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Threshold photoelectron-photoion coincidence (TPEPICO), photoion-fluorescence coincidence 
(PIFCO), and threshold photoelectron-fluorescence coincidence (TPEFCO) spectroscopies have 
been used to measure, state selectively, the decay pathways of all the valence states of four 
gas-phase tetrahedral ion CF,f , SiFl , SiCl,’ , and GeC14f in the range 1 l-26 eV Vacuum UV 
radiation from a synchrotron source dispersed by a 5 m normal-incidence McPherson 
monochromator ionizes the parent molecule, and electrons and ions are detected by threshold 
electron analysis and time-of-flight mass spectrometry, respectively. Undispersed fluorescence from 
the interaction region can also be detected, allowing the three different types of coincidence 
experiment to be performed. The optimum resolution of the monochromator is matched to that of 
the threshold analyzer, and this work improves on preliminary results using a 1 m Seya 
monochromator [Chem. Phys. 174, 441 and 453 (1993)] w h ere the resolution of the spectra was 
limited by that of the optical source. TPEPICO spectra are recorded continuously as a function of 
photon energy, allowing both threshold photoelectron spectra and yields of all the fragment ions to 
be obtained. Kinetic energy releases can also be measured at fixed photon energies with good time 
resolution. PIFCO and TPEFCO spectra are recorded at fixed photon energies. The former 
experiment can yield the fate of the lower electronic state of the parent ion to which fluorescence 
occurs. The latter experiment yields the lifetime of the fluorescing state; with sufficient resolution 
of the photoionizing radiation, the lifetime is specific to one vibrational level of the emitting 
electronic state. For CFT and SiF: work has concentrated on the third and fourth excited states, 
e 2T2 and 5 2A t , of which only the E state of SiF: does not decay radiatively. Vibrationally 
state-selected fluorescence quantum yields and lifetimes have been measured for four levels of the 
(? state of CF: , and absolute values of radiative and nonradiative decay rates have been evaluated 
for these levels. Jahn-Teller distortion of the e state of SiFz from Td to C,, geometry assists 
internal conversion of the I? 2T2 state into high vibrational levels of the b ‘E state, and is an 
efficient route for nonradiative decay. A non-Franck-Condon distribution of intensities is observed 
in the threshold photoelectron spectrum of the fi 2A, state of CF,f , due to autoionization from a 
high-lying Rydberg state of neutral CF4. For the two chloride molecules, SiCl, and GeCl,, 
fragmentation of the ground (2) and the first four excited states (A-6) of the parent ion have been 
studied at slightly lower resolution. For SiCll an important result is confirmation of the stability of 
its electronic ground state with respect to dissociation to SiCl:+Cl. By contrast, a substantial part 
of the Franck-Condon zone of the ground state of GeCl: is energetically unstable with respect to 
GeCl; +Cl. Radiative decay from the c 2T, state of both ions is an important process. The decay 
dynamics of all the valence states of this family of tetrahedral ions are reviewed. Dynamical, rather 
than statistical, processes generally dominate, and reasons for these surprising phenomena are 
discussed. 0 I994 American Institute of Physics. 

1. INTRODUCTION 

It is now well-established that coincidence experiments 
offer a powerful technique to determine the decay dynamics 
of selected vibronic states of positively charged molecular 
ions. For singly ionization events, the most commonly used 

is the photoelectron-photoion coincidence (PEPICO) tech- 
nique in which energy-analyzed photoelectrons are detected 
in delayed coincidence with ions which have been mass se- 
lected in a time-of-flight (TOF) mass spectrometer. For the 
specific case in which the electrons have zero energy, this 
technique is called the threshold photoelectron-photoion co- 

J. Chem. Phys. 101 (12), 15 December 1994 0021-9606/94/i 01(12)/l 0559/l 7/$6.00 0 1994 American Institute of Physics 10559 
Downloaded 02 Feb 2001  to 147.188.104.4.  Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.



10560 Smith et al.: Decay dynamics of valence states 

incidence (TPEPICO) experiment, and is the form that is 
usually used if the photoionization source is tunable in en- 
ergy. Less well known but just as informative are two coin- 
cidence techniques that can be used if the electronic state of 
the ion under study decays radiatively by photon emission. 
These are the photoion-fluorescence coincidence (PIFCO) 
and photoelectron-fluorescence coincidence (PEFCO) tech- 
niques. If a threshold, zero energy electron is detected, the 
latter technique has the acronym TPEFCO. 

The information that can be obtained from these three 
different coincidence experiments is varied. PEPICO/ 
TPEPICO spectroscopy allows the fragmentation channels of 
both ground and excited electronic states of ions to be stud- 
ied. If the electron analyzer and photon beam have sufficient 
resolution, these measurements can usually be made with 
vibrational resolution in the parent molecular ion. The frag- 
ment ion channels that are observed and the kinetic energy 
(KE) released into these channels are important guides to 
statistical or dynamical behavior in the ion. PIFCO spectros- 
copy can be used to determine whether an excited state of a 
molecular ion decays by a radiative process. If coincidences 
are observed it is possible to measure the fluorescence quan- 
tum yield, @J=kJ(k,+k,J], and lifetime, r [=(k,+k,,)-‘I, 
where k, and k, are radiative and nonradiative decay rates of 
the excited electronic state of the molecular ion, but these 
quantities are averaged over the Franck-Condon populations 
of the vibrational levels of the fluorescing state. By observ- 
ing which ion is detected in coincidence with the photon, the 
fate of the lower electronic state to which fluorescence oc- 
curs can be determined. The PEFCO/TPEFCO technique can 
also be used to measure @‘F and 7, but now the resolution is 
determined by that of the photoionizing beam and the elec- 
tron analyzer. In this way vibrational state selectivity can 
often be obtained. Changes of (@F)u and rv with vibrational 
level (u) are especially revealing because they can usually 
be attributed to a change in k,, , i.e., the onset of a competing 
nonradiative channel. This experiment is usually more de- 
manding than the PIFCO experiment because of the lower 
signal levels. 

more, all three types of coincidence experiment are, in prac- 
tice, flux limited, and the relative poor flux of the Seya 
monochromator (-10” photons per second per 0.1% band- 
width per 100 mA beam current) means that accumulation 
times are often very long. In this paper, we report our first 
results obtained using the higher-resolution 5 m McPherson 
monochromator (range lo-30 eV) at the Daresbury source. 
This monochromator has both better resolution (down to 
0.01 nm in the scanning mode) and flux (-5X10” photons 
per second per 0.1% bandwidth per 100 mA beam current), 
so not only is the resolution of the monochromator better 
matched to that of the threshold electron analyzer but also 
data accumulation times are substantially reduced. We report 
results for four tetrahalide ions (CFZ, SiF:, SiCl:, and 
GeCl:) using the three coincidence experiments described 
above. The results for CF: and SiCli complement and ex- 
tend those obtained with the lower-resolution Seya 
monochromator.2,3 The results for SiFi and GeCl,f are new 
since these ions have not been studied before by state- 
selected coincidence techniques which involve energy analy- 
sis of the photoelectrons; our early electron-ion coincidence 
experiments on these two ions using tunable synchrotron 
radiation5 employed no energy analyzer for the photoelec- 
trons, so the initial state of the parent ion could not be 
uniquely determined. 

II. EXPERIMENT 

In a recent paper’ we described an apparatus for per- 
forming TPEPICO experiments which can be attached to a 
vacuum ultraviolet (VUV) beam line at the UK synchrotron 
source at Daresbury, and results obtained for the fragmenta- 
tion of the valence states of CF:, SF:, Ccl:, and SiCli 
have subsequently been reported.2’3 Although the apparatus 
is optimized for this type of coincidence experiment, the ad- 
dition of collection optics and a photomultiplier tube for un- 
dispersed fluorescence detection means that PIFCO and 
TPEFCO experiments can also be performed, and some pre- 
liminary results were reported for radiative decay of the 
C *T, excited valence electronic state of CFz.4 All these 
results were obtained using a 1 m Seya monochromator for 
production of the tunable photon beam. This monochro- 
mator, whose energy range is lo-35 eV, has a best resolution 
in the scanning mode of 0.06 nm, corresponding to 0.019 eV 
at 20 eV. This resolution is a factor of 5 inferior to that 
predicted for the threshold electron analyzer,’ and therefore 
the resolution of all the spectra are limited by the monochro- 
mator and not by the threshold electron analyzer. Further- 

The coincidence apparatus has been described in detail 
elsewhere.tw3 VUV radiation from a 5 m McPherson normal- 
incidence monochromator attached to the Daresbury syn- 
chrotron source is admitted to the interaction region through 
a capillary. The grating is blazed at 55 nm, and has a range of 
-35-100 nm with second-order effects contributing -20% 
for wavelengths greater than 80 nm. The photon flux is 
monitored through a sodium salicylate coated window by a 
photomultiplier tube, allowing flux normalization of the data. 
The threshold electron analyzer incorporates a cylindrical 
electrostatic lens designed with large chromatic aberrations, 
followed by a 127” post-analyzer which rejects the energetic 
electrons on axis. Even with an extraction field as large as 20 
V cm-‘, simulations predict that the analyzer has both high 
collection efficiency (100% for zero-energy electrons) and 
high resolution (-3.5 meV half-width). Experiments on 
photoionization of argon (Sec. IV A) have now confirmed 
that these predictions are essentially true. The ion detector 
consists of a two-stage acceleration region and a field-free 
region configured to satisfy the space focusing condition6 
allowing measurement of the KE release from a dissociative 
ionization process while still retaining a high collection effi- 
ciency. The electron and ion signals are detected by a chan- 
neltron electron multiplier (Phillips X818BL) and a pair of 
microchannel plates (Galileo MCP-40/32), respectively. 
Fluorescence from the interaction region orthogonal to the 
direction of the electron and ion flight paths is collected by 
an f/l biconvex lens of focal length 50 mm and detected by 
a photon-counting photomultiplier tube cooled to 253 K. For 
the CF4f experiments (Sec. IV B) a Mullard 2020QB tube 
(wavelength range 200-550 nm) was used, for the SiFi, 
SiCl: , and GeCl: experiments (Sets. IV C-IV E) a Mullard 
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2254QB red-sensitive tube (wavelength range 200-750 nm) 
was used. An f/l concave mirror of focal length 75 mm 
placed behind the interaction region serves to enhance the 
collection efficiency. The raw pulses from the electron, ion, 
and photon detectors are passed to discriminator and pulse- 
shaping circuits (based on the LeCroy HVL 100 discrimina- 
tor for the electron and ion signals), and any two of them are 
fed into a time-to-digital converter (TDC, LeCroy 4208) con- 
figured in the “multihit” mode. One provides the start 
pulses, the other the stop pulses, hence the two signals from 
the same ionization event are detected in delayed coinci- 
dence. Interchange between the different forms of coinci- 
dence experiment is straightforward. The scanning of the 
monochromator and the collection of the coincidence data 
are controlled by two IBM personal computers (PCs) which 
interact through CAMAC-based electronics. 

This apparatus is very versatile, and can perform the 
following experiments. First, a threshold photoelectron spec- 
trum (TPES) of the sample gas can be recorded as a function 
of photon energy. By this method, the monochromator can be 
calibrated over its complete range by recording the TPES of 
O2 into low vibrational levels of the X 211g ground state of 
0; around 12 eV, into the I3 “2, state around 20 eV and 
into the c 4C, state around 25 eV. We use the values from 
Baltzer7 for these energies. Peak positions can generally be 
measured to an accuracy of at least one-third of the mono- 
chromator resolution. Second, all three kinds of coincidence 
experiment (TPEPICO, PIFCO, and TPEFCO) can be re- 
corded at a fixed photon energy. In a TPEPICO spectrum of 
this kind, the fragments ions often have substantial transla- 
tional KE release and, to obtain the kinetic energy release 
distribution (KEKD),8 TOF data are accumulated at as high a 
time resolution of the TDC as the signal level will permit. In 
PIFCO and TPEFCO spectra of this kind, coincidence count 
rates are much lower, primarily because the apparatus is not 
optimized for experiments with fluorescence detection, and 
time resolution is then sacrificed in order to obtain a spec- 
trum in a reasonable period of time. Thus, we use the PIFCO 
experiment solely to determine whether an excited state of a 
molecular ion fluoresces, and if so which ion is in coinci- 
dence with the photon; this determines the fate of the lower 
electronic state to which fluorescence occurs. In a TPEFCO 
spectrum the electron signal provides the start, the Auores- 
cence signal the stop pulses. The latter are subjected to an 
arbitrary but constant delay of -900 ns in order to separate 
the almost simultaneous start and stop pulses at the TDC. 
This delay results in a time offset in TPEFCO spectra. The 
time resolution of the experiment is limited by that of the 
TDC, in our case 1 ns. Third, a TPEPICO spectrum can be 
recorded continuously as a function of photon energy. Usu- 
ally all the ions produced in the TPEPICO spectrum are re- 
corded in this energy-scanning mode, and the resolution of 
the TDC is correspondingly degraded. Data accumulate as a 
three-dimensional histogram of photon energy versus ion 
TOF versus coincidences, the last variable being displayed in 
color on the data-collection PC.9 Data are displayed by tak- 
ing cross-sectional cuts through the histogram, the most use- 
ful being the variation of a fragment ion yield with photon 
energy. The total electron count is also recorded by the PC 

that controls the scanning of the monochromator, so a thresh- 
old photoelectron spectrum can be displayed simultaneously 
with the yields of the fragment ions. Although it should be 
possible, we do not run the PIFCO and TPEFCO experi- 
ments in this energy-scanning mode. It should be noted that 
all these experiments run in the “multibunch” quasi-cw 
mode of the synchrotron source, and pulsed extraction is not 
used for either electron or ion detection. 

CF, and SiF4 gases (Air Products Ltd.) were used with- 
out further purification. SiCl, and GeCl, liquids (Aldrich 
Co.) were subject to several freeze-pump-thaw cycles be- 
fore admission to the apparatus. The base pressure of the 
apparatus is typically 5X 10m8 Ton; while the background 
pressure during an experiment is between 3X 10F5 and 
1 X 1O-4 Torr. 

III. THE ENERGETICS AND DISSOCIATION 
CHANNELS OF MX:(M=C,Si,Ge: X=F, Cl) 

The electron configuration of the five highest-occupied 
outervalence molecular orbitals of the molecules under study 
is **.(&~,)*(2t~)~( le)4(3t2)6( lr,)6, where the numbering 
scheme does not include the core orbitals. Adiabatic ioniza- 
tion potentials (IPs) are given in Table I, the data being taken 
from He I or He II photoelectron spectroscopy.‘0-13 Also 
shown are the energies of the neutral and ionic dissociation 
channels of MX, . (+) For CF4 and SiCl, the neutral dissocia- 
tion energies are calculated from heats of formation at 0 K 
given in the JANAF tables,14 for SiF, we use values recom- 
mended very recently from studies of charge-transfer reac- 
tions of atomic ions with SiF,,” and for GeCl, we use data 
derived from two relatively old sources.16 In all cases the 
uncertainties in these energies are very small. The energies 
of the ionic dissociation channels are calculated using what 
we believe is the best value for the IPs of the neutral frag- 
ments MX, (n = l-3), the references being given as a foot- 
note to the table. Two major points about this data should be 
noted. First, the ground states of the parent ion lie at different 
energies with respect to the lowest dissociation channels to 
MXl+X. Thus the ground state of CF: as accessed by 
Franck-Condon ionization from neutral CF4 lies in a repul- 
sive region at least 1 eV above the dissociation energy of 
CFl+F, whereas this state of SiFz lies at approximately the 
same energy as that of SiFz+F. The ground state of SiCli is 
stable with respect to dissociation to SiCl:+Cl by -1 eV, 
whereas that of GeCl: is only stable by 0.4 eV. (The 
GeCl,f/GeCl: result assumes an old “indirect” value for the 
IP of GeCla of 9.34 eV.16 This value is calculated from an 
appearance potential of GeCl: from GeC14 by electron- 
impact mass spectrometry, and is an upper limit. It is likely, 
therefore, that the dissociation energy of GeCl:+Cl lies be- 
low 12.12 eV, with most parts of the GeCl: ground state 
potential being unstable.) Second, vibrational structure is re- 
solved in the photoelectron spectra of some of the higher 
valence ionic bands, namely the e 2T, and l? *A, states, and 
where this is the case adiabatic IPs are quoted to two decimal 
places. These are the states from which radiative decay can 
be observed. Such emission is surprising and is one manifes- 
tation of nonstatistical behavior in these ions because, for 
five-atom polyatomics composed of heavy atoms, nonradia- 
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TABLE I. Energetics of dissociation channels of CF!!+‘, SiF’!+‘, SiCly’, and 
GeClkf ) 

Neutral/parent Dissociation Dissociation Adiabatic 
ion channel energy/eV* IP/eVb 

CF,c fi ‘A, 

t 2T2 

i ‘E 
zi 2T2 
af 2T, 

-4 T? ‘A, 

SiFi b 2A, 

s ‘T, 
d ‘E 
.i ‘T2 

2 ‘T, 

SiF4 2 ‘A, 
SiCl: b 2A, 

? ‘T, 
I? ‘E 
d ‘T, 

X ‘T, 

SiC14 i ‘A, 
GeCl: d ‘A, 

t ‘T, 

b 2E 
zi ‘T, 

i ‘T, 

GeCI, .f ‘A, 

CF,+F; 
CF,+F+ 
CF++F+F, 

CF;+F+F 
CF; +F, 

23.4 
23.0 
22.1 

20.9 
19.3 

CF; +F 
CF+F+F, 
CF,+F, 
CF,+F 

SiFC+F+F2 

14.2 
13.0 
7.7 
5.6 

SiF; +F, 

24.1 

20.9 

SiF+F+F, 17.0 
SiF;+F 16.2 

SiF,+F, 
SiF,+F 

10.1 
7.2 

SiCl,+Cl+ 17.8 
SiCl;+Cl+Cl 17.7 
SiC1++C1+C12 16.8 
SiCl,+CI; 16.6 
SiCl: +C12 15.2 

SiCl; +Cl 12.7 

SiCl+CI+Cl, 10.0 
SiCI,+Cl, 5.1 
SiCl,+Cl 4.8 

GeCl;+Cl+Cl 16.0 
GeCl,+Cl+ 15.8 
GeClf+Cl+C12 15.1 
GeCl,+Cl: 14.8 

GeCli +Cl, 13.5 

GeClT + Cl 12.1C 

GeCl+Cl+Cl, 7.9 
GeC12+C12 3.3 
GeCl,+Cl 2.8 

25.07’ 

21.66’ 

18.3 
17.1 
15.3d 

0 

21.55’ 

19.30c 
18.0 
17.3 

16.1’ 

0 
18.11’ 

15.0c 
13.2’ 
12.6’ 

11.8’ 

0 
18.2 

14.6 

12.8’ 
12.4’ 

11.7c 

0 

aCalculated using adiabatic ionization potentials of CF, of 8.6 eV (Ref. 17). 
CF, of 11.6 eV (Ref. 18). CF of 9.1 eV (Ref. 19). SiF, of 9.0 eV (Ref. 15). 
SiF, of 10.8 eV (Ref. 20), SiF of 7.3 eV (Ref. 21), SiCl, of 7.9 eV (Ref. 
22). SiCl, of 10.1 eV (Ref. 23), Sic1 of 6.8 eV (Ref. 21), GeCl, of 10.2 eV 
(Ref. 24), GeCl of 7.2 eV (Ref. 25), F of 17.4 eV and Cl of 13.0 eV (Ref. 
14), F, of 15.7 eV and Cl, of 11.5 eV (Ref. 26). 

?Jnless otherwise stated, data for CF, from Ref. 10, for SiF, from Refs. 11 
and 12, and for SiCI, and GeCl, from Ref. 13. 

‘This work. 
dDifficult to measure because of the very small Franck-Condon factor at 
threshold. 

eAs footnote d. Kickel et al. (Ref. 27) quote a much lower value of 15.29 
kO.08 eV. 

15.79 15.75 15.60 15.85 15.90 15.95 16 00 

Emgy I ev 

FIG. 1. Photoion yield and threshold photoelectron yield for (3~)~’ photo- 
ionization of argon between 15.7 and 16.0 eV. The threshold electron signal 
is multiplied by a factor of 40. The photon resolution is 0.025 nm or -5 
meV. 

tive processes (e.g., internal conversion, predissociation, or 
direct dissociation to lower-lying fragment ions) would be 
expected to dominate. These points summarize one of the 
general and surprising features of this family of singly 
charged group IV tetrahalide ions, that the ground state of 
many of the ions are unstable with respect to dissociation but 
some excited valence states are bound and have correspond- 
ingly longer lifetimes. The major consequence of this feature 
is that nonstatistical processes are a frequent occurrence.’ 

IV. RESULTS AND DISCUSSION 

A. Argon 

Figure 1 shows the threshold photoelectron and total 
photoion yield of argon as a function of photon energy from 
15.7 to 16.0 eV for photoionization into the two spin-orbit 
states of Arf. The monochromator resolution has a full width 
at half-maximum of 0.025 run, corresponding to 5 meV at 
this photon energy. The energies of the Arf 2P,12 and 2P1,2 
thresholds are well established at 15.759 and 15.937 eV?* 
and for infinitely high resolution in both the photon source 
and the threshold analyzer the relative intensities of these 
two peaks should show a statistical ratio of 2: 1. In practice 
the ratio is greater than this, -5.5:1. The enhanced intensity 
in the 2P,,2 peak arises because of the presence of high-lying 
neutral Rydberg states of argon that converge to the 
Arf 2P ,,2 threshold. These states have greater energy than 
that of Arf 2P3,2 and decay by autoionization to this state, 
resulting in the production of energetic electrons and Arf 
ions. The ions manifest themselves as resolved structure in 
the photoion yield,29 the electrons as extra contributions to 
the threshold electron signal caused by direct ionization. The 
detection or suppression of these energetic electrons can be 
regarded as a stringent test of the resolution of the threshold 
analyzer. Thus the 11 s, 9d Rydberg states of Ar at 15.763 eV 
contribute by autoionization an electron with kinetic energy 
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of 4 meV, the 12s, 1 Od states at 15.796 eV an electron with 
energy of 37 meV, etc. Since the electron analyzer is pre- 
dicted to have a half-width at half-maximum (HWHM) of 
3.5 meV,’ the electron peak due to Ar+ 2P3,2 will have an 
enhanced intensity due to a major contribution from the au- 
toionizing 1 ls,9d Rydberg state. This is indeed observed. 
Although the weak features in the threshold electron signal 
with peaks at energies of 15.796, 15.820, 15.839 eV, etc., 
show that the analyzer is not rejecting totally the energetic 
electrons. their suppression by the threshold analyzer is 
highly satisfactory. The Arf 2P,l, threshold electron peak is 
not distorted by autoionizing states; it only arises from direct 
photoionization of argon. Therefore, the width of this peak is 
usually taken to be the most accurate measure of the resolu- 
tion of a threshold electron analyzer. The HWHM on the 
high-energy side of this peak is measured to be 6? 1 meV. 
This width has contributions from both the photon beam and 
the threshold analyzer. If we assume these widths are Gauss- 
ian, then we can calculate the HWHM of the analyzer to be 
4 meV. This value is in excellent agreement with that ob- 
tained by Monte Carlo simulation of a large number of elec- 
tron trajectories.’ 

Ions are produced along the length of the photon beam in 
the interaction region (40 mm long X 1 mm X 1 mm), and are 
collected with 100% efficiency by the TOF mass spectrom- 
eter from a similar volume. However, our simulations predict 
that for 100% collection of threshold electrons the volume is 
only 10 mm X 1 mm X0.2 mm (along the analyzer axis), 
corresponding to the center of the interaction region, and this 
value decreases rapidly for a larger interaction volume. The 
absolute collection efficiency of the threshold analyzer is 
therefore not easy to measure, but at the 2P,, peak the ratio 
of the threshold electron signal to that of the Arf yield is 
-1:70. Given that the TOF mass spectrometer collects ions 
from an interaction volume which is 20 times greater for ions 
than for electrons, and assuming the detection efficiencies of 
the ion and electron detectors are similar, we estimate a col- 
lection efficiency for threshold electrons of 30% which is 
highly satisfactory. 

B. Carbon tetrafluoride 

Using the Seya monochromator, we have made two pre- 
vious studies of the fragmentation of the five outervalence 
states of CFi(i,/i,b,c;,b). First,5 electron-ion coincidence 
spectra were recorded as a function of photon energy over 
the range 15-27 eV. In these experiments, there was no en- 
ergy analysis of the photoelectrons and all electrons with 
energies from zero to 8 eV were collected with high effi- 
ciency. Therefore in no experiment was the internal energy 
of the CF: parent ion uniquely defined. CF: and CF; were 
the only two ions observed and their ion yield curves and 
thresholds for production were obtained. However, due to the 
lack of electron energy analysis the data for the kinetic en- 
ergy released into these fragment ions at a particular photon 
energy were only of limited value, and it was not possible to 
say whether the fragmentation channels observed at each of 
the five electronic states of CF: were unique. Second,2 
TPEPICO spectra were recorded over the same range of pho- 
ton energies using the apparatus described in this paper, now 

c 

21.5 22.0 22.5 23.0 23.5 

Energy I cv 

FIG. 2. Threshold photoelectron spectrum and coincidence yields of CF; 
and CF: from CF, between 21.4 and 23.5 eV. The photon resolution is 0.05 
nm or -0.02 eV. 

with the internal energy of the CF: parent ion determined by 
that of the photon beam since the electron analyzer only 
collects zero-energy electrons. KERDs were measured at the 
Franck-Condon maximum of the five outervalence states of 
CFZ , and the average translational KE released into the frag- 
ment ions was determined. The information from the 
“energy-scanning” experiments, however, was limited by the 
relatively poor resolution of the photon beam, and due to the 
low photon flux accumulation times were very long. 

In this study with the 5 m McPherson monochromator, 
we have not repeated the KERD measurements since they do 
not need high photon resolution. Instead we have concen- 
trated our effort to study in detail fragmentation of the c 2T2 
and b 2A, states of CF,f since these states exhibit vibra- 
tional resolution in their photoelectron spectra, decay radia- 
tively by photon emission, and hence are most amenable to 
high-resolution study. The r? 2T,, A 2T2, and i 2E states of 
CF,f lie below the energy of the He I resonance line (21.2 
eV), and fragmentation of these states has been studied in 
some detail by us and others. 2*30-32 The 2 and A” states show 
no vibrational structure in their photoelectron bands, the 
Franck-Condon accessible regions are repulsive in charac- 
ter, and assisted by Jahn-Teller distortion these states frag- 
ment on a subpicosecond time scale to CF:+F with a large 
fraction of the available energy being deposited nonstatisti- 
tally into relative translational motion of the two fragments. 
The h band shows a partially resolved progression in vi (8 10 
cm-‘) and possibly ~~(400 cm-‘), the latter again arising 
from Jahn-Teller distortion of this state from Td symmetry. 
This state almost certainly undergoes rapid internal conver- 
sion into the j state before fragmenting from the repulsive 
surface.31 The ? and b states of CF,f have very recently 
been studied by threshold photoelectron spectroscopy33 at 
slightly higher resolution than the work presented in this 
paper, but the state-selected fragmentation of these states us- 
ing coincidence techniques has not been reported. 

Figure 2 shows the TPEPICO spectrum of the t 2T2 
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TABLE II. Positions of threshold photoelectron peaks in vibrationally resolved bands of CF: and SiFl .a 

CF,c SiFl 

VI c 2T, Ij 2A, VI v4 ‘? 2T, i 2A,b 

0 2 1.656 
2 1.146 
21.836 
2 1.926 
22.016 
22.106 
22.196 
22.28 1 
22.361 
22.441 
22.516 

25.074 0 0 19.302 21.554 
25.170 0 1 19.354 
25.258 1 0 19.386 21.646 
25.350 1 1 19.434 
25.438 2 0 19.474 
25.534 2 1 19.520 
25.622 3 0 19.564 

4 0 19.644 

‘Peak positions to.005 eV at 19 eV, -+0.006 eV at 21 eV, and to.008 eV at 25 eV, corresponding to one third 
of the resolution of the photoionization source. 

bWeak shoulders at 2 1.586 and 21.700 eV assigned to y= 1 and y= I, respectively. 

state of CF: recorded in the energy-scanning mode at a pho- 
ton resolution of 0.05 nm, corresponding to an energy reso- 
lution of -0.02 eV. As noted above and in our previous 
work,* CF: and CF: are the fragment ions observed, and 
their yields are displayed in Fig. 2 together with the thresh- 
old photoelectron signal which is also recorded in these 
energy-scanning coincidence spectra. The long vibrational 
progression in the photoelectron spectrum is the v, vibration, 
the energies of the bands are given in Table II, and we de- 
termine an adiabatic ionization potential for this state of 
21.656+0.006 eV. This value is in excellent agreement with 
that determined from our earlier work using the Seya mono- 
chromator (21.6720.03 eV),2 but is slightly lower than that 
of Yencha et al. (21.677-+0.004 eV).33 The average vibra- 
tional spacing of 0.090t0.005 eV or 726240 cm-’ is in 
excellent accord with that determined from a higher- 
resolution optical study of the b-c electronic transition in 
CF: of 72921 cm-1.34 At our resolution of 0.02 eV we see 
no evidence for other vibrational bands contributing to the 
structure of the photoelectron band, and we conclude that 
any Jahn-Teller distortion of this orbitally degenerate T, 
electronic state from tetrahedral symmetry is minimal. Struc- 
ture in the v, vibration is lost for v,>lO, suggesting that 
higher vibrational levels dissociate or predissociate at a rate 
greater than - 1013 s-l. The CF; yield matches the threshold 
photoelectron signal, with vibrational structure in v, being 
observed for the first time in the ion yield. Since the yield 
has exactly the same shape and structure as the Franck- 
Condon envelope of the CF: e state, as before2 we believe 
that production of CF: arises indirectly from radiative decay 
of the CFlc state to the repulsive 2 and 2 states which 
dissociate directly to CF:+F. Unlike CFC, the C$ ion 
arises from a competing, dissociative process of the C state. 
It seems very likely that this process is nonradiative, because 
the L?, A, and b states of CF,f (to which c-state fluorescence 
might occur) all lie below the lowest thermodynamic energy 
of CF: (Table I). The yield of CF: shows a gradual rise with 
a threshold at 21X5+0.05 eV, corresponding to the energy of 
v1 = 2, a maximum -0.3 eV to higher energy than that of the 
CF: ion, and partially resolved vibrational structure in the Y, 

band. We believe that the CF: signal may arise by a process 
of direct dissociation, probably involving the formation of a 
tightly constrained transition state at a barrier along the dis- 
sociation coordinate. By analogy with calculations on the 
A 'T, lowest Rydberg state of CH4,35 it is possible that the 
r? *T, state of CF,f correlates adiabatically to the ground 
states of CFc(X *Al) and F,(‘C,f). Excited states of CF: 
cannot be formed on energetic grounds.‘* Assuming the CF: 
signal arises solely from the radiative decay process de- 
scribed above, then at any photon energy the ratio of the CF: 
yield to that of CF: gives the ratio of ( @‘F)u to ( 1 - ( QFJu . 
Thus we obtain (cD~)~=~, 1, 0.90, 0.91, 0.87, 0.82, 0.77, 
0.72, 0.63, 0.61, and 0.53 for ul=O-10, respectively. The 
integrated area of the CF: signal to the CF: signal yields a 
vibrationally averaged value for the fluorescence quantum 
yield of the CFle state, (@F),,,,,,=0.67~0.05. 

In our earlier work4 a PIFCO spectrum was recorded at 
the Franck-Condon maximum of the CF,ft state. Coinci- 
dences were only observed with ions whose time of flight 
corresponds to that of CF:. Thus fluorescence from the 
CF,fc state occurs to lower-lying states (A 2T2 and 2 2T,) 
which dissociate promptly to CF: . With sufficient time reso- 
lution it is possible to record the decay of the coincidence 
signal with time and obtain the vibrationally averaged life- 
time of this state. This experiment was not performed on the 
Seya monochromator due to the weakness of the photon flux, 
and it has not been attempted on the McPherson because it is 
more informative to measure vibrationally state-selected life- 
times (TV) by the TPEFCO technique. Thus TPEFCO coinci- 
dence spectra were recorded at four different photon energies 
within the CF,fc state Franck-Condon envelope, namely 
21.84, 22.02, 22.20, and 22.36 eV corresponding to v,=2, 4, 
6, and 8, respectively. The optical resolution was 0.02 eV, no 
filter was used with the photomultiplier tube, and the highest 
time resolution of the time-to-digital converter (1 ns) was 
used. The results are shown in Fig. 3. The lifetimes of these 
four levels, T”, decrease monotonically from 9.0 to 7.9 ns as 
u 1 increases from 2 to 8. In our preliminary TPEFCO 
experiments4 with the Seya monochromator where complete 
vibrational resolution was not possible, scarcely any change 
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FIG. 3. TPEFCO spectra of the fluorescence from the c 2T, state of CF,f at 
excitation energies of (a) 21.84, (b) 22.02, (c) 22.20, and (d) 22.36 eV, 
corresponding to v,=2, 4, 6, and 8, respectively. The photon resolution is 
0.05 nm (-0.02 eV). the time resolution is 1 ns per channel, and the accu- 
mulation time of each spectrum is -5 h. 

in rv was observed over the range 21.9-22.8 eV. The sur- 
prise is not that the lifetime decreases as ut increases, but 
that the change is so small. The conclusions are described in 
full in our earlier publication. Briefly, k, and k,, are related to 
the observables ( QF)” and rv by k,.=(@,),/r, and 
k,,=[ I-(@,),1/r,, where q,=(k,+k,,)-‘. The TPEPICO 
data (Fig. 2) show clearly that (@F)v decreases as photon 
energy within the CF,fc state (or u t) increases. Hence for rU 
to vary so little with u t, as u, increases k, must decrease at 
approximately the same rate as k,, increases to maintain 
(k,+k,,) approximately constant. The values obtained for k, 
and k,, for different values of u t are shown in Table III. The 
small values of k,, must arise through slow intramolecular 
vibrational redistribution within the CF,fr? state. Photoion- 
ization only populates the q (aI) manifold, whereas disso- 
ciation to CF;+F, must involve channeling the energy into 
the y(e) vibrational mode. This process is relatively slow 
(-107-10’ s-l), allowing fluorescence to be an important 
competing decay pathway. The nonradiative process is pre- 
sumably hindered by the high symmetry of the I? state and 
the corresponding low density of vibrational levels. How- 
ever, k, increases for higher values of vt (Table III) due to 
an increase in the density of vibrational levels as the barrier 
to dissociation is approached. This interpretation is substan- 
tiated by a recent analysis of Doppler-limited optical emis- 
sion spectra of different vibronic bands of the d(v; 
= 0) - ?( u ‘t’) transition in CFZ .36 Perturbations become in- 
creasingly apparent in the rotational structure of the c state 
as u;’ increases, becoming marked for u’,’ 2 2 as nonradiative 
processes become more important. 

Figure 4 shows the TPEPICO spectrum of the b 2A, 
state of CF,f recorded in the energy-scanning mode at a pho- 
ton resolution of 0.05 nm which now corresponds to an en- 
ergy resolution of -0.025 eV. Again, CF: and CF: are the 
fragment ions observed, and as in Fig. 2 we display their 
yields and the threshold photoelectron spectrum. The TPE 
spectrum shows a long progression in v, extending up to 
v,=5 or 6, peak positions are given in Table II, we obtain a 
value for vt of 0.093+0.007 eV or 750256 cm-‘, and this 
compares with a value of 800? 1 cm-’ obtained from the 
high-resolution b--C? optical study.34 This band shows a very 

TABLE III. Fluorescence quantum yields (QF)“, lifetimes r,, , and radiative (k,) and nonradiative (k,r) decay 
rates of vibrational levels of CF: c *T, 

VI E/(eV) CF;/CF,’ (@FLP 7Jns k, (IO’ s-‘)~ 

0 21.66 50 1 
I 21.75 30 1 
2 21.84 1222 0.92%0.20 9.OkO.3 1.0t0.2 
3 21.93 10.4rto.9 0.91kO.08 
4 22.02 6.950.4 0.87-tO.04 8.6t0.4 1.01~0.07 
5 22.11 4.5YLO.l 0.82ZO.02 
6 22.20 3.320.1 0.77ZO.02 8.4k0.3 0.92?0.04 
7 22.28 2.5720.06 0.72-+0.01 
8 22.36 1.6920.03 0.63?0.01 7.920.4 0.8OkO.03 
9 22.44 1.54kO.03 0.61+0.01 
IO 22.52 1.13t0.03 0.53+0.01 

Calculated assuming the ratio of the CF: to CF$ signal is (aF)J[ 1 -(@F)U]. 
‘Calculated from k,=(@,),/~, . 
‘Calculated from k,,=[ I - (QF)J/rv. 

k,, (loss-‘) 

0.09-tO.02 

0.15-+0.01 

0.27t0.01 

0.47kO.02 
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FIG. 5. Threshold photoelectron spectrum of SiF4 between 15 and 22 eV 
recorded at a photon resolution of 0.1 nm or -0.026 eV at 18 eV. 

FIG. 4. Threshold photoelectron spectrum and coincidence yields of CFZ 
and CF: from CF, between 24.9 and 25.8 eV. The photon resolution is 0.05 
nm or -0.026 eV. 

different vibrational intensity structure to the He JJ photo- 
electron band,‘* where direct ionization to v,=O is by far the 
strongest peak, and only very weak bands to v,>O are ob- 
served. This is a classic example of how autoionization, in 
this case via high-lying Rydberg states of CF, around 25 eV, 
can contribute by an indirect process to the threshold photo- 
electron signal, resulting in an anomalous non-Franck- 
Condon vibrational distribution. The CFT yield arises indi- 
rectly from radiative decay of the fi *A 1 state of CF: to the 
repulsive i state which dissociates directly to CFz+F, the 
CF: signal possibly via internal conversion into high vibra- 
tional levels of the (? *T2 state of CF: prior to direct disso- 
ciation. Figure 4 shows that there is vibrational state selec- 
tivity in this competition, with the radiative channel 
dominating at low values of vl, the nonradiative channel 
dominating at high values of ZQ . We obtain ( @F)v =0.9,0.57, 
0.36, 0.29, 0.18, 0.20, and 0.2 for vl=O-6, respectively, and 
a vibrationally averaged value for the fluorescence quantum 
yield of 0.38ZO.02. Other than displaying the higher resolu- 
tion that can be obtained with the McPherson monochro- 
mator, our conclusions from this TPEPICO spectrum are un- 
changed from those given in the lower-resolution study.* 
PIFCO and TPEFCO coincidence experiments on the CF:fi 
state were not performed for two reasons. First, the partial 
photoionization cross section into this state is relatively 
sma11.37 Second, its lifetime (2.1 ns)38 is too short to be mea- 
sured accurately in a fluorescence coincidence experiment 
with an optimum TDC resolution of 1 ns and a photomulti- 
plier response time of 1.5 ns. 

C. Silicon tetrafluoride 

The He I and He II photoelectron spectra (PES) of SiF, 
have been reported in the literature.“*‘* The shape and struc- 
ture of the first five bands is similar to that of CF,, the four 
lowest bands are accessible with He I radiation and only the 
fifth band (ionization to fi *A,) needs the higher energy of 

He II radiation. As with CF,, the first two bands are essen- 
tially continuous with no vibrational structure. The third 
band shows a small progression in v,, and the fourth band 
shows a longer progression in vl with a satellite band to 
higher energy of each member being due to a combination 
band with one quantum of v,. The fifth band is very narrow, 
and no vibrational structure is resolved in the He II PES. To 
date, there has been no report of a TPES of SiF,. Figure 5 
shows a flux-normalized TPES from 15 to 22 eV recorded at 
a wavelength resolution of 0.1 nm. Two points are of note. 
First, the relative intensities of the first three bands (ioniza- 
tion to SiFlJ??, A, and j) are approximately unchanged from 
those observed with the fixed-frequency lamp sources, but 
the fourth and fifth bands are much weaker in the threshold 
spectrum. Second, there is some evidence of additional struc- 
ture in the high-energy tail of the b *E band between 18.5 
and 19.2 eV, and, unlike the He I and He II spectra, the 
threshold electron signal does not return to the baseline in 
this region. Such an effect has been observed in the TPES of 
CF,,33 and has been interpreted as evidence for autoionizing 
states of CF, in this energy region giving rise to a non- 
Franck-Condon distribution of vibrational levels in the 
CFZB photoelectron band. We have not investigated this 
phenomenon in the TPES of SiF, in detail, since the main 
purpose of this work was to study the state-selected fragmen- 
tation of the valence states of SiFz by coincidence tech- 
niques, but this effect warrants further study. 

Using an electron-ion coincidence technique,5 there has 
been only one previous study of the fragmentation of the 
outervalence states of SiFl, but as described earlier there 
was no energy analysis of the photoelectrons in these experi- 
ments. Over the energy range 16-23 eV SiF,f and SiF: were 
the only ions observed and their yield curves were obtained. 
SiFz was not observed. Due to the lack of energy analysis, it 
was not possible to say whether the fragmentation channels 
observed at each of the five valence states of SiF,f were 
unique, and the data for the KJZ released were only of limited 
value. To date, there have been no reports of the fragmenta- 

J. Chem. Phys., Vol. 101, No. 12, 15 December 1994 

Downloaded 02 Feb 2001  to 147.188.104.4.  Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.



Smith et a/.: Decay dynamics of valence states 10567 

1 

192 19.4 19.6 19.8 20.0 

EoergylcV 

FIG. 6. Threbhold photoelectron spectrum and coincidence yield of SiF; 
from SiF, between 19.1 and 20.0 eV. The photon resolution is 0.05 nm or 
-0.015 eV. 

tion of these valence states by coincidence techniques in 
which the energy of the photoelectron is defined. 

In this study, as with CF:, we have concentrated our 
effort to study the decay dynamics of the ? *T, and b *A, 
states of SiFi by TPEPICO and TPEFCO spectroscopy. We 
have also measured the KE released into the fragment ions at 
the Franck-Condon maximum of the five valence states of 
SiFi . Figure 6 shows the TPEPICO spectrum of the I? 2T2 
state of SiFi recorded in the energy-scanning mode. The 
resolution is 0.05 nm, or -0.015 eV. SiF: is the only ion 
observed, and its yield and the TPE signal are displayed. The 
TPES is almost identical to the He I spectrum of Jadmy 
er al..” showing that autoionization is not an important pro- 
cess over the energy range 19.2-20.0 eV. The major vibra- 
tional progression in the TPES is the vi vibration, with each 
member having a satellite band to higher energy correspond- 
ing to one quantum of v,. The peak energies and assignments 
are given in Table II, we obtain an adiabatic IP of 19.302 
20.006 eV, and values for vi and v, of 0.084CO.004 eV 
(677232 cm-‘) and 0.05220.004 eV (419+32 cm-‘), re- 
spectively. The value for the adiabatic IP is in exact agree- 
ment with that of Jadmy et al., the values for the two vibra- 
tional wave numbers can be compared with values of 
v,=707? 1 and v4=431 + 1 cm-’ obtained from a high- 
resolution optical study of the b-2 electronic transition in 
SiF ; .39 The presence of bands involving the nontotally sym- 
metric vj mode of t2 symmetry both in the TPES and the ion 
optical emission spectrum shows that the e *T, state of SiFl 
does not have tetrahedral symmetry but is showing Jahn- 
Teller distortion to C 3v geometry. Considering now the 
ion(s) that are observed in coincidence with threshold elec- 
trons, SiF; is the only fragment ion which is thermodynami- 
cally accessible to the SiFle state (SiF$ lies 1.6 eV higher 
in energy), and is therefore the only fragment ion observed 
(Fig. 6). Its yield matches directly that of the Franck- 
Condon determined TPE signal, with partial resolution of the 
vibrational structure that is observed in the TPES. Unlike the 

21.3 21.6 21.7 21.8 21.9 

FIG. 7. Threshold photoelectron spectrum and coincidence yield of SiF: 
from SiF4 between 21.5 and 21.9 eV. The photon resolution is 0.05 nm or 
-0.018 eV. 

(? *T2 state of CF:, the c *T2 state of SiF4f does not fluo- 
resce with any appreciable quantum yield,40 and therefore a 
radiative decay process cannot contribute to the ions ob- 
served in coincidence with threshold electrons. In particular, 
the e-2 transition in SiFz might access some parts of the 
x-state potential which are stable with respect to dissociation 
to SiF:+F (especially if the adiabatic IP of the x state is as 
low as 15.29 eV, as Kickel et ~1.~~ suggest). Under these 
circumstances the SiF,f ion would then be observed in coin- 
cidence with a threshold electron. This phenomenon is not 
observed, and is further evidence that the decay dynamics of 
the c state of SiFz are dominated by nonradiative processes. 
The most likely decay route of SiFi? to SiFl is via internal 
conversion into the i 2E state, a process which will be as- 
sisted by dynamic Jahn-Teller distortion of the e 2T2 state 
to Csu geometry. (A similar effect is observed for dissocia- 
tion of the lowest Rydberg state of CH4 i ‘T2 into high 
vibrational levels of its ground state;4’ the main products of 
photodissociation of CH, at - 11 eV are CH,+H, and not 
CH,+H, as predicted.)18 The i state could then internally 
convert into a repulsive region of the i state which dissoci- 
ates directly to form SiFl+F. Further evidence for this 
mechanism comes from an analysis of the KE releases (see 
below). 

Figure 7 shows the TPEPICO spectrum of the fi 2A, 
state of SiF: recorded in the energy-scanning mode at a 
resolution of 0.05 nm, or -0.018 eV. Although SiF,f is ther- 
modynamically now accessible, again SiFl is the only ion 
observed, and its yield and the TPE signal are displayed. The 
TPES is very similar to the He II PES, showing a strong 
vertical transition to u=O of this electronic state of the ion 
with little associated vibrational structure. The vi = 1 band is 
observed for the first time in any kind of photoelectron spec- 
trum, and we obtain v,=O.O92-+0.005 eV or 742240 cm-‘, 
in excellent agreement with a value of 743.42 1.0 cm-’ from 
the SiF,fb-e optical emission study.39 Our value for the 
adiabatic IP, 21.554?0.007 eV, is in exact agreement with 
the value of 2 1.55 eV quoted by Lloyd and Roberts from the 
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He II PES.” Weak shoulders are observed on the high-energy 
sides of both vl=O and 1 in the TPES. These peaks, with 
energies of 2 1.586 and 2 1.700 eV, cannot be assigned to any 
further member of the allowed vr(ai) progression. It seems 
that their most likely assignments are to v2(e) = 1 at 0.032 eV 
or 258 cm-’ and ~s(tz)=l at 0.146 eV or 1178 cm-‘, respec- 
tively. (Neutral SiF, has similar values of v,=268 and 
vs= 1031 cm-l.)14 These “forbidden” peaks could then arise 
due to a second-order pseudo-Jahn-Teller interaction be- 
tween the close-lying D 2A r and e 2T2 states of SiFi . Such 
an observation of forbidden vibrational structure in a nonde- 
generate photoelectron band has been observed in the He I 
PES of the 2 2A; state of BF; caused by the nearby doubly 
degenerate b 2E’ state which shows first-order Jahn-Teller 
splitting.42 Figure 7 shows that the SiF,f ion yield follows the 
TPE signal, with the vl= 1 peak being partially resolved in 
the ion yield spectrum. We believe that the predominant 
cause of the SiF,f signal is from radiative decay of the 
SiF,fD state via D-i fluorescence to the repulsive A” state 
which dissociates directly to SiFl+F. The fluorescence 
quantum yield of the D 2AI state of SiFi has not been mea- - - 
sured, but the relative strength of the D-C ion emission 
spectrum39 and the invariance of the D-state lifetime (9.1 ns) 
with excitation energy4’ strongly suggests that a radiative 
process dominates the decay dynamics of this state and Q, is 
close to its maximum value of 1. If this is true, the fragment 
ions that are observed in coincidence with a threshold elec- 
tron are a manifestation of the decay routes of the lower 
electronic states to which D-state fluorescence occurs. 
Therefore SiF; is the only fragment ion observed. 

TPEFCO spectra were recorded at two energies within 
the SiFiD state Franck-Condon envelope, 2 1.55 and 21.65 
eV, corresponding to vr=O and 1 (Fig. 8). The optical reso- 
lution was 0.04 eV, no filter was used with the photomulti- 
plier tube, and a TDC resolution of 2 ns was used. The life- 
times of these two levels, r, , are independent of v,, and 
within experimental error take the same value of 9+2 ns. 
The limited number of coincidences in each spectrum even 
after 12 h data collection is primarily a result of the small 
partial ionization cross section into the D state of Si$ ,43*44 a 
factor of -8 smaller than the cross section into the C state of 
CF 4’ ;37 this explains the much-improved signal-to-noise ratio 
of the CF,f?-state TPEFCO spectra (Fig. 3) after a compa- 
rable data accumulation time. The lifetimes agree with those 
obtained from time-resolved fluorescence experiments.40 The 
advantage of the TPEFCO technique is that it measures the 
lifetime of an individual vibrational level, whereas a time- 
resolved fluorescence experiment measures a convolution of 
the lifetimes of all the vibrational levels which are energeti- 
cally accessible. The results from the latter experimentM 
show that the D-state lifetime is independent of excitation 
energy, rU therefore is probably independent of vibrational 
level, and this result is indeed partially confirmed by the two 
TPEFCO experiments. In this particular case, the advantage 
of vibrational state selectivity is negated by the substantially 
reduced signal-to-noise ratio of the coincidence spectrum 
and essentially no new information is obtained from the 
TPEFCO experiments. A PIFCO experiment was not made at 
the b 2A i state of SiF,f , but the result can be predicted with 
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FIG. 8. TF’EFCO spectra of the fluorescence from the d ‘A, state of SiFl at 
excitation energies of (a) 21.55, (b) 21.65 eV, corresponding to Y, =0 and 1, 
respectively. The photon resolution is 0.1 nm (-0.04 eV), the time resolu- 
tion is 2 ns per channel, and the accumulation time of each spectrum is 
-12 h. 

a high degree of confidence. Since bound-free b-2 fluo- 
rescence centered at 304 nm dominates the emission spec- 
trum of the D state,45 a coincidence signal would be ob- 
served with ions of m/e=85 (SiFc), reflecting the repulsive 
nature of the i-state potential energy surface. 

TPEPICO spectra at fixed photon energies were mea- 
sured at the Franck-Condon maxima of the five valence 
states of SiFl. A time resolution of 8 ns per channel was 
possible for all five measurements, and data accumulation 
times ranged from 2 h (i state) to 8 h (D state). Figure 9 
shows the broadening of the SiF: peak at 21.55 eV, the 
maximum of the SiFib state. Detailed JLEPDs and hence 
mean kinetic energy releases can be derived from an analysis 
of such TOF shapes.8 The method used is to compute a set of 
TOF peaks (each with a discrete energy release E[) and fit 
this basis set to the experimental peak using a linear regres- 
sion technique. The discrete energies are calculated by 
~~=(2n- 1)2AE where n=1,2,3,... and AE (the minimum 
release when n = 1) depends primarily on the statistical qual- 
ity of the data. In practice only mean KE releases can reli- 
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FIG. 9. Coincidence time-of-flight spectrum of SiF; from SiF, photoionized 
at 2 1 S.5 eV into the 5 *A, state of the parent ion. The time resolution is 8 
ns per channel. and the accumulation time is -8 h. 

ably be obtained, the results are shown in Table IV, and in 
each case they are relatively insensitive to the form of the 
distribution. There are two related reasons for this. First, un- 
favorable kinematics; for SiFi--+SiF: +F the daughter ion 
has over 80% of the mass of the parent ion. Second, there is 
no cooling of the translational temperature, T, of molecules 
along the axis of the TPEPICO apparatus since the molecules 
emerge from the inlet needle with little directionality.’ With 
kBT as high as 25 meV, this thermal effect broadens the TOF 
peak for each value of E, and degrades the detailed form of 
the TOF distribution. Such measurements have been made 
for the five valence states of CF4f by us and others,2*30-32 but 
these are the first such results for SiF,f . Two points are 
noted. First, the small value for the KE release from the r? 
state at 16.60 eV reflects the closeness of the SiFT+F as- 
ymptote (16.2 eV). Even so, a release of 0.13 eV constitutes 
32% of the available energy, implying that dissociation of 
this state is essentially nonstatistical with a large amount of 
the available energy being deposited into translation. Thus 
Franck-Condon photoioni_zation of SiFz at 16.60 eV ac- 
cesses a part of the ionic X-state surface which is predomi- 
nantly repulsive. Second, the mean energy releases from the 
four excited valence states of SiF,f are very similar with 
values between 0.52 and 0.65 eV. The A-state result means 
that 42% of the available energy is channeled into transla- 
tional motion of the SiFi and F products, the high amount 
again being characteristic of a nonstatistical, direct dissocia- 
tion process off a repulsive potential energy surface. The i- 
and c-state results suggest that these states evolve rapidly 
into the A state by internal conversion (in the latter case 

TABLE IV. Mean kinetic energy releases from fragmentation of electronic 
states of SiFl 

Daughter ion State Energy/eV Mean KE&,,/eV’ 

SiF,; i ‘T, 16.60 0.13*0.04 
SiF; i ‘Tz 17.50 0.54t0.03 
SiF; b ‘E 18.04 0.5220.03 
SiF; e 2T2 19.46 0.65?0.04 
SiF; b ‘A, 21.55 0.59-to.05 

The quoted error is a measure of how each TOF distribution is fitted (see 
the text), rather than a true representation of the experimental uncertainty. 
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FIG. 10. Threshold photoelectron spectrum of SIC& between 11 and 19 eV. 
The photon resolution is 0.1 nm or -0.018 eV at 15 eV. 

assisted by Jahn-Teller distortion of the state), prior to dis- 
sociation off the A-state repulsive surface. The b-state result 
is compatible with a radiative process, in particular 0-A 
fluorescence, dominating the decay dynamics of this state. 

D. Silicon tetrachloride 

Figure 10 shows a flux-normalized, survey TPES of 
SiCl, from 1 I to 19 eV recorded at a wavelength resolution 
of 0.1 nm. This range spans the ground (x) and the four 
outervalence excited states (i-b) of SiCl: . Similar fea- 
tures as in Fig. 10 have been observed by He I and II PES,13 
although the relative intensities of the five bands are rather 
different in th,” threshold spectrum; the A-state band is stron- 
ger, and the C- and D-state bands are weaker. Each band was 
studied under higher resolution (0.025-0.03 nm) in order to 
resolve possible vibrational structure, with effort being con- 
centrated on the 2, f?, and 15 ionic states [Figs. 1 l(a), 1 l(b), 
and 11(c), respectively]. Surprisingly, neither the I?: nor c 
states exhibit any structure at a resolution of 0.03 nm (cor- 
responding to an energy-of -3 and 6 meV, respectively), 
despite the fact that the X state is now known to be bound 
(see later) and the C state is known to fluoresce?6 However, 
the b state, which is much narrower than either the r? or c 
states in the survey spectrum, shows three resolved vibra- 
tional peaks when recorded at a resolution of 0.025 nm, with 
energies of 18.110, 18.157, and 18.201 eV [Fig. 11(c)]. The 
vibrational spacing of 47+2 meV or 379216 cm-’ is as- 
signed to the q totally symmetric Si-Cl stretch of SiCll. 
Unlike the 5 state of SiFi (Sec. IV C), there is no evidence 
for any other vibrational mode being active at this resolution. 
Our value for v1 can be compared with that obtained from a 
He I PES (36 meV OF 290 cm-1)‘3 taken at lower resolution 
than the present TPES measurements, and a value of 52.4 
meV (423 cm-1)‘4 for the corresponding vibrational interval 
in neutral Sic&. The slight decrease in vl upon ionization to 
the b state probably reflects a slight increase in the Si-Cl 
bond distance. 

TPEPICO spectra in the energy-scanning mode were re- 
corded over these five states (k-6) and the first innerval- 
ence state (k 2T2) of SiCl: at a resolution of 0.1 nm. The 
r?-, A-, and b-state data are presented in Fig. 12, the c-, 6, 
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FIG. 11. (a) Threshold photoelectron spectrum of the x ‘T, state of SiCl: 
recorded at a resolution of 0.03 nm or -3 meV. (b) Threshold photoelectron 
spectrum of the c *T, state of SiCl: recorded at a resolution of 0.03 nm or 
-6 meV. (c) Threshold photoelectron spectrum of the d *A, state of SiCl: 
recorded at a resolution of 0.025 mn or -6 meV. 

and i-state data in Figs. 13(a), 13(b), and 13(c), respectively. 
Figure 12 shows that below 14.5 eV the SiCli and SiCl: 
ions are observed. The SiCll ion yield matches the TPE 
signal for the region 11.5-12.5 eV (the Franck-Condon zone 
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FIG. 12. Threshold photoelectron spectrum and coincidence yields of SiCll 
and SiCl: from SiCl, between 11.5 and 14.5 eV. The photon resolution is 
0.1 nm or -0.014 eV. 
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FIG. 13. (a) Threshold photoelectron spectrum and coincidence yields of 
SiCl; and Sic12 from SiCl, between 14.6 and 16.2 eV. (b) Threshold pho- 
toelectron spectrum and coincidence yields of SiCl; and SiCl; from SiCI, 
between 17.9 and 18.4 eV. (c) Threshold photoelectron spectrum and coin- 
cidence yields of SiCl+ and SiClg from SiCl, between 19.0 and 21.5 eV. In 
all cases the photon resolution is 0.1 nm. 

of the ionic 2 state), whereas the SiCl: yield follows the 
TPE signal for the region 12.7-14.5 eV (the Franck-Condon 
zones of the i and i states). The SiClz result confirms what 
is to be expected from the thermodynamics of this system 
(Table I), that is, the ground state of SiCl,’ is bound since its 
adiabatic and vertical IPs (11.8 and 12.1 eV, respectively) lie 
below the SiCIl+Cl dissociation channel at 12.7 eV. The 
SiCll signal in the TPEPICO spectrum clearly originates 
from fragmentation of the i and fi states of SiCl: , with the 
threshold for SiClc production coinciding with the adiabatic 
IP of the i state. Thus those regions of the h- and j-state 
surfaces populated by Franck-Condon photoionization are 
repulsive in nature. These results also confirm mass spectro- 
metric studies47 which show that both SiCl: and SiCl: are 
major ion products in the electron impact ionization of Sic&. 
For the ?, 6, and i? states of SiCll, there is no simple 
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correlation between an ionic state and production of one 
fragment ion. Thus the c *T, state produces both SiClT and 
SiCld in the ratio of -4: 1 [Fig. 13(a)], the fi *A 1 state pro- 
duces SiCli and SiCl: also in the ratio of -4:l [Fig. 13(b)], 
and the ( 1 tz) - ‘i *T, innervalence state with an adiabatic IP 
of 20.0 eV3 produces predominantly SiCl+ and ju_st possibly 
SiCll in addition [Fig. 13(c)]. The results for the X, A, and B 
ionic states, while easily predictable, have never been ob- 
served before, results for the c, d, and b states have been 
observed at lower signal-to-noise ratio and inferior resolution 
in our previous study with the Seya monochromator.3 One 
fixed-energy high time resolution TPEPICO spectrum was 
recorded in our earlier work3 at the e state of SiCl: to mea- 
sure the KE release into the SiCl,f+Cl channel (-0.4 eV). 
No further KERDs have been measured in this study, prima- 
rily because the earlier study showed that the multiple iso- 
topes of the silicon and chlorine atoms degrade the informa- 
tion that can be obtained from such spectra. 

The c state of SiCll decays radiatively,‘t6 a nonstatisti- 
cal process in such a five-atom polyatomic ion composed of 
heavy atoms, and both PIFCO and TPEFCO spectra have 
been recorded at the Franck-Condon maximum of this state, 
15.36 eV. Fluorescence occurs both to the bound ground 
state of the ion and to the repulsive first excited state. Figure 
14 shows three PIFCO spectra each recorded with a time 
resolution of 128 ns per channel. In Fig. 14(a) no filter is 
used in front of the photomultiplier tube, in Fig. 14(b) a 
Schott UG5 filter transmitting the range 220-400 nm is 
used, and in Fig. 14(c) a Schott OG515 filter transmitting 
wavelengths greater than 500 nm is used. In Fig. 14(a) coin- 
cidences are observed with two ions whose mass-to-charge 
ratio corresponds to SiCll and SiCl,‘, in Fig. 14(b) only 
coincidences with SiCli are observed, and in Fig. 14(c) only 
coincidences with SiClz are observed. These PIFCO mea- 
surements confirm that the final states of the two radiative 
processes originating from the I? state of Sic12 differ signifi- 
cantly; one process results in a stable state of the parent ion 
(i) while the other process produces the unstable j state 
which fragments to SiCll+Cl. In an earlier optical study 
with a resolution of 0.2 nm46 using electron-impact ioniza- 
tion of a supersonic beam of SiCl,, two broad bands were 
observed with peaks at 410 and 570 nm. They were assigned 
to SiCl: c-2 and C-A”, respectively, and both bands ap- 
peared to be continuous in nature. This PIFCO study shows 
that the radiative process involving the UV emission must be 
interpreted as a bound-bound transition which has the ap- 
pearance of a bound-free transition due to rovibronic spec- 
tral congestion. Indeed, a more detailed study of the two 
bands at close to Doppler-limited resolution shows a clear 
difference between them; the visible band is continuous in 
nature, while the UV band has a large amount of discrete 
structure.48 In our TPEPICO measurement the ions SiCll 
and SiCla are detected with equal efficiencies, and the 4:1 
intensity ratio presumably reflects the relative values of the 
electronic moments of the c-i and e-x transitions. In the 
PIFCO experiment with no filter [Fig. 14(a)] the similar in- 
tensities of the signals due to SiCl; and SiCl: reflect the 
convolution of this effect with the reduced quantum effi- 
ciency of the photomultiplier tube in the red region of the 
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PIG. 14. PIFCO time-of-flight spectra of the fluorescence from the e *T2 
state of SiCl: at 15.36 eV. The time resolution is 128 ns per channel and the 
accumulation time is -8 h for each spectrum. In (a) no optical filter, in (b) 
a Schott UC5 filter transmitting the range 220-400 nm, and in (c) a Schott 
OG5 15 filter transmitting wavelengths greater than 500 nm is used with the 
Mullard 2254 QB photomultiplier tube. 

visible (where (?;-A emission occurs) compared to that in the 
UV/blue visible (where c-x emission occurs). 

The strong fluorescence signal from the e state of SiCl,’ 
allowed us, in addition, to record a TPEFCO spectrum. Fig- 
ure 15 shows the spectrum recorded at an energy of 15.36 eV 
(the vertical IP) with a time resolution of 2 ns per channel 
and with no optical filter. The decay of the fluorescence sig- 
nal can be fitted to a single exponential with a rate constant 
of 2.6X lo7 s-l, corresponding to a lifetime of 38 ns for the 
vibrational level(s) at the Franck-Condon maximum. This 
result is in excellent agreement with the value of 38.4 ns 
determined by a time-resolved fluorescence study.40 The ob- 
servation of radiative decay and the corresponding long life- 
time strongly suggests that the fluorescence quantum yield of 
the 6 state is close to unity, implying that internal conversion 
of this state into lower-lying electronic states of SiClf is 
slow and inefficient. It is therefore very surprising that no 
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FIG. 15. TF’EFCO spectrum of the fluorescence from the e *T, state of 
SiCl: at 15.36 eV. The time resolution is 2 ns per channel, the accumulation 
time is - 10 h, and no optical filter is used. A single exponential is drawn 
through the data with a rate constant of 2.6X10’ s-‘, corresponding to a 
lifetime of 38 ns. 

vibrational structure is resolved in the TPES even at a reso- 
lution of 6 meV [Fig. 11(b)]. Since the c-state lifetime is as 
long as 38 ns, predissociation or dissociation lifetime broad- 
ening cannot explain this absence of structure, and we can 
only conclude that spectral congestion caused by several vi- 
brational modes being excited and/or spin-orbit effects is the 
cause of the continuous band. If the (? *T, state retains tet- 
rahedral symmetry, then only the v,(ut) totally symmetric 
vibrational mode should be observed (as with CFie), and at 
a resolution of 6 meV a progression in this mode should be 
resolved even if vl is substantially reduced from its value in 
neutral SiCl, of 52.4 meV. Therefore we conclude that non- 
symmetric vibrational modes including one or more of v2( e), 
r+(r2), and am (whose values in the neutral molecule are 
18.5, 76.9, and 27.3 meV, respectively)14 must be active. 
This then suggests that the ionic 2; state is affected by Jahn- 
Teller distortion (as in the case of SiF:c), and makes the 
observation of radiative decay from the r? state all the more 
surprising. 

By analogy with the fi ‘A, states of CF,f and 
SiF l,34.36*39.45*49 it might be expected that the fi state of 
SiCli also shows radiative decay via b-A and 5-c emis- 
sion. If this is so, then the 6-A channel could provide an 
(indirect) route for production of SiCl; , the very weak minor 
channel observed. However, a TPEFCO experiment at an 
energy of 18.11 eV without any optical filter in front of the 
photomultiplier tube yielded negligible coincidence counts 
after 8 h of accumulation time. We conclude that the Auores- 
cence quantum yield of this state is very small (probably less 
than O.Ol), and nonradiative processes dominate. Since vi- 
brational structure is resolved in the TPES of the fi state, 
fragmentation processes must occur at a rate less than lOi 
s-‘, but in order to explain the negligible fluorescence yield 
the decay rate must be faster than 10” s-t. The principle 
daughter ion produced from this state is SiCl: , and we note 
that the threshold for production of this ion (18.1 eV) lies 
nearly 3 eV above its lowest thermodynamic threshold. This 
is another example of nonstatistical behavior in this family of 
molecular ions, since fragmentation to other daughter ions 
which are energetically allowed (e.g., SiCl+ and SiClt) is 
scarcely observed. As with fragmentation of the e state of 
CF: to CF; +Fz or F+F, it is not possible to say whether the 
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FIG. 16. Threshold photoelectron spectrum of GeCI, between 11 and 19 eV. 
The photon resolution is 0. I nm or -0.02 eV at 15 eV 

other products from the fi state of SiCl: are Cl, or Cl+Cl, 
and if the latter is the predominant channel, whether the dis- 
sociation is concerted (i.e., SiCl~~--SiCl~+Cl+Cl) or se- 
quential (i.e., SiCl,fD+SiCl~+Cl-+SiCl~+Cl+Cl). The 
threshold for SiCl+ production (20.0 eV) [Fig. 13(c)] lies 3.2 
eV above the lowest thermochemical channel producing this 
ion. This could correspond to the energy of the ./? ‘T, first 
innervalence state of SiCli , and again this represents another 
nonstatistical dissociation process. 

E. Germanium tetrachloride 

Figure 16 shows a TPES of GeCI, from 11 to 19 eV 
recorded at a resolution of 0.1 nm. Again, as in SiClz , the 
relative intensities of the peaks are slightly different from 
those recorded under nonthreshold conditions;‘3 the main 
differences are that the A-state band is stronger and the fi- 
state band is weaker under threshold conditions. The TPES is 
very similar to that of SiCl, (Fig. lo), but with two notice- 
able differences. First, a doublet is clearly resolved in the 
second band of GeCl, (ionization to A *T2), and we assign 
this to spin-orbit splitting in this state. The magnitude of the 
splitting (155 meV or 1255 cm-t) is compatible with both 
the Ge and the four Cl atoms making atomic contributions to 
the molecular splitting, and since the lower-energy band at 
12.5 eV has the greater integrated intensity this strongly sug- 
gests that the sign of the molecular spin-orbit splitting con- 
stant is negative, as expected for a (t$ electron 
configuration.50 The absence of a splitting in the A ‘T2 band 
of SiCll suggests that the very much smaller atomic contri- 
bution of Si 3p (153 cm-‘) compared to Ge 4p (960 cm-‘) 
is a significant factor. Second, the fifth band in the TPES 
(ionization to GeClzfi *At) in much weaker than the corre- 
sponding band in SiCl: ; this fact is also observed in the He I 
spectra. The signal-to-noise ratio of this TPES of GeCl, is 
superior to that of previous He I spectra,‘” and in Table I we 
quote improved adiabatic IPs for the x, A, and L? states, all 
reduced by -0.2 eV. No higher-resolution TPES studies 
were carried out. 

TPEPICO spectra in the energy-scanning mode were re- 
corded over the 2-b states [Fig. 17(a)] and the (? state [Fig. 
17(b)] of GeCl: at a resolution of 0.1 nm. Due to the very 
small partial ionization cross section into the b state under 
threshold conditions, this state was not studied. The picture 
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FIG. 17. (a) Threshold photoelectron spectrum and coincidence yields of 
GeCI; and GeCI; from GeCl, between 11.6 and 13.8 eV. The photon reso- 
lution is 0. I nm or -0.013 eV. (b) Threshold photoelectron spectrum and 
coincidence yield of GeCI,; from GeCl, between 14.4 and 15.6 eV. The 
photon resolution is 0.1 nm or -0.018 eV. 

for the i-fi states is similar to that in SiCll. GeCl: and 
GcClf are observed. The GeCl: yield matches the threshold 
photoelectron signal for most of the Franck-Condon region 
of the 2 state, the GeCl-T yield follows the TPE signal over 
the A and b states, The threshold for GeClT production is 
12.1010.03 eV, almost identical to the appearance potential 
from electron-impact mass spectrometry.‘6 This energy is 
close to the vertical IP of the GeC14f X state, and the yield of 
the trichloride ion rises as that of the parent ion falls. As with 
SiClf , these results are not surprising, given the thermody- 
namics of the system. Approximately half the Franck- 
Condon region of the GeCl,*g state lies below the 
GeCI,: +Cl thermochemical limit, and these vibrational lev- 
els are stable with respect to dissociation. Higher vibrational 
levels lie above the dissociation hmit and fragment to the 
trichloride ion. All levels of the A and 25 states lie above 
12.10 eV, the A state dissociates directly off a repulsive sur- 
face, the i state probably indirectly via internal conversion 
through the i state. These results have not been observed 
before, but as with SiCllX-B they are not difficult to pre- 
dict. However, given these results it is very surprising that 
the parent ion is not observed at all in a 70 eV electron- 
impact mass spectrum of GeC1,.47 The TPEPICO spectrum 
from the c state [Fig. 17(b)] shows that GeCl: is the only 
ion observed and its yield follows the TPE signal. Despite 
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the fact that the channel to GeCl; is energetically open, nei- 
ther this ion nor the parent ion are observed. 

As with SiCli, the (? state of GeCl,f decays radiatively 
via c-r? and c-2 emission,40.46 its lifetime is 65.4 ns, and 
a PIFCO spectrum has been recorded from this state. The 
spectrum recorded at the Franck-Condon maximum of 14.9 
eV with a time resolution of 128 ns per channel and no 
optical filter shows coincidences only with GeClz . This re- 
sult suggests either that c--i fluorescence is much stronger 
than e-I? Auorescence in GeCl,f or c-2 emission predomi- 
nantly populates those parts of the X-state surface above the 
GeCll+Cl dissociation energy or both. All the points made 
in Sec. IV D about the absence or presence of Jahn-Teller 
effects in the r? state of SiCll are pertinent to any discussion 
of the dynamics of the ? state of GeCli. Even though a 
high-resolution TPES of this state was not recorded, it is safe 
to predict that if spectral congestion is the cause of the ab- 
sence of structure in the SiCliC-state TPE band, then this 
effect will be an even greater problem with the heavier 
GeCl,f ion. 

V. CONCLUSIONS 

We have recorded TPEPICO spectra in the energy- 
scanning mode over the ground and the outervalence excited 
electronic states of four group IV tetrahalide ions, CF:, 
SiFz , SiCll , and GeCli , and have established which daugh- 
ter ions are produced from fragmentation of each electronic 
state. Results for Ccl: have been reported elsewhere.3 For 
some of the excited states which decay radiatively by photon 
emission, PIFCO and TPEFCO spectra have been recorded 
at fixed photon energies. The important conclusions from 
these results are as follows. 

(a) The behavior of the ground state of the molecular ion 
(MX,f) depends upon the energy of its adiabatic IP compared 
to that of the lowest dissociation channel (to MX:+X). In 
CF,f, all regions of the ground state populated by Franck- 
Condon photoionization lie on repulsive parts of the poten- 
tial, in SiCl,’ the majority of the ground-state surface is 
bound, and in SiF,f and GeCli the situation is in between 
these two limits. Thus the parent ion is observed as a major 
product in ionization studies of SiCl, (this work), as a minor 
product in studies of GeCl, (this work) and SiF,,’ and not at 
all in studies of CF4.2*5 Vibrational structure has not been 
resolved in any ground-state photoelectron spectrum. 

(b) The parts of the i *T, state potential energy surface 
populated by Franck-Condon photoionization are repulsive 
for all four ions, and all dissociate to MX: +X. Again, no 
structure has been resolved by photoelectron spectroscopy. 
The b 2E state of the ions all produce MX: +X (this is the 
only fragment ion energetically accessible), but now vibra- 
tional structure has been observed in the photoelectron band 
in CF: “,s3 and SiFz .” It is assumed that MX: is produced 
by internal conversion of 6 ‘E into high vibrational levels of 
i 2T2, and this process occurs at such a rate that vibrational 
structure can still be resolved in the photoelectron band; this 
implies a rate for internal conversion of -lo”- 10’” s-‘. 

(c) The e ‘T, state of the four titled io_ns shows very 
different dynamical decay properties. In the C state of CFZ , 
no Jahn-Teller distortion modes are active, and there is com- 
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petition between radiative decay (which indirectly produces 
CFT) and fragmentation to CF,f . The relative yields of the 
two channels change with vibrational quantum number, and, 
from measurements of fluorescence quantum yields and life- 
times, rates fork, and k,, have been obtained as a function of 
u-, , the quantum number for the symmetric C-F stretch. The 
C 2T2 state of SiF: shows Jahn-Teller activity in v, in the 
photoelectron band, radiative decay is not observed from this 
state, and we assume that the ?-state distortion to C,, sym- 
metry “drives” internal conversion into the h, then A” states 
which dissociate to SiF; . In the 2 state of SiCll and GeCl: 
radiative decay dominates, and the ions that are observed in 
the TPEPICO spectra are a manifestation of the lower elec- 
tronic states to which photon emission from the C state oc- 
curs. The absence of resolved vibrational structure in the 
c-state photoelectron bands of these two ions is surprising, 
and can only be explained by congested vibrational and/or 
spin-orbit structure. 

have been calculated for the ground and excited states of 
CF: and SiFz,51 especially those parts near the minima, but 
the more difficult calculations of the evolution of these states 
along the dissociation coordinates or for the heavier tetra- 
chloride species have not yet been carried out. 
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(d) The fi 2A i state of all four ions under study also 
shows very different decay dynamics. In CF: , both radiative 
decay (resulting indirectly in production of CF3f) and disso- 
ciation to CF: is observed, and again the branching ratio 
between these processes shows vibrational state selectivity; 
fluorescence dominates for low values of u t , fragmentation 
for high values. Only SiFT is produced from the b state of 
SiFl, and since it is known that this state decays radiatively 
via b--i emission,39*45 we conclude that radiative decay is 
the dominant process from all parts of the E-state potential 
surface populated by photoionization. In SiCl: fragmenta- 
tion to SiClc dominates and radiative decay is a negligible 
channel. The b state of GeCl: was not studied in this work 
due to the very weak threshold photoelectron signal, but in 
our previous study with no electron energy analysis5 and 
hence a correspondingly stronger electron signal, fragmenta- 
tion to both GeCl+ and GeCli was observed. Again, radia- 
tive decay is a very minor channel. 

(e) Dynamical, rather than statistical, considerations are 
clearly dominating the fragmentation of the valence states of 
CF: , SiF,f , SiCll , and GeCl: . Almost certainly, this arises 
because of the instability of a large part of the ground-state 
surface of MX: which is accessed by Franck-Condon ion- 
ization of MX,. In such a situation it is not appropriate to 
calculate a density of vibrational levels in order to determine 
a statistical fragmentation pattern. Thus a daughter ion does 
not appear at its thermochemical energy (which would be the 
case for statistical fragmentation patterns) but at the higher 
energy of an excited electronic state of the parent ion which 
correlates either adiabatically or diabatically to that ion. For 
example, the 6 state of SiCl: fragments almost exclusively 
to SiClg , and fragmentation to other daughter ions which are 
energetically allowed (e.g., SiCl+ and SiCl:) is scarcely ob- 
served. As mentioned in Sec. IV D, radiative decay is an- 
other manifestation of nonstatistical behavior in excited 
states of these five-atom molecular ions. Since dynamical 
processes are dominant, a complete understanding of these 
results needs detailed potential energy surfaces for the 
ground and excited states of these ions, and how these sur- 
faces evolve both adiabatically and diabatically into produc- 
tion of daughter ions. Parts of the potential energy surfaces 
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