
International Journal of Mass Spectrometry 218 (2002) 11–18

Fragmentation of CF42+ dication from threshold to 120 eV
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Abstract

Fragmentation of the doubly charged CF4
2+ ion has been studied in the photon-energy region from threshold to 120 eV

by using time-of-flight (TOF) mass spectrometry and photoion–photoion coincidence (PIPICO) technique together with
synchrotron radiation as a continuum light source. Ion branching ratios for the individual ions (CF3

2+, CF2
2+) and ion pairs

(F++CF3
+, F++CF2

+, F+ + CF+, C+ + F+), produced from the parent CF4
2+ dication, were determined separately from

those of the CF4+ ion. The ion branching ratios of CF4
2+ were differentiated with respect to the incident photon energy. The

results obtained by this analytical photoion spectroscopy clearly show fragmentation pathways of the CF4
2+ dication, which

are observed for the first time in the present study. These pathways are discussed by comparing with calculated electronic
states of the CF42+ dication. (Int J Mass Spectrom 218 (2002) 11–18) © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Molecular ions have been widely studied by many
experimental methods because of their importance
in fundamental physics and chemistry as well as
in planetary atmospheres. These methods include
X-ray and ultraviolet photoelectron spectroscopy,
mass spectrometry, threshold photoelectron–photoion
coincidence (TPEPICO) spectroscopy, and threshold
electron-fluorescence coincidence technique. These
experiments have provided a great deal of our knowl-
edge, such as the dynamics of the production and de-
cay pathways of the ground and excited states of singly
charged molecular ions. The references for these meth-
ods applied to the CF4+ ions have been cited in[1].
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As the photon energy is increased, double ioniza-
tion occurs either by a direct process or via an Auger
decay. Actually, the production and dissociation dy-
namics of doubly charged ions is one of the recent
topics in atomic and molecular physics. The CF4

2+

dication has received much attention recently by the
advent of synchrotron radiation. Recently Hall et al.
[2] reported the threshold for double ionization to be
37.5 ± 0.5 eV using threshold photoelectron(s) coin-
cidence (TPEsCO) spectroscopy and presented direct
information on the two-hole states of CF4. Experimen-
tal information on the CF42+ dication has also been
obtained via Auger electron spectroscopy (AES)[3]
and double-charge-transfer (DCT) spectroscopy[4,5].
The CF42+ dication dissociates into two ionic frag-
ments (plus neutrals). These fragmentation processes
are examined by photoion–photoion coincidence
(PIPICO) [6] and photoelectron–photoion–photoion
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(PEPIPICO)[7,8] experiments. Among these exper-
iments, Codling et al.[8] determined the thresholds
for the ion-pair formation of CF42+ into F+ + CF+

3
(37.6 eV), F+ + CF+

2 (42.4 eV), F+ + CF+ (47.5 eV)
and C+ + F+ (62.0 eV), and tentatively correlated
these thresholds with specific two-hole states of CF4

calculated by Larkins and Tulea[9]. However, the
fragmentation processes of the CF4

2+ dication have
not been examined in detail.

In this paper, the ion branching ratios of the CF4
2+

dication separately determined from those of CF4
+

are presented in the energy region from threshold to
120 eV. The ion branching ratios were differentiated
with respect to the incident photon energy. The results
obtained by this analytical photoion spectroscopy
clearly show fragmentation pathways of the CF4

2+

dication. These pathways are discussed by comparing
with the calculated electronic states of the CF4

2+ ion
[9,10].

2. Experiment

A time-of-flight (TOF) mass spectrometer was used
to measure photoionization mass spectra and PIPICO
spectra at the Ultraviolet Synchrotron Orbital Radia-
tion (UVSOR) facility of the Institute for Molecular
Science (IMS) in Okazaki in the 37–120 eV region
with Al (37–70 eV) optical filter (no filter above
72.5 eV). The details of the TOF mass spectrometer

and the associated electronic apparatus used in the
present experiments have been described elsewhere
[11–13]. The TOF mass spectra and PIPICO spectra
were measured at an angle of∼55◦ with respect to
the plane of the storage ring to minimize any effects
of anisotropic angular distributions of fragment ions
[14] with 1, 2, and 2.5 eV intervals in the energy re-
gions 37–50, 50–70, and 70–120 eV, respectively. To
measure the ion branching ratios accurately by mass
spectrometry at excitation energies, where single and

double photoionization take place concomitantly, the
radio frequency (rf) signal (90.115 MHz) of the stor-
age ring operated in a single-bunch mode (the time be-
tween adjacent photon bunches is 177.6 ns) was used
as the start pulse of a time-to-amplitude converter
(TAC) by reducing the frequency appropriately[1].
If the photoelectron signal (not energy selected) was
used as a start pulse for the TAC, the different numbers
of ejected photoelectrons in single and double pho-
toionization cause an overestimation of the number of
ions produced in double photoionization because the
probability of forming one output pulse in the elec-
tron detector (CEM) is higher for two electrons hitting
simultaneously than for one electron[15]. A typical
example of the TOF mass spectra is shown inFig. 1
which is complicated because two or three bunches
pass in front of the beam line in the time range shown
in the figure, and corresponding sets of the mass spec-
trum are recorded. The origin of the extra peaks be-
low 45 ns in the figure is not clear at present. In the
measurements of PIPICO spectra, the photoion sig-
nals detected by a microchannel plate (MCP) were
fed into both the start and stop inputs of the TAC.
The band pass of a constant-deviation grazing incident
monochromator was 0.4 Å (92.5–120 eV) and 0.8 Å
(37–90 eV), that is, the worst band path was 0.52 eV
at 90 eV.

The fragmentation processes of CF4
2+ and CF4+∗

observed by the present TOF mass spectra (Eq. 1a)
and PIPICO spectra (Eq. 1b) are as follows:

where ξd is the dissociation ratio of the CF4
2+

and CF4+∗ ions into two ionic fragments. In these
processes, autoionization of super excited states of
mono-cations (CF4+∗) may be possible as indicated.
It may also be possible that autoionization takes
place after dissociation of CF4

+∗. This latter process
is not explicitly presented in the above equations.
Only the final dissociation products in a microsec-
ond time scale are indicated for simplicity. For the
ion-pair production (Eq. 1b), the heavier ion of a
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Fig. 1. Time-of-flight mass spectrum measured at a photon energy of 100 eV by using the rf signal of the storage ring as a start input of a
TAC. The spectrum is complicated because of the presence of two or three mass peaks, each corresponding to one particular type of ion.

pair may not be counted in a TOF mass spectrum if
the ion-detection efficiency is high. This is because
the lighter ion stops the TAC. Since we evaluate
that the ion-detection efficiency of the MCP used at
UVSOR is of the order of a few percent, the heavier
ion is detected with almost the same efficiency as the
lighter ion. The low ion-detection efficiency of the
MCP is partly due to an aging effect caused by using
the same detector for a long period and partly due to
no use of a mesh in front of the MCP which is usually
used to produce a retarding field for photoelectrons
ejected to the opposite side of the ion detector. Even
though the ion-detection efficiency of the MCP is
low, it should be noted that this does not affect the
quality of the mass and PIPICO spectra. Instead, it
only increases the accumulation time of the spectra
to attain necessary counting statistics. At 50 eV, for
example, the PIPICO rate was∼40 counts/s and the
data acquisition time was 2000 s. At this energy, the
weakest peak is F+ +CF+ and the integrated PIPICO
count of this peak was 1354, whereas the background
count due to false coincidences was 1302. Thus, the
S/N ratio was∼1 and the statistical uncertainties of
both the counts were 2.7 and 2.8%, respectively. The
total uncertainty was 3.9%. Our criterion for the data

acquisition is that the data accumulation is continued
until the total counts of a weakest peak (excluding
the background) exceed 1000 counts for the mass and
PIPICO measurements, except for the spectra mea-
sured at energies near the thresholds and very weak
peaks particularly in the mass spectra.

3. Data analysis

Details of the determination of the ion branching
ratios for the fragmentation of the parent singly and
doubly charged ions have been reported previously
[16]. The results for CF4 will be separately reported
elsewhere. The procedure for CF4 is as follows:

(1) The ratios of double to single photoionization
(Nd/Ns or equivalentlyσ 2+/σ+, whereNs andNd

represent the rates of single and double photoion-
ization, respectively) are given as a function of
photon energy with the ion-collection-detection
efficiency fi of the TOF mass spectrometer, the
ion count rateI, the PIPICO rateCII obtained
by integrating the area of PIPICO peaks of all
ion-pair productions, and the dissociation ratio
ξd of the CF42+ and CF4+∗ ions into two ionic
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fragments, that is,

Nd

Ns
= 1

fiIξd/CII − (1 + ξd)
. (2)

(2) The sum of the apparent ion branching ratios
for the doubly charged CF32+ and CF22+ ions
obtained directly from the mass spectrum is
expressed in terms of the ratioNd/Ns and the
dissociation ratioξd,

RA(CF2
2+ + CF3

2+) = (1 − ξd)Nd

Ns + (1 + ξd)Nd
, (3)

where RA(CF2
2+ + CF3

2+) = RA(CF2
2+) +

RA(CF3
2+).

(3) By solving the above two equations,Nd/Ns and
ξd are determined.ξd, for example, is given by

ξd = x − RA − xRA

(RA + 1)x
, (4)

wherex = Nd/Ns.
(4) Finally, the inherent ion branching ratios for

the ion-pairs and doubly charged ions produced
in double photoionization are obtained fromξd

and the corresponding PIPICO branching ratios
Rp or the ratio of the apparent ion branching
ratios in the mass spectra for the doubly charged
CF3

2+ and CF22+ ions, that is,

R(C+ + F+) = ξdRp(C
+ + F+), (5)

R(F+ + CF+) = ξdRp(F
+ + CF+), (6)

R(F+ + CF2
+) = ξdRp(F

+ + CF2
+), (7)

R(F+ + CF3
+) = ξdRp(F

+ + CF3
+), (8)

R(CF2
2+) = (1 − ξd)RA(CF2

2+)

RA(CF3
2+ + CF2

2+)
, (9)

R(CF3
2+) = (1 − ξd)RA(CF3

2+)

RA(CF3
2+ + CF2

2+)
. (10)

4. Results and discussion

The ion branching ratios of CF4
2+ are shown in

Fig. 2. As mentioned inSection 2, the six dissocia-

Fig. 2. Ion branching ratios of CF4
2+ separately determined from

those of CF4+.

tion channels are observed. The measured appearance
potentials for the CF32+ and CF22+ ions are 40.7
and 41.7 eV, respectively[1]. The thresholds for the
ion-pair productions have been reported by Codling
et al. [8] as mentioned inSection 1. Their threshold
values were used as a guide in the present data analy-
sis. Since their data have been measured with a small
wavelength interval as a function of photon energy,
their threshold values are probably more reliable than
the present ones which were obtained by extrapola-
tion. Therefore, to avoid unnecessary confusion, our
threshold values are not presented.

As can be seen inFig. 2, the ion branching ra-
tios for the CF42+ dication show sharp increases at
various photon energies. In order to correlate these
fragmentation pathways more clearly to the electronic
states of CF42+, the ion branching ratios were dif-
ferentiated with respect to the photon energy. This
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analytical photoion spectroscopy has been previously
described elsewhere[17,18] and further discussed in
our recently reported studies of SO2 and CF4 [1,19].
That is, the present differential spectra can be con-
sidered as a method to visualize better the opening
of new dissociation channels, although the energy
resolution of the present spectra is rather low.

The resultant photoion spectra are shown inFigs. 3
and 4with solid curves, in which the positive peaks
indicate the fragmentation pathways of CF4

2+ to the
respective channels. The differential spectra were ob-
tained by the use of ORIGIN (Microcal), in which the
derivative was taken by averaging the slopes of the
two adjacent pairs of data points. Note that this treat-
ment causes a spectral broadening of the order of the
interval between two adjacent data points particularly
near the thresholds and leads to a finite value at the

Fig. 3. Differential spectra of ion branching ratios for the CF3
2++F

and CF22++2F fragmentation channels. The thresholds are
from [1].

Fig. 4. Differential spectra of ion branching ratios for the
F++CF2

++F, F+ + CF+ + 2F, and C+ + F+ + 3F fragmentation
channels. The thresholds are from[8].

thresholds in the differential spectra. The solid curves
in Figs. 3 and 4are the results of a least-squares fit to
an average of three adjacent derivatives with a B-spline
function by using ORIGIN. As for the error margins
in the differential spectra, one may get an idea from
the scattering of the derivatives at high energies where
the spectra are essentially flat except for the C+ + F+

channel. However, it is difficult to generalize the error
margins at energies near the thresholds.

The electron configuration of CF4 in the ground
electronic state is[20] (1a1

21t26)(2a1
2)(3a1

22t26)
(4a1

23t261e44t261t16): 1A1, which corresponds to the
F 1s, C 1s, inner- and outer-valence orbitals from the
left to the right parenthesis, respectively. The e and t1

orbitals are exclusively associated with the F atoms
[3]. The vertical ionization energies of the five
outer-valence orbitals (1t1, 4t2, 1e, 3t2, 4a1) have been
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reported to be 16.20, 17.40, 18.50, 22.12, and
25.12 eV, respectively[20], and those correspond to
the ion statesX̃2T1, Ã2T2, B̃2E, C̃2T2, andD̃2A1.
The vertical ionization energies of the two inner-valence
orbitals (2t2, 3a1) are 40.3 and 43.3 eV[21], corre-
sponding to the ion states̃E2T2 andF̃2A1.

Larkins and Tulea[9] have calculated the energy
of 107 two-hole states associated with the seven out-
ermost orbitals by a semiempirical molecular orbital
model. The important bonding orbitals are 4t2, 4a1,
2t2, and 3a1 [8]. In the attempt to correlate initial states
of the CF42+ ion with the thresholds for fragmentation
mentioned inSection 1, Codling et al.[8] used various
simplifying assumptions: the first and the most impor-
tant one is that no fragmentation occurs when both
orbitals are non-bonding or antibonding (1t1, le, 3t2),
and they shifted the calculated numerals of Larkins
and Tulea by 4.8 eV to the lower energy side. The 80
electronic states from the threshold to 95.1 eV shown
in Figs. 3 and 4with vertical bars are those concerned
with fragmentation following the above assumption
and the energy shift by 4.8 eV. We discuss the present
photoion spectra mainly by referring to those 80 elec-
tronic states. Hall et. al.[2] have suggested that dou-
ble ionization mainly occurs via a direct process in the
region from the threshold to 50 eV.

4.1. The CF3
2+ + F channel (Fig. 3)

This channel is effectively open in the narrow
region from the threshold (40.7 eV) to about 43 eV.
Although the apparent ion branching ratios of CF3

2+

(and CF22+) have been differentiated previously[1],
no obvious fragmentation pathways were found be-
cause of the scattering of the derivatives. On the con-
trarily, in the present analysis, the clear fragmentation
pathways are appreciable. The eight two-hole states,
1e4t2 3T1 (40.8), 1e4t2 3T2 (40.8), 4t24t2 3T1 (41.0),
4t24t2 1E (41.4), 4t24t2 1T2 (41.5), 4t24t2 1A1 (42.2),
1t14t2 1T1 (42.5), and 1t14t2 1T2 (42.7), calculated by
Larkins and Tulea[9,10] may be included in this re-
gion. That is, the two-electron ejection from the three
outermost valence orbitals is related with this channel.
The values in the parenthesis indicate the energy of

the corresponding states in eV. The second small peak
around 47 eV is not probably real. Because the tail of
the higher energy side of the peak corresponding to
ejection of a single 2t2 inner-valence electron contin-
ues up to about 46 eV[21], this channel is presumably
enhanced by an Auger rearrangement leading to the
CF4

2+ ion. Recently, the structure of the CF3
2+ ion

has been studied by ab initio calculations[22].

4.2. The CF2
2+ + 2F channel (Fig. 3)

This channel is efficiently open in the region
from the threshold (41.7 eV) to about 47 eV. The
11 two-hole states, 4t24t2 1A1 (42.2), 1t14t2 1T1

(42.5), 1t14t2 1T2 (42.7), 3t24t2 3A1 (43.0), 1e4t2
1T2 (43.5), 1e4t2 1T1 (44.1), 3t24t2 3T2 (44.3), 3t24t2
3T1 (44.5), 3t24t2 1E (44.9), 4a11t1 3T2 (46.5), and
3t24t2 3E (46.9), may be involved in this region.
The two-electron ejection from the five outer-valence
orbitals is concerned with this channel. Again, this
channel may be enhanced by an Auger process in-
volving a 3a1 inner-valence electron. Very recently,
the stability of the ground and excited states of the
CF2

2+ ion has been investigated by means of the
multi-reference average quadratic-coupled cluster
(AQCC) method[23].

4.3. The F+ + CF3
+ channel

This channel may be open in the narrow region
from the threshold (37.6) to 40.7 eV (the threshold of
the CF2+

3 + F channel), where the six two-hole states,
1t14t2 3T1 (37.6), 1t14t2 3T2 (37.8), 1t14t2 3E (39.6),
1t14t2 3A1 (39.9), 1t14t2 1E (40.0), and 1t14t2 1A1

(40.4), may be included. The threshold is associated
with the 1t14t2 3T1 state[8]. The two-electron ejection
from the two outermost valence orbitals is related with
this channel. Again, this channel may be enhanced by
an Auger process involving a 2t2 inner-valence elec-
tron. From the consideration of the thermochemical
threshold (32.2 eV[24]) and the kinetic energy release
(5.0±0.2 eV at 45.1 eV), Codling et al.[8] concluded
that the CF3+ and F+ fragments are produced in their
ground electronic states.
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4.4. The F+ + CF2
+ + F channel (Fig. 4)

This channel is effectively open in the region
from the threshold (42.4 eV) to about 49 eV. The 14
two-hole states, 1t14t2 1T1 (42.5), 1t14t2 1T2 (42.7),
3t24t2 3A1 (43.0), 1e4t2 1T2(43.5), 1e4t2 1T1 (44.1),
3t24t2 3T2 (44.3), 3t24t2 3T1 (44.5), 3t24t2 1E (44.9),
4a11t1 3T2 (46.5), 3t24t2 3E (46.9), 3t24t2 1T1 (47.7),
4a14t2 3T2 (47.8), 3t24t2 1T2 (48.6), and 4a11t1 1T2

(48.7), may be involved in this region. The threshold
may be related with the 4t24t2 3T1 state (the calcu-
lated energy is 41.0 eV)[8]. The two-electron ejection
from the five outer-valence orbitals is concerned with
this channel. Similar to the CF2

2++2F and F++CF3
+

channels, this channel may also be enhanced by an
Auger process involving a 3a1 inner-valence electron.
The CF2+ and F+ ions are also produced in their
ground, electronic, and vibrational states[8].

4.5. The F+ + CF+ + 2F channel (Fig. 4)

This channel is efficiently open in the rather wide
energy region from the threshold (47.5 eV) to about
72.5 eV. The 47 two-hole states may be included in
this region. The threshold may involve the 4t24a1
3T2 state[8]. The two-electron ejection from the five
outer-valence orbitals continues up to 57.8 eV[9,10].
The two-electron ejection in which one electron is
removed from the 2t2 or 3a1 inner-valence orbital
starts at 60.4 or 65.4 eV, respectively[9,10]. The F+

ion may be in an excited state[8].

4.6. The C+ + F+ + 3F channel (Fig. 4)

This channel is open in the broad energy region from
the threshold (62.0 eV) to above 120 eV. The threshold
may result from a direct double ionization process in-
volving the 4t22t2 3E two-hole state[8]. Two-electron
ejection from the inner-valence orbitals takes place in
this region, i.e., 2t22t2 3T1 at 84 eV and 3a1 3a1

1A1

at 95.1 eV, the latter is the highest energy calculated
by Larkins and Tulea[9,10]. The result indicates that
complete atomization of CF42+ is the major fragmen-
tation process at higher excitation energies.

5. Conclusion

By combining the TOF and PIPICO spectra, the ion
branching ratios of the parent CF4

2+ dication have
been separately determined from those of CF4

2+. The
analytical photoion spectroscopy based on the differ-
entiation of the ion branching ratios of the CF4

2+

diction with respect to the incident photon energy
clearly reveals the various fragmentation pathways
of CF4

2+ such as CF32++F, CF2
2++2F, F++CF3

+,
F++CF2

++F, F++CF++2F, and C++F++3F. That
is, this spectroscopy provides a method to visualize
better the opening of new dissociation channels. The
present photoion spectra have been discussed mainly
by referring to the 80 two-hole states calculated by
Larkins and Tulea[9,10].
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