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Decay pathways of excited electronic states of Group IV tetrafluoro
and tetrachloro molecular ions studied with synchrotron radiation

I. R. Lambert, S. M. Mason, and R. P. Tuckett

Department of Chemistry, University of Birmingham, P. O. Box 363, Birmingham B15 2TT,
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A. Hopkirk
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(Received 4 April 1988; accepted 20 May 1988)

This paper describes experiments to probe the dynamics and decay pathways of the C>T, and
D 24, excited electronic states of Group IV tetrahalide molecular ions MX,;t (M =C, Sj, Gg;
X =F, Q) in the gas phase. Tunable vacuum UV radiation from a synchrotron source is used
to ionize MX,, into these electronic states of MX," . Flouorescence from ions initially produced
or from fragments is monitored undispersed by a suitable pm tube. When the synchrotron is
operated cw, such synchrotron-induced fluorescence spectra give energy thresholds for
fluorescence, and in favorable cases an estimate of the fluorescence quantum yield (of MX," C
or D) can be made. When the synchrotron is operated pulsed, radiative lifetimes can be
measured as a function of excitation energy. The fluorides and chlorides display very different
decay properties. The dynamical behavior of these states is rationalized (a) with respect to
their spectroscopic properties, and (b) with respect to the dissociation channels energetically

“open” to them.

I. INTRODUCTION

We have recently observed electronic emission spectra
of several Group 1V tetrafluoro and tetrachloro molecular
ions MX,;* (M = C, Si, Ge; X = F, Cl) in the gas phase.'™
For the three fluorides CF,", SiF,", and GeF,', both con-
tinuous and discrete bands have been observed in the UV to
visible region of the electromagnetic spectrum. The spectra
are observed at a low rotational temperature (~25K) in a
crossed molecular beam/electron beam apparatus.'~> The
ground and first two excited state (X, 4, and B) of these ions
dissociate rapidly (to MF;" + F), and the continuous bands
arise from transitions to these states.>’ The discrete band
arises from a transition between the fourth and third excited
electronic states D 24,—C 2T, both of which are bound. This
D-C electronic spectrum of CF;", SiF,, and GeF," has
been studied in great detail,' and computer simulation of
the rotational band contours has confirmed that the ob-
served vibronic bands are due to a 24,—>T, transition of a
tetrahedral molecule observed at a low rotational tempera-
ture.® These excited electronic states of the three chloride
ions CCl;", SiCl;, and GeCl;t show very different decay
properties.* The D state of these ions do not fluoresce, but
decay nonradiatively. The C state of SiCl;* and GeCl; de-
cays radiatively, whereas CCl," C decays nonradiatively.

We believe that the most important aspect of this work
is not the purely spectroscopic properties of these excited
electronic states of MX ;. Our aim is to understand the dy-
namics of the decay pathways of the Cand Dstates of MX,'.
These states lie several eV above the lowest ionic dissociation
channel (Sec. III of Ref. 4), and several other dissociation
channels are energetically open. Such states might be expect-
ed to decay nonradiatively rather than radiatively, and the
observation of fluorescence decay is therefore surprising. In
this paper we describe experiments to measure threshold en-
ergies, fluorescence quantum yields é,,, and radiative life-
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times of these fluorescing states of MX," . Tunable vacuum
UV radiation from the SERC Daresbury Synchrotron
Source is used to ionize M X, into selected electronic states of
MX,", and fluorescence from the ions is collected undis-
persed by a suitable pm tube + filter. Two types of experi-
ment are performed. First, the synchrotron is operated mul-
tibunch or quasi cw, and fluorescence spectra are recorded
as a function of excitation energy. This experiment gives
threshold energies at which a fluorescence channel “turns
on,” and can be used to determine the emitter of a particular
fluorescence band system.4 Furthermore, in favorable cases
the fluorescence quantum yield of a particular electronic
state of MX," can be estimated as a function of excitation
energy. Second, the synchrotron is operated single bunch or
in the pulsed mode (200 ps pulses every 320 ns on the Dares-
bury source). Radiative lifetimes of a fluorescing electronic
state of MX," can then be measured as a function of excita-
tion energy.

Section II describes the apparatus in detail, and how
estimates of ¢, can be made. Section II1I gives the energetics
of the ionic states of MF, and their dissociation channels; the
complementary information for the chlorides is given in Sec
III of the previous paper.* Section IV describes the results of
the synchrotron-excited fluorescence spectra for the three
fluorides CF,, SiF,, and GeF,; the complementary detailed
information for MCl, is given in Sec. IV of Ref. 4. Section V
describes the lifetime measurements, and some conclusions
are made in Sec. VI.

Il. EXPERIMENTAL

The experiments are performed in a stainless-steel
chamber of 30 cm i.d. with eight identical ports arranged
uniformly around the circumference. Gas is admitted to the
chamber as a “spray” from a 0.2 mm i.d., 30 mm long stain-
less-steel needle mounted to a z translator on its top flange.
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The bottom flange is connected toa 510 ¢s~ ' turbo molecu-
lar pump, and the base pressure of the chamber = 3X107*
Torr. With gas flowing, the background pressure is ~107*
Torr, although the local pressure in the spray is substantially
higher. The gas spray is crossed orthogonally by tunable
synchrotron radiation dispersed from a 1 m vacuum UV
Seya monochromator (pressure = 10~° Torr) equipped
with a 1200 lines mm ™' grating blazed at 60 nm. Since we
use wavelengths well below the LiF cutoff, a windowless
system must be used. The synchrotron radiation from the
exit slit of the Seya is therefore focused into a 2 mm i.d., 460
mm long glass capillary tube which ends approximately 5
mm from the crossing region with the gas spray. To mini-
mize scattered light in the chamber, this tube is externally
coated with black DAG. To protect the monochromator
from MX, vapor, there is one stage of differential pumping
(pumped by a 100 #s! turbo) between the exit slit of the
Seya and the reaction chamber, and this region provides the
mount for the glass capillary. The absolute synchrotron pho-
ton flux in the chamber is measured by an Al,0, photocath-
ode connected to a Keithley pico-ammeter and a voltage-to-
frequency converter. Undispersed fluorescence from the C
or D states of the MX,* ions produced is focused by an /1.3
concave mirror through a LiF window and a 50 mm square
filter on to the photocathode of a photomultiplier tube. Two
pm tube + filter combinations can be used so that fluores-
cence in two different spectral ranges can simultaneously be
monitored (see Ref. 4). The signals are detected by single
photon counting electronics.

Pure CF, and SiF, gas were supplied by BOC and Air
Products, respectively, and were used without further purifi-
cation. GeF, diluted in helium was prepared by the method
described elsewhere.® The three chlorides are all liquids at
room temperature, and were supplied by Aldrich Chemical
Co. Their vapor pressure was admitted to the chamber from
a glass container whose temperature was stabilized at 293 K.

In the multibunch or cw experiments, the resolution of
the synchrotron radiation is 0.2 nm (i.e., 0.1 eV at 25 eV),
and with the grating blazed at 60 nm (20.6 eV) the usable
VUY photon range is 103-35 nm (i.e., 12-35 eV). Over this
range the photon flux can vary by a factor of ~ 8, and hence
it is essential to normalize the fluorescence signal to the pho-
ton flux at a particular excitation energy. The scanning of the
Seya monochromator, the recording of the incident photon
flux and fluorescence detection are computer controlled,
and data is transferred to the Daresbury Mainframe Com-
puter (AS7000) for analysis. In the pulsed experiments, the
resolution of the monochromator is degraded to 0.5 nm to
increase the (limited) photon flux in the single-bunch mode.
Lifetime decays are collected by standard techniques using a
time-to-amplitude converter and a multichannel analyzer.
Decays are measured at different excitation energies. The
data are transferred initially to the Daresbury Mainframe
Computer, then to the University of Birmingham Main-
frame (Honeywell DPS-8/70M) via the JANET network
where they are analyzed using a multiexponential fitting
procedure.

From the cw experiment, an estimate of the fluorescence
quantum yield ¢,, can be made in the following way. We

take CF,* C 2T, as an example. The number of CF,* C ions
produced per second per unit length is p- I o, where p is the
gas spray pressure, I, is the incident photon flux, and o is the
partial ionisation cross section into CF C at that particular
excitation energy. If ¢,,, is the fluorescence quantum yield of
CF,+ C,and only the C-4 fluorescence channel with branch-
ing ratio BR,,, is detected with a collection efficiency P,,,
then the number of photons detected per second per unit
length observed is p- 1, o ¢,, ‘BR,, * P,,. To measure abso-
lute quantum yields, therefore, the partial ionization cross
section, the pressure in the spray, the path length in the inter-
action region and the photon collection efficiency of the pm
tube must all be known. In practice, the apparatus is calibra-
ted with N,, measuring the photon count rate of N,

B-X (0,0) emission at 391 nm through a narrow band inter-
ference filter when N, is excited with synchrotron radiation
with energy above the N,;* B23 } threshold of 18.7 eV. The
partial ionization cross section and the fluorescence branch-
ing ratio of the (0,0) band are known,’ and ¢, (N;* B?2 ")

is unity.'® Thus knowing I, an estimate can be made of the
product p- P,,. CF, at the same pressure as N, (as measured
by a Penning gauge 15 cm from the spray ) is admitted to the
chamber, and it is assumed that p- P,,, is unchanged from its
value with N,. Measurement of ¢,, (CF;* C) then only
needs a knowledge of the partial ionization cross section of
CF, to CF,;* C and the branching ratio of the different flu-
orescence channels from CF; C. Of the six Group IV tetra-
halides studied, partial ionization cross sections are not
known for GeF, and GeCl,, and the SiF, data is limited.
Furthermore, only an estimate of ¢,, can be made by this
technique, since many approximations have to be made, and
an error of + 100% in a measurement is realistic. However,
it is possible to measure the variation in ¢,, (rather than its
absolute value) as a function of excitation energy with more
accuracy.

lil. ENERGETICS OF THE IONIC STATES OF MF, AND
DISSOCIATION CHANNELS

The energies of the neutral and ionic dissociation chan-
nels of CCl,, SiCl,, and GeCl, have been given in Table I of
the previous paper.* In this section we present the analogous
information for the three fluorides. The valence molecular
orbitals arise from overlap of the 16 fluorine atom valence
orbitals F 2s5,2p with the central atom orbitals (e.g., Si
35,3p). The electron configuration corresponding to the five
highest occupied molecular orbitals is
-++(2a,)%(21,)%(1e)*(31,)%(1¢,)®, and again the core orbi-
tals have been omitted in the numbering scheme. The first
five electronic states of MX,* have symmetry X 2T, 4 T,
BE, C2T,, and D 24,, corresponding to electron removal
from the 1z,, 3t,, le, 2t,, and 24, molecular orbitals respec-
tively, and the energies of these states are given in Table I.
This photoelectron data is taken from Refs. 11-15. Since this
paper is concerned with energy thresholds, we quote adiaba-
tic ionization potentials (IPs) in the table, whereas the IPs
quoted in Table I of Ref. 4 for the chlorides are vertical IPs.

Table I also shows the energies of the neutral and ionic
dissociation channels of MF,. The energies of the neutral
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TABLE 1. Energetics of dissociation channels of MF, and MF/
(M =C,Si,Ge) ineV.

Neutral/parent ion Dissociation channel Energy (eV)*
CF+F* +F, 30.4
CF+F4F; 28.7
CF; D4, 25.12
CF, + F}+ 23.3
CF, + F* 22.9
CF+*+F+F, 22.1
C3T, 21.70
CF; +F, 19.2
B2E 18.30
e A 17.10
CF;} X 1T, 15.35
CF;t +F 14.7
CF+F+F, 13.0
CF, +F, 7.6
CF,+F 5.5
CF.X 4, 0
SiF + F* +F, 34.7
SiF + F+ F; 33.0
SiF, + F;* 26.3
SiF* + F+F, 24.6
SiF, + F* 24.3
SiF; D4, 21.55
SiF; +F, 214
C3T, 19.30
BE 18.0
SiF+ F+F, 17.3
AT, 17.3
SiF* +F 16.2
SiF; X T, 16.1
SiF, + F, 10.6
SiF, + F 6.9
SiF,X 'A, 0
GeF + F* +F, 323
GeF + F + F;* 30.6
GeF, + F; 24.2
GeF, + F* 229
GeF* +F+F, 22.3
GeF;r D4, 21.3
GeF; +F, 20.3
C3T, 18.52
B’E 17.01
AT, 16.53
GeF; X 2T, 16.06
GeF; +F 15.7
GeF+F +F, 14.9
GeF, + F, 8.5
GeF, + F 5.5
GeF X '4, 0

*In addition to the thermodynamic and IP data in the text, we use
IP (F,) = 15.7 eV (Ref. 16), IP (F) = 17.4 ¢V (Ref. 17), and D° (F-
F) = 1.6 eV (Ref. 18).

dissociation channels of MF,. The energies of the neutral
dissociation channels of CF, and SiF, come from direct mea-
surements of heats of formation.'>?° The energies of the
GeF, channels come from indirect measurements, and are
probably less accurate.?’ Direct IP measurements have been
made for all the mono- and difluorides. Thus the adiabatic
IP of CF is 9.1 eV,?? SiF 7.3 eV,” GeF 7.4 €V, CF, 11.6
eV,” SiF, 10.8 ¢V,%° and GeF, 11.8 €V.?’ The IP of CF, (9.2
eV?®) comes from a direct measurement of the appearance

potential of CF;" from CF;, and hence is an accurate value.
Appearance potentials of SiF;" and GeF;" have only been
measured from SiF, and GeF,,>"*° 5o the values for the IPs
of SiF; and GeF, (9.3 and 10.2 eV, respectively) are ap-
proximate and represent an upper limit.

The D 24, state of CF," has five ionic dissociation chan-
nels energetncally open, yet this state decays radiatively (to
lower-lying X, 4, and C states). The D states of SiF;* and
GeF;" both have two ionic channels open, yet again these
states decay radiatively. However, as yet fluorescence quan-
tum yields of MF,;* D have not been measured, so it is not
known how important these decay channels are. It is also not
obvious from Table I why the C 2T, states of CF,", SiF,',
and GeF;" behave differently. SiF;* and GeF;* C do not
decay radiatively (Secs. IV B and IV C) with one ionic de-
cay channel (to SiF;" /GeF;t + F) open. Yet CF; € flu-
oresce (Sec. IV A), even though two ionic channels (to
CF;" + F and CF;* + F,) are now open.

IV. SYNCHROTRON-EXCITED FLUORESCENCE
SPECTRA OF MX,

A.CF,

Figure 1 shows fluorescence spectra of CF, excited by
synchrotron radiation in the range 21-31 eV. In Fig. 1(a)
fluorescence in the region 250-390 nm is collected by an
EMI 9883 QB photomultiplier tube + Schott UG11 filter, in
Fig. 1(b) vacuum UV fluorescence in the region 120-200
nm is collected by an EMI CsI 9413 solar blind pm tube with
no filter. Both tubes operate at room temperature. The flu-
orescence spectra have both been normalized to the photon
flux, but their sensitivities are different. The 250-390 nm
region overlaps most of the bound—free C-X and C-A bands
of CF;* (band centers 230 and 290 nm, respectively), the
120-200 nm region overlaps bound—free emission from the
D state of CF;+ (D4 at 161 nm and D-B at 187 nm).° The
thresholds for fluorescence are measured to be 21.7 4+ 0.1
and 25.0 + 0.1 eV, respectively, in excellent agreement with
the adiabatic IPs of the C 2T, and D 24, states of CF,;" (Ta-

®

FLUORESCENCE / 10

(A

21 2 23 24 25 26 27 28 29 30
EXCITATION ENERGY (EV)

FIG. 1. Undispersed fluorescence of CF, excited by VUV radiation in the
range 21-31 eV. In (a), UV fluorescence in the region 250-390 nm is col-
lected; in (b), only vacuum UV fluorescence in the region 120-200 nm is
collected. The photon count rates have been normalized to the synchrotron
flux Z,,. The scale of the normalized fluorescence axis is different in the two
spectra.
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ble I). The relative steepness of the D state threshold to the €
state threshold is a Franck—Condon effect; ionization to
D24, is a near vertical process with very little change in
molecular geometry, whereas ionization to C 2T, involves a
substantial change in the C-F bond distance with different
adiabatic and vertical IPs.?

The total absorption cross section of CF, between 17
and 70 eV has been measured by Lee et al.,>® and more re-
cently partial ionisation cross sections (o) of the five valence
molecular orbitals of CF, have been measured in the same
energy range by angle-resolved photoelectron spectrosco-
py.>! For energies above threshold, the normalized fluores-
cence signal is proportional to the product ¢,,.0 (Sec. II).
For CF;t C, o increases from zero (at the threshold of 21.7
eV) to a maximum of 1.40x 10~"7 cm? at 24 eV, then de-
creases gradually to 0.64x10~'7 c¢cm? at 31 eV.>' For
CF,;* D, o increases sharply at its threshold to 5 10~ !° cm?
at 28 eV, then increases more gradually to 1.1 X 10~ '® cm? at
31 eV.?! These patterns are approximately observed in Figs.
1(a) and 1(b), respectively. Our experiments also comple-
ment the synchrotron-induced fluorescence spectra of CF,
recently reported by Lee ez al.>? using the University of Wis-
consin storage ring. They observed a turn on in a fluores-
cence decay channel at A = 57.4 nm (21.6 eV corresponding
to the adiabatic IP of CF,;* C ), but report no results for
A <50nm (E> 24.8eV) so could not probe the CF,+ D state
threshold. Lee et al. suggested that the probable emitter of
the UV fluorescence was CF; C, but an excited state of CF;"
(produced by rapid dissociation of CF;" C) was not ruled
out.>? The dispersed emission spectrum produced by fast ion
beam bombardment of CF, at room temperature was also
tentatively assigned to bound—free transitions in CF;" by
Aarts,’ but again he could not completely rule out CF;" as
the emitter. We believe, however, that the combined evi-
dence of the photoelectron data'' and the threshold mea-
surements reported here is so strong that the broad bands
between 250-390 nm can definitely be assigned to CF,! c-xX
and C-4, and the bands between 120-200 nm to CF{ D4
and D-B boundfree emission. The bound-bound D-C band
lies between 360 and 410 nm, > and will therefore be detect-
ed by the pm tube + filter combination in Fig. 1(a). How-
ever, we see no evidence for a second fluorescence thrgshold
at 25.0 eV in Fig. 1(a), because the iny_ansity of the C-X,4
emission swamps the much weaker D-C emission.

The EMI 9883 QB pm tube which detects CF;t C-X,4
emission can also detect N;* B—X (0,0) emission at 391 nm.
Using the method described in Sec. II we can estimate the
fluorescence quantum yield of CF,;* C as a function of exci-
tation energy. Partial ionization cross sections have been
measured at eight energies between 21 and 36 eV.?' We esti-
mated,, tobe0.5at23 eV, falling to0.35at 26 eV, then rising
againto 0.4 at 31 eV. Due to the many approximations made,
the uncertainty in these numbers is as high as a factor of 2.
However, the relative values are more accurate, and in par-
ticular we believe the drop in #,, by ~ 30% as the excitation
energy rises to 26 eV (4.3 eV above threshold) is a genuine
result (see also Sec. V A). Our values agree approximately
with those of Lee ez al.>> who measure ¢,,, to be 1.3 at 23 eV
(53.9 nm) falling to 1.0 at 25 eV (49.6 nm)*'; again, an

Lambert et al.: Decay pathways of MF; and MCI;

uncertainty of a factor of 2 is quoted. It is thus clear that
radiative decay of CF,* C is a major decay pathway with ¢,
probably lying between 0.5 and its maximum value of 1. The
fluorescence quantum yield of CF;* D 24, cannot be mea-
sured in our experiment, because the efficiency of the EMI
9413 Csl solar blind pm tube cannot be calibrated with
N,* B-X fluorescence.

B. SiF,

Figure 2 shows the fluorescence spectrum of SiF, excit-
ed by VUV radiation in the range 21-36 eV. Fluorescence in
the region 250--390 nm is collected by the EMI 9883 QB pm
tube + Schott UG 11 filter. This region overlaps the bound-
free D4 and DB bands of SiF; ¢ with band centers at 304
and 370 nm, respectively. A sharp turn on in the fluores-
cence is observed at 21.5 + 0.1 eV, in excellent agreement
with the adiabatic IP of SiF;* D 24, of 21.55 eV."3 As with
CF,* D, the rise is steep because ionization of SiF, to SiF;* D
is a near vertical process with little change in geometry.® The
normalized fluorescence signal drops to a minimum at 28
eV, then rises between 28 and 36 eV. Fluorescence is collect-
ed simultaneously in the range 505-750 nm (cooled Mullard
2254 pm tube with an S20 photocathode -+ Schott OG515
filter), corresponding to SiF,;* D-C emission (band center
551 nm?); the fluorescence spectrum is identical to Fig. 2.

As for CF;* C, by calibration of the EMI 9883 QB tube
(which detects SiF;" D-4,B emission) with N;* B-X flu-
orescence, the data can be used to estimate the fluorescence
quantum yield ¢,, of SiF,;" D. Branching ratios into the five
valence ionic states of SiF,;" have been measured in the ener-
gy range 21-100 eV, but the total absorption cross section
has only been measured for A > 50 nm (E <25 eV).>* Thus
partial ionization cross sections into SiF;" D can be calculat-
ed for six energies in the limited range 22-25 eV. By the
method described in Sec. IV A, we estimate ¢, (SiF,;* D) to
be 0.6 and independent of energy. An error of a factor of 2 is
realistic. This agrees with Lee et al.’s** recent report of
synchrotron-induced fluorescence spectra of SiF, between
50 and 100 nm. They observe the same sharp turn on in
fluorescence at 21.5 eV (4 = 57.6 nm), and estimate &, of
the fluorescing state (SiFfb) to be 1.0 in the range 22-25

FLUORESCENCE / 10

20 22 24 26 28 30 32 34 36
EXCITATION ENERGY (EV)

FIG. 2. Undispersed fluorescence of SiF, excited by VUV radiation in the
range 21-36 €V. Only photons in the range 250-390 nm are collected, and
the photon count rate has been normalized to the synchrotron flux I,
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eV* (Fig. 2 of Ref. 34). Thus radiative decay is the major
decay pathway of SiF,;* D, and despite being energetically
open (Table I) the nonradiative channel to ionic frag-
ment(s) is not operative.

We have also investigated the decay dynamics of the
o 2T2 state of SlF4+ If this state decays radiatively to lower-
lying X 2Tl and 4 2T, states, then from photoelectron data'?
C-X and C-4 fluorescence is expected to occur around 387
and 620 nm, respectively. However, no turn on in fluores-
cence in any wavelength region between 200 and 750 nm is
observed when the VUV radiation is tuned through the ener-
gy of the C state adiabatic IP (19.30 eV). Thus SiF,;* C does
not decay radiatively, or if it does its quantum yield is too low
to be measured. Lee et al.>* have obtained the same result.
Furthermore, we have established that the broad band flu-
orescence around 610 nm, observed initially in the molecular
beam/electron beam experiment and assigned to SiF,;* C-4,2
is in fact due to emission from SiF;+ D. When fluorescence is
detected only in the region 600-750 nm (Mullard 2254 pm
tube + Schott OG610 filter) the fluorescence spectrum is
identical to Fig. 2, i.e., fluorescence turns on at the D state
adiabatic IP. Thus the emitter of the broad band at 610 nm is
SiF,;" D, and the lower state of the fluorescence can only be
high lying, dissociative vibrational levels of C. van Lonkhuy-
zen and Aarts’ have suggested that the higher vibrational
levels of Emight be dissociative (while the lower levels clear-
ly are not?) if a dissociation limit lies within the C vibrational
manifold. However, from Table I no dissociation channel
around 19.5 eV exists.

C. GeF,

Figure 3 shows fluorescence spectra of GeF, excited by
VUYV radiation in the range 21-26 eV. In Fig. 3(a), UV
fluorescence in the region 240-390 nm is collected by a
cooled Mullard 2020Q pm tube + Schott UGS filter, in Fig.
3(b) visible fluorescence in the region 370-550 nm is collect-
ed by the uncooled EMI 9883 QB pm tube + Oriel LF38
cut-on filter. The former region overlaps the bound—free D—
A and D-Bbands of GeF," (band centers 255 and 290 nm’),
the latter region the bound-bound D-C band (band center
399 nm?). The spectra show the same threshold for fluores-
cence at 21.3 4- 0.1 eV in excellent agreement with the adia-
batic IP of GeF,;* D 24, of 21.3 eV.'> Both spectra also show
additional structure above the D state threshold between
24.0 and 24.5 eV. When UV fluorescence is collected [Fig.
3(a)] two peaks are observed at 24.02 and 24.44 eV in the
approximate intensity ratio 1:2. When visible fluorescence is
collected [Fig. 3(b)] only the stronger peak at 24.44 ¢V is
observed. The Seya monochromator was scanned up to 36
eV, but no additional structure is observed. Since the D state
of GeF," arises from electron removal from the lowest va-
lence molecular orbital of GeF,, it is unlikely that these
peaks are due to Rydberg states of GeF,. Furthermore, we
have no explanation for why an extra peak (at 24.02 eV) is
observed when fluorescence is collected in the UV rather
than the visible. Neither total absorption cross sections nor
partial ionization cross sections have been measured for

8
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FIG. 3. Undispersed fluorescence of GeF, excited by VUYV radiation in the
range 21-26 eV.In (a), UV fluorescence in the range 240-390 nm is collect-
ed; in (b), only visible fluorescence in the range 370-550 nm is collected.
The photon count rates have been normalized to the synchrotron photon
flux I,. The scale of the normalized fluorescence axis is different in the two
spectra.

GeF,, so it is not possible to estimate the fluorescence quan-
tum yield ¢,, of GeF;* D 24,.

To investigate the decay properties of the C 27, state of
GeF,', the VUV radiation has been tuned through the C
state threshold at 18.52 eV. If the C state decays radiatively,
then from photoelectron data's C-X and C-4 fluorescence is
expected around 504 and 623 nm, respectively. However, no
turn on in fluorescence in any wavelength region between
250 and 750 nm is observed. Thus, as with SiF,* C, we con-
clude that GeF;* C decays nonradiatively by (pre)dissocia-
tion to fragments.

D. CCl,

Neither C T, nor D 24, states of CCl,;" decay radiative-
ly.* Thus no sharp increase in fluorescence is observed when
the ionizing radiation is tuned through the C and D thresh-
olds of 16.7 and 20.4 ¢V. These experiments are described in
Sec. IV of the previous paper.*

E. SiCl,

The fluorescence spectrum between 14 and 35 eV is
shown in Fig. 3 of the previous paper, and details are given in
Sec. IV. In summary, the C 2 T, state of SiCl;" decays radia-
tively via bound—free C-X and C—A4 emission, but the D 24,
state does not fluoresce. Since partial ionization cross sec-
tions of the five valence molecular orbitals of SiCl, have been
measured between 15 (the threshold for production of
SiCl;* C) and 80 eV, it is possible to estimate ¢,, of
SiCl,;* C. Thus between 16 and 34 eV ¢, = 0.2 and is inde-
pendent of excitation energy. The uncertainty is as high as a
factor of 2.

F. GeCl,

The fluorescence spectrum between 14 and 35 eV is
shown in Fig. 4 of the previous paper.* As with SiCl,, the C
state of GeCl;* decays radiatively, but the D state does not.
Partial ionization cross sections of the valence molecular or-
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bitals of GeCl, have not been measured, and so it is not possi-
ble to estimate the fluorescence quantum yield of GeCl,;" C.

V. RADIATIVE LIFETIMES OF FLUORESCING STATES
OF MX;

In the single bunch mode, the Daresbury SRS is a pulsed
source of electromagnetic radiation giving 200 ps wide
pulses every 320 ns. It is an ideal source for measuring life-
times in the range 1-50 ns, and since the repitition rate is so
high lifetime decays can be accumulated very rapidly. We
have measured the radiative lifetime 7 of fluorescing states of
MX," as a function of excitation energy. Since
7= ' =k, + k,, any variation in 7 with energy can be as-
cribed to a change in the nonradiative decay rate k,,, and
hence a variationin ¢,, ( = k,/k, + k. ). All lifetimes were
measured with a fast cooled Mullard 2020Q pm tube which
is known to have excellent timing properties. In order to
ensure that the decays were not distorted by space charge
repulsion of the ions out of the observation region of the
detector,?53? decays were measured over a range of pres-
sures. The lifetimes are invariant to pressure over the range
1075-10* Torr, hence they are not limited by the space-
charge effect.

A.CF,

The photon count rate of CF,;t D-4,B is so low that it is
not possible to measure the radiative lifetime of CF;* D %4,.
The C 2T, state lifetime has been measured using the Schott
UGH 1 filter to isolate CF;t C-X,4 emission. Lifetimes were
measured at nine excitation energies between 21.7 (thresh-
old) and 30 eV. All decays fit to single exponentials, and the
results are shown in Table I1. The lifetime falls from 9.7 ns at
threshold to 8.6 ns when the energy is 3 eV above threshold,
then rises again to 9.0 ns at 8 eV above threshold. This vari-
ation is attributed to a change in the nonradiative decay rate
k., as the excitation energy changes, and hence a change in
&,.. These results are in semiquantitative agreement with
the measurement of ¢,, (Sec. IV A), where 4,, falls by
~30% between threshold and 5 eV above threshold, then
rises again. Our lifetime values are in excellent agreement
with the results of Hesser and Dressler,*® who measured the
radiative lifetime of the bands between 220 and 300 nm pro-
duced by 200 eV electron excitation of CF, to be 9.0 (9) ns.

TABLEIL Radiative lifetime of CF, C 27, as a function of excitation ener-
gy.

E(eV) A(nm)* 7(ns)®
219 56.5 9.66 (5)
22.3 55.5 9.35 (5)
22.7 54.5 8.75 (3)
23.6 52.5 8.58 (2)
24.5 50.5 8.61 (3)
25.6 48.5 8.59 (3)
26.6 46.5 8.65 (3)
27.8 4.5 8.84 (5)
29.2 42.5 8.96 (5)

“ The resolution of the Seya monochromator is 0.5 nm.
®The number in parentheses indicates one standard deviation in the last
digit.

The broad bands were unassigned by them, but are now
known to be due to CF;* C-X,4. We note that they also mea-
sured the radiative lifetime of CF ;" D tobe 2.1 (2) ns. Both
their lifetimes were cascade free, and this agrees with our
observation that the decays obtained in this work are single
exponential.

B. SiF,

The radiative lifetime of the D 24, state of SiF;" has
been measured using the Schott UG11 filter to isolate
SiF;+ D-A,B emission. Measurements are made at 13 excita-
tion energies between 21.5 (threshold) and 35 eV. The de-
cays are all single exponential, and we measure 7 = 9.30 (4)
ns and invariant to energy. This agrees with Hesser and
Dressler’s observation of cascade free decays with a lifetime
of 10.4 (1.0) ns for the same emission bands.*® The invar-
iance of 7 confirms the observation that ¢, (SiF;* D) does
not change with excitation energy (Sec. IV B).

C. GeF4

The radiative lifetime of the D 24, state of GeF," has
been measured at three excitation energies of 21.7, 22.5, and
26.4 €V, using the Schott UGS filter to isolate GeF,;* D-4,B
fluorescence. [These decays were recorded before the cw
fluorescence spectrum of GeF, had been obtained in detail;
with hindsight we would have measured the lifetime at 24.4
eV (see Fig. 3).] It is not possible to fit the decay curves to
single exponentials, but a double exponential fits all three
curves well. Thus we obtain 7, = 3.1 (3) nsand 7, = 6.3 (4)
ns for all three decays. This is the first observation of the
radiative lifetime(s) of this state.

D. siCl,

The radiative lifetime of the C state of SiCl;+ has been
measured at six excitation energies between 15.1 (thresh-
old) and 26 eV, using the Wratten 35 filter to isolate
SiCl," C-X fluorescence. One measurement was made at
16.6 eV corresponding to the Rydberg state of SiCl, between
the C and D state ionization thresholds (see Sec. V C of Ref.
4). The decays are all single exponential, and we measure
7=238.4 (1) ns and invariant to energy. This is the first
observation of the radiative lifetime of this state. The invar-
iance of 7 with energy confirms the observation that ¢,,
(SiCl,; C) is also constant with energy (Sec. IVE).

E. GeC|4

The radiative lifetime of the C state of GeCl;" has been
measured at four excitation energies between 14.5 (thresh-
old) and 22 eV, using the Oriel LF42 filter to isolate
GeCl; C-X fluorescence. The decays are single exponen-
tial, with 7 = 65.4 (4) ns and invariant with energy. Again,
this is the first observation of the radiative lifetime of this
state. In conclusion, the lifetimes of the fluorescing states of
MX,t are collected together in Table III.

V1. DISCUSSION

In this and the previous paper, experiments have been
described to probe the dynamics of the decay pathways of
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TABLE II1. Radiative lifetimes of fluorescing states of MX," .

Ion Electronic state 7(ns)
CF; b4, 2.1°

cr, 9.7-8.6"
SiF, D24, 9.3
GeF; D24, 3.1and 6.3
SiCl cr, 38.4
GeCL! c2T, 65.4
®Reference 38.
® Details in Table II.
Biexponential decay.

the C 2T, and D 24, excited electronic states of MX;. We
now attempt to rationalize these dynamic properties (a)
with respect to their spectroscopic properties, and (b) with
respect to the dissociation channels of MX .

(1) If the radiative lifetime 7 is invariant to energy, then
&, of that state is constant. For SiF," D ris constant, &, is
close to unity, and thus there is no nonradiative decay chan-
nel. There is no “communication” between this state and the
SiF;t + F, and SiF;t + F dissociation channels which are
energetically accessible. For CF," C @, is close to unity at
threshold but decreases by ~ 30% as the energy is increased.
We comment that three ionic dissociation channels lie with-
in 1.6 eV above the C threshold, and the decrease in b
(corresponding to the small change in 7) could be rational-
ized by an increase in k,, to one or more of these channels.
For SiCl;" C ris invariant to energy, but ¢,, is estimated to
be as low as 0.2. This is surprising, since ¢,,, would be expect-
ed to be close to unity for this state. We comment that this is
not the ideal experiment to measure a fluorescence quantum
yield, and a coincidence experiment (e.g., using the PIFCO
technique®*®) would be more accurate.

(2) The biexponential decay behavior of GeF, D is
surprising, and suggests that the ions may not be produced
by a direct photoionization process. However, this is in con-
tradiction with the sharp turn on in the fluorescence signal at
the D state threshold (Fig. 3). We suspect that the decay
properties are related to the unassigned peaks in the excita-
tion spectrum above the D threshold (Sec. IV C), but as yet
we do not know how. The results suggest that there may be a
second emitter other than GeF,' fluorescing in the UV and
visible. Dispersion of the fluorescence in the cw mode of the
synchrotron, and time-gated fluorescence detection in the
pulsed mode might help to clarify the situation.

(3) There is a clear connection between the spectro-
scopic and dynamic properties of the C 27, state of the three
fluorides which cannot be coincidental. CF;* C does not
show Jahn-Teller distortion from tetrahedral symmetry,’
and this state decays radiatively; SiF,;" and GeF;* C do dis-
tort from 7, geometry,>* and now the nonradiative decay
pathway is operative. As mentioned in the previous paper, it
would be interesting to see if this connection is apparent with
the chlorides, i.e., to observe the presence or absence of
Jahn-Teller activity in CCl;+, SiCl;*, and GeCl; C 2T,

(4) These experiments have only monitored the radia-
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tive decay channel of the C and D states of the parent molec-
ular ion. To build up a complete picture of the dynamics, the
nonradiative decay channel needs to be monitored simulta-
neously. Thusif ¢,, < 1 we need to measure which fragment
ions are produced as a function of excitation energy (using a
time-of-flight mass analyzer). Such experiments are being
planned. '
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