differences are more surprising
occupied MO (SHOMO) has an importanfC—C) bonding for valence states since, as detailed in a recent ret4ate
character mixed with F lone pair contribution (Figure 5e). This EOM-CCSD method is very accurate for the description of
is also the case for several lower lying MO’s, so that the electronic spectra of small molecules. However, in the case of
distinction betweeno(C—C) and n(F) may be somewhat c-GsFs, it is possible that the limitation to di-excitations in the
arbitrary. CCSD model is insufficient, due to the large number of

In its ground neutral electronic state, gfghasCs symmetry electrons. It should be noted that a recent study on fluoroeth-
with 33 modes of vibration. In the present high resolution ylenes3? using the SAC-CI method, also found discrepancies
absorption spectrum, for some excited electronic states, resonanof several tenths of an electron volt, even for the-z*
vibrational modes with mean excitation energies of 0.219 and transition.
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TABLE 2: Calculated Vertical Excitation Energies (EOM-CCSD/cc-pVDZ + R//IMP2/cc-pVDZ) of the Lowest Lying States of
c-CsFg (eV), Oscillator Strengths, and VUV Experimental Data

symmetry  E (eV) f, 20 HOMO,30a(7) SHOMO, 214 o (C—C)in(F)  HOMO™2 294 n(F)  exp. (eV)
X 1A’ 0.000 ground state 158
21A 7.569 0.0183 175 a— 3slx*(C—F) 7.221
1'A” 8.119 0.3503 158 ga— o 7.754
21A" 8.615 0.0066 156 n(F) — z* a
31A" 8.664  0.0019 158 0 (C—C)In(F) — 7*
41N 9.374 0.0152 227 71— 3p 8.837
31A” 9.441 <0.0001 237 71— 3p
41A" 9.533  0.0029 183 o (C—C)In(F) — 3s/0 *(C—F) 9.523
51A 9.536 0.0010 248 g—o0*(C—F)
6 1A’ 9.705 0.0024 252 71— 3p
7A 9.840  0.0004 179 n(F) — 3s/ *(C—F)
81A’ 9.933 0.0857 203 #m— o0 *C—F) 10.570
51A" 10.005  0.0029 167 o (C—C)In(F) — o *(C—F)
91A’ 10.133 0.0070 304 x—3d 9.421
61A" 10.271 <0.0001 323 a—3d
71A" 10.283 0.0004 334 x—3d
101A’ 10.309 <0.0001 338 x—3d
11IA7 10.398 0.0071 338 x—3d
81A" 10.465 <0.0001 462 71— 4p
121A7 10.470 0.0006 482 g—4s
131A’ 10.548 0.0076 497 m—4p
14A’ 10.595 0.0010 544 n—4p
9IA" 10.698  0.0004 235 o (C—C)/n(F)— 3p
10A" 10.849  <0.0001 658 a—4d
111A" 10.887 <0.0001 607 a—4d
121A" 10.942  0.0024 307 o (C—C)In(F)— 3p 10.570

aSee discussion in text.

TABLE 3: Vibrational Assignments in the 8.5—11.0 eV Absorption Band of c-GFg?

energy assignment AEL (va') AE (vg') energy assignment AE (va") AE (vg")
8.837 Voo 9.191 [S] Voo
9.056 [d] va' 0.219 9.350 [w] ve' 0.159
9.204 va' +vg' 0.148 9.407 [s] va' 0.216
9.287 4 0.231 9.552 [s] veg' tva'
9.421 va' + 2vg’ 0.217 9.619 [s] 2p' 0.212
9.493 [s] I’ 0.206 9.778 ve' +2va' 0.205
9.656 vA'+ 3vg’ 0.235 9.824 [s] Ba' 0.205
9.686 [s] Q4 0.193 9.983 [s] ve' +3va' 0.205
9.864 va' +4vg' 0.208 10.031 Aa’ 0.207
9.895 A’ 0.209 10.188 [s] ve' +4dva' 0.205
10.064 va'+5vg’ 0.200 10.238 Ba’ 0.207
10.113 [w] &a’ 0.218 10.410 vg' +5va’ 0.222
10.272 va'+6vg’ 0.208 10.436 [w] Ga’ 0.198
10.315[d] Ba' 0.202 10.606 vg' +6va’ 0.196
10.481 va'+ Tvg' 0.209 10.643 [d] 7y 0.207
10.525 [d] 8’ 0.210
10.670 [w] vl + 8vg' 0.189
10.744 [w] D' 0.219

aThis work (energies are in eV)[d] = diffuse structure; [s} shoulder; [w]= weak feature.

4.2. Neutral Excited States.The high-resolution absolute The situation is much less clear for the third band at 8.837
VUV photoabsorption spectrum of sk was recorded between eV, since there are large discrepancies between the two sets of
6.0 and 11.0 eV using the Aarhus Synchrotron Facility and is calculations: while TDDFT predicts an intenge<0.0972)x
shown in Figure 1. Four absorption bands centered at 7.221,— ¢*(C—F) A’ transition to occur at 8.540 eV, the EOM-CCSD
7.754,8.837, and 9.523 eV, respectively, are observed. All bandscounterpart is calculated at much higher energy (9.993 eV).
are quite broad (Figure 1), suggesting rapid dissociation into According to EOM-CCSD, the only possible candidate could
neutral radicals, with fine structure being observed in the latter be ther — 3p transition calculated at 9.372 eV, but its intensity
(Figure 2 and Table 3) and reported here for the first time. is rather low (0.0152). Both methods also predict numerous
According to the present calculations (Tables 1 and 2), the first transitions in this energy range, arising mainly from the HOMO
band is due to a Rydberg/valence~ 3si*(C—F) A’ transition. and the SHOMO, but their intensities are very weak as a result
It is noteworthy that the TDDFT value (7.221 eV) is in better of their Rydberg nature. The fact that the SHOMQC—C)/
agreement with experiment than the EOM-CCSD result (7.569 n(F) — z* transition is weak may be rationalized by the fact
eV). The second band, which is the most intense, correspondsthat these MO’s have densities on opposite parts of the molecule
to thewr —x* A" transition. When compared to the measured (Figure 5).
value of 7.754 eV, the TDDFT result is slightly underestimated = The background level is relatively high in the 8.50 eV
(7.428 eV), while the EOM-CCSD value is too high (8.119 eV). energy region; therefore there might be a contribution from an
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TABLE 4: Calculated Vibrational Energies for Both TABLE 5: Energy Values, Quantum Defect, and
Neutral Ground and Lowest lonic States of c-GFg (Energies Assignment of the Rydberg Series Converging to the lonic
Are in cm™1) Electronic Ground State, (304)~! (Energies Are in eV)
calculation: _ energy guantum defect assignment  AE (va')
neutral qalc_ulgt@n: galc_ulght:n: 7021 117 3s
ground ionic 2A ionic 2A 0.747 1.03 4s
Csmodes staté experimerit staté staté ‘ '
S 10.410 1.06 5s
a 1841 1770 1711 1856 10.744 1.00 6s
1417 1386 1402 1420
1361 1327 1363 1415 8.837 0.64 3p
10.080 0.64 4p
1248 1219 1268 1315
10.550 0.70 5p
1207 1180 1259 1283
10.820 0.61 6p
1172 1144 1195 1171 '
11.040 6pt+ 1va 0.220
1031 1008 1032 929 '
11.230 6pt 2va 0.190
682 663 687 691 f
11.396 6p+ 3va 0.160
639 617 637 656 '
11.610 6pt 4va 0.220
623 603 579 590 11.820 6pt 5va’ 0.210
512 499 470 465
437 430 411 422 9.421 0.30 3d
351 347 359 328 10.289 031 4d
312 312 299 272 10.670 0.31 5d
248 252 248 247 a
519 531 187 500 Peak shoulder® Broad feature.
175 187 150 173
41 - 59 52 o o ) )
a’ 1428 1389 1539 1431 Vibrational excitation associated with some Rydberg states are
1323 1300 1346 1305 presented in detail in Tables 5, 6, and 7. However, in order to
1181 1211 1222 1282 avoid congestion in the Rydberg series, we have not labeled
1136 1106 1086 1045 them in the figures. The two modes being excited are those
1007 985 1018 828 PR
874 889 859 738 already reported for the valence excitation in the-8l8.0 eV
715 721 739 648 energy region.
608 627 608 473 4.4.1. Rydberg Series Cgerging to the Lowest Electronic
451 444 438 417 lonic Ground State 30'a™. The origin of three Rydberg series
418 419 376 376 at7.221, 8.837, and 9.421 eV have been identified to correspond
313 312 286 284 -, .
571 574 260 275 to the 3s, 3p, and 3d transitions, with quantum deféctsf
258 252 225 211 1.17, 0.64, and 0.30, respectively (Table 5). The 3s member
245 234 195 127 has a slightly high quantum defect for an s series, but that seems
99 100 75 i129 reasonable because of the mixing valence/Rydberg character.
aThis work (PBEO/6-311G**)" See reference 35. A comparison of the calculated vertical excitation energies in

Tables 1 and 2 with the present VUV photoabsorption and EELS
features (Figures 1 and 3) show some tentative assignments for
underlying o* dissociative state in this region. Indeed, the the observed structure.
calculations predict @* state at 9.536, as shown in Table 2. 4.4.2. Rydberg Series Caerging to the First Electronic
This state is therefore very likely dissociative. Excited lonic State 21'a®. The first member of the lowest
4.3. Vibrational Excitation in the Energy Range 8.5-11.0 energy series (Table 6, Figure 2) observed converging to the
eV. The VUV spectrum in this energy region (Figure 2) is first ionic electronic excited-state has been assigned to the
characterized by a fine structure pattern coupled with the fluorine lone pair electronsy(F) — 3s) lying at 9.523 eV with
Rydberg series (see next section). Two transitions have beena quantum defect af = 1.00. There are three other serieg,
assigned to 8.837 (8.115 Mb) and 9.191 eV (6.733 Mb) in Table np’, andnd, with their first terms being assigned o= 3 at
3. These proposed progressions have been identified by calcula10.570, 10.744, and 11.330 eV, with quantum defécts0.61,
tions, using the DomckeCederbaur?® procedure described 0.51 and 0.10, respectively. The= 5 at 12.270 eV and =
above, as being the=€C stretching and €C stretching modes, 3 at 11.330 eV are broad features and may also contain
with mean energies of 0.219 and 0.148 eV, and labeled&s (  contributions from 4s and 3prespectively, both converging to
and ('), respectively. Mode Ais the 1770 cm! (0.232 eV) the second electronic ionic excited state.
(C=C stretch nature as confirmed by theory) reported in Table 4.4.3. Rydberg Series Ceoerging to the Second Excited lonic
4, while mode B could be the 1185 (0.148 eV) and/or 1144 State 29a . The first term of five series has been assigned to
cm1 (0.142 eV) modes (EC stretch). converge to the ionic energy 13.791 eV (Table 7, Figures 1
4.4, Rydberg SeriesThe cross section above 7 eV shows and 2). The energy position of thes, np, np’, np”, andnd,
contributions from several assigned Rydberg structures (Figureslying at 10.401, 11.330, 11.450, 11.770, and 12.220 eV
1 and 2), members of series converging to the three lowestcorresponds to quantum defeéts= 0.99, 0.65, 0.59, 0.41 and
ionization limits at 11.288, 12.944, and 13.791 eV, respectively 0.09, respectively. There are several features at 13.070, 13.210,
(Figure 4), and mainly due to the promotion of a fluorine lone and 13.390 eV that could also be members of different series

pair electron. converging to higher energy levels that can be explained by
The peak positionss,, must fit the Rydberg formulak, = the broadness of the peaks observed, as shown in the EEL

Ei — R/(n — 6)?, whereE; is the ionization energyn is the spectrum in the 1314 eV region.

principal quantum number of the Rydberg orbital of endegy 4.5. lonic States.Figure 4 shows the bands associated with

Ris the Rydberg constant, adds the quantum defect resulting  the ionic states of c-£s. The energy positions of the observed
from the penetration of the Rydberg orbital into the core. features are summarized in Table 8. The shape of the lowest
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TABLE 6: Energy Values, Quantum Defect, and Assignment of the Rydberg Series Converging to the lonic Electronic First
Excited State, (214)~* (Energies Are in eV)

quantum AE quantum AE
energy defect assignment (va') energy defect assignment (va')
9.523 1.00 3s 12.270 0.51 5p
11.430 1.00 4s 12.490 0.53 6p
11.610 4st vy’ 0.180
12.110 0.96 5s 12.840 0.56 12p
13.030 12p+ vy’ 0.190
10.570 0.61 3p
11.700 0.69 4p 11.330 0.10 3d
12.230 0.64 5p 11.530 3t Iva' 0.200
12.400 5pt 1va' 0.170 11.700 3t 2v4' 0.170
12.580 5pt 2v,' 11.860 3d+ 3wy’ 0.160
12.020 3d+ dvya' 0.160
12.750 0.62 9p 12.190 3d- 5va' 0.170
12.350 3d+ 6va’ 0.160
10.744 0.51 3p 12.540 3d+ 7va’ 0.190
11.820 0.52 ap 12.070 0.06 4d
11.990 4p+ 1va' 0.170 12.400 0.00 5d
12.160 Ap+ 2v,' 0.170
12.320 4p+ 3va' 0.160 12.660 0.08 7d

apeak shoulder Broad feature.

TABLE 7: Energy Values, Quantum Defect, and Assignment of the Rydberg Series Converging to the lonic Electronic Second

Excited State, (298! (Energies Are in eV)

quantum AE quantum AE
energy defect assignment (va') energy defect assignment (va")

10.401 0.99 3s 12.720 0.44 ap'

12.270 1.00 4s 13.140 0.43 '5p

12.930 1.03 5s 13.340 (sh) 0.51 "6p

13.210 1.16 6s

13.390 1.17 7s 13.560 0.33 '8p

11.330 0.65 3p 12.220 (sh) 0.06 3d

12.580 0.65 4p

13.070 0.66 5p 13.210 0.16 5d

13.310 0.68 6p 13.390 0.17 6d

13.490 6pt 1va' 0.180 13.560 6d- 1va' 0.170
13.720 60 2v,' 0.160

11.450 0.59 3p 13.870 6aH 2vA' + 1vg'

12.620 (sh) 0.59 4p 13.920 6cH 3va' 0.200

13.070 0.65 5p

13.340 (s) 0.51 6p 13.620 0.08 9d

13.460 (s) 0.59 7p 13.790 9cH 1wy’ 0.170
13.980 9cH 2v4' 0.190

11.770 0.41 3p 13.650 0.18 1od

11.940 3P + vy’ 0.170

aPeak shoulder

energy ionic band (Figure 4b) is quite broad, and superimposedA). After zero-point energy (ZPE) correction, the calculated
on it there is a fine structure, whose maximum intensity lies at adiabatic energy is predicted to be 10.832 eV, which is too low,
11.696+ 0.002 eV, corresponding to the vertical ionization but the theoretical difference between vertical and adiabatic
energy. This value is compared to the calculations in Table 8. energies (0.541 eV) is close to the observed one (0.488 eV).
Despite their computational cost, the RCCSD and RCCSD(T) Interestingly, the same quantity is calculated to be 0.54 eV using
results are too low by~1 eV. The UPBEO method is better the Domcke-Cederbaum vibrational analysis.
(11.374 eV), but the best results are obtained with the ROVGF  The vibrational pattern found in this band (Table 9) has been
method, especially with the cc-pVDZ basis set (11.776 eV). assigned to the excitation of the<C stretching ¥A") and to a
Photoelectron spectroscopy can give both the adiabatic (orcontribution of the G-C stretching ¥g') modes, with mean
at least the most probable value of it) and the vertical ionization energies of 0.200 and 0.140 eV, respectively. The threshold for
energies, the values of which tend to differ significantly c-CsFg™ has been quoted to be (116 0.7) eV?® in good
whenever there is a large change in equilibrium molecular agreement with the maximum position of the present first ionic
geometry on ionizatiok! In order to obtain the theoretical band. The shape of this first ionic band suggests that the parent
adiabatic ionization energy, the geometry of the'3Datate ion must have a short lifetime.
was optimized at the UPBEO/6-311G** level, as shown in The absence of vibrational structure in the second electronic
Figure 5f. As shown in the third column of Table 4, the band of the PES centered at 12.944 eV (which is very close to
calculated frequencies prove that this geometry corresponds tothe calculated ROVGF/cc-pVDZ value of 13.047 eV) could be
a true minimum. The main difference with the neutral geometry due to a very fast decomposition of the ¢Fg" molecular ion,
is a larger G=C bond due to the weakening of theMO (+0.1 although the ionization measurements of Jiao étialnot report
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TABLE 8: Calculated and Experimental He(l) Photoelectron lonization Energies of c-GFg (Energies Are in eV)

configuration (U)PBED® ROVGF ROVGP RCCSD RCCSD(TY exp’
304t 11.374 11.938 11.776 10.594 10.534 11.696
21d 1 12.354 13.177 13.047 12.178 11.826 12.944
294t 13.968 13.812 13.791
284t 15.686 15.872 15.59
204" 1 15.707 15.538 15.59
194 15.847 15.482 15.59
2741 15.962 15.573 15.59
184" ! 16.142 16.001 15.98
264t 16.178 15.910 15.98
254t 16.641 16.407 16.67
174 1 16.916 16.703 16.67
164d 1t 17.151 16.882 16.67
2441 17.345 17.094 17.37
154 1 17.428 17.192 17.37
2341 17.432 17.229 17.37
144 1 17.721 17.463 17.37
2247t 18.399 18.113 18.38
214t 19.541 19.287 19.51
134 ¢ 19.765 19.533 19.51
124 1 19.940 19.679 19.51
204t 19.978 19.718 19.51

2This work. Values obtained at the PBE0/-6311G** geométifhis work. Values obtained at the MP2/cc-pVDZ geometryhis work.

TABLE 9: Energy Positions and Vibrational Analysis of

The third ionic band centered at 13.791 eV (Figure 4c) also
Features Observed in the Photoelectron Bands of c4Eg?

shows some evidence of excitation of the two vibratiomal)(

energy (eV) analysis AE (va') (V) AE (v8') (V) and (g") modes (Table 9). This value is in excellent agreement
11.288 Voo, adiabatic IE with the ROVGF/cc-pVDZ calculated value at 13.812 eV. The
11.431(?) e 0.143 calculations also show that this band has to be assigned to the
11.499 b 0.211 (294)74, i.e., the HOMO-2 state. The appearance threshold of
11.631(7)  Latum 0.132 the fragment ion ¢F¢™ has been reported at (14420.7) eV?®
11.696 24, vertical IE 0.197 . S
11.822 (?) 2 + Ve 0.126 which can be closely related t_o the ngture of this ionic ba_nd. In
11.892 I 0.196 fact, the background level is relatively high, suggesting a
12.037 (?) Ba + g 0.145 transition into a repulsive energy surface of the molecular ion
12.107 n 0.215 leading to dissociation. The calculations are not able to test this
ig:ggg v\:,:rg((:j?al\tl)gtic & hypothesis, but the delocalized character of thé REa (Figure
13.636 Ve 0.154 5h) does not seem to indicate a fragmentation inBsC +
13.685 Var 0.203 CFk.
ig;g% @ ]éA' tow 0.172 0.155 The other bands’ positions, at higher energies, are listed in
13972 (g,) Q:MJB, ' 0.181 _Table_9. According to the R_OVGF calculatlt_)ns, their hl_gh
15.59 vertical g intensity and absence of vibrational structure might be explained
15.98 vertical I by the overlap of ionization bands of the quasi-degenerate lower
16.67 vertical I lying (mainly lone pairs) MO’s of the molecule.
17.37 vertical Ik
18.38 vertical I The present PES also shows a few extra sharp features
19.51 vertical I between 13.2 and 14.2 eV bands that are due to the Ar

calibration 2P;;; He(l)y line and the?Psp, 2Py, He(l)s line,
respectively. These features have been shown not to interfere
with the observed patterns.

4.6. Photolysis Rates and Local LifetimesThe absolute

cross section values of cskg can be used to model its
any fragmentation yield in this energy region. In order to test atmospheric destruction by UV photolysis as a function of
this hypothesis, the geometry of the 21§ i.e., the SHOMO?, altitude. Details of the program are presented in a previous
ionic state was optimized at the UPBEOQ/6-311G** level (Figure publication by Linia-Vieira et al33 Photolysis rates at a given
5¢). This state appears to be stable, with a lengthening of thewavelength were calculated as the product of the solar actinic
C—C bonds consistent with the shape of the SHOMO (Figure flux,34 and the molecular photoabsorption cross section at 1 km
5e). However, the calculated vibrational modes (last column of altitude steps from the surface up to the stratopause (50 km).
Table 4) indicate that this structure is a saddle point with'an a At each altitude, a total photolysis rate may then be calculated
imaginary frequency, corresponding to the deformation of the by summing over the individual photolysis rates for that altitude.

a Uncertainties of the values given at#.002 eV for IE—IE; and
+0.02 eV for IB—IEs (?) means uncertainty to peak/structure
position.

carbon ring. Removing th&s constraint during the optimization
leads to thetA’ (HOMO™Y) ionic state, so it is impossible to
obtain the geometry of th&\"" state. Nonetheless, the calcula-

The reciprocal of the total photolysis rate for a given altitude
gives the local photolysis lifetime at that altitude, i.e., the time
taken for the molecule to photodissociate at the altitude,

tions prove without ambiguity that this state is stable, and the assuming that the solar flux remains constant. The local lifetimes
absence of apparent vibrational fine structure could be due toand the photolysis rates are shown in Figure 6, where, for the
numerous overlapping vibration peaks. former, we assume that the quantum yield for dissociation is
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Figure 6. The local lifetime of c-GFs between 0 and 50 km obtained from its photoabsorption spectrum (Figure 1).
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