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Results are reported of an experimental determination by double-charge transfer spec
troscopy of the previously unknown double-ionization energies of the fluorinated benzene
molecules C 6HsF, 1,2-C 6H4F2 , 1,3-C 6H 4F2 , 1,4-C 6H 4F2 , ],2,3-C6H 3F3 , 1,2,4-C 6H3F3 , 1,3,5
C 6H3F3 , 1,2,3,4-C6H2F4 , 1,2,3,5-C6H2F4 , 1,2,4,5-C6H 2F4 , and C 6HFs. The data are remark
ably similar; the lowest double-ionization energies for all the molecules are within ± 0.5 of
25.7 eV, and the data for higher energies suggest that the distributions of electronic state
energies for the dications of the molecules show only small variations. (J Am Soc Mass
Spectrom 1993, 4, 513-518)

Over the past twelve years, numerous experi
mental and theoretical studies [1-10] of the
benzene dication have taken place. Recently, in

this laboratory, the double-ionization energies required
to form the dication in its ground and electronically
excited states have been investigated [11] using
double-charge transfer (OCT) spectroscopy [12]. A sim
ilar study of 10 chloro-substituted benzene molecules
followed [13]. This program of research at Swansea has
been extended to determine the double-ionization en
ergies of 11 fluorinated benzene molecules of general
formula C 6H xFy , where x = 1-5 and y = 6-x, the
results of which are reported here. Unlike the situation
for the benzene dication, little is known about the
energies required to doubly ionize fluorinated benzene
molecules or about the properties of the resulting
dications.

Experimental

molecules contained in a collision gas cell at the inter
mediate focal point of the spectrometer. The transla
tional energy spectrum of the A - ions formed in DEC
reactions were recorded by scanning the voltages ap
plied to the electric sector of the spectrometer. The
energy loss scale was calibrated by running a similar
experiment with one of the noble gases (argon, kryp
ton, or xenon) in the cell. The relevant ionization
energies of these are known [15], so the positions of the
A - peaks in the resulting OCT spectrum effectively
calibrate the energy loss scale. The calibration was
found to be unaffected by which gas was used.

At low collision gas pressures, the DEC reaction

was far more important in generating A - ions than the
two sequential single-electron capture (SEC) reactions

Peaks in the A - ion spectrum are readily identified as
being due to reaction I or reactions 2 and 3 by varying
the collision gas pressure; A - ion yields from reaction
1 increase linearly with pressure, but for reactions 2
and 3 the yield increases quadratically with pressure.

Consider now the energetics of the reactions. In
general, the energy required to form M 2+ from M,
denoted by IE2(M), is larger than the energy released,
E(A +--+ A -), when charge inversion of A + occurs, so
reaction 1 is endoergic. Thus, the translational energy
En of A-is less than Eo, that of A +, by an amount

In OCT spectroscopy, the translational energy losses
associated with double-electron capture (DEC) reac
tions of high-velocity, singly charged, positive projec
tile ions, denoted here by A +, with the molecules M
under investigation are measured. In the investigation
reported here, the experiments were carried out using
a ZAB-2F reverse-geometry, double-focusing mass
spectrometer [14] in which 6-keV OH+ and F+ projec
tile ions were generated by dissociative electron ion
ization of H 20 and CF4 , respectively. After mass selec
tion, the ions interacted with fluorinated benzene

• Present address: Department of Physiological Chemistry, Karolin
aka Institutet, Box 60400, &-10401, Stockholm, Sweden.

t Present address: The Chemical Laboratory, The University of
Kent, Canterbury, Kent CT2 7NH, UK.

Address reprint Teque~ts to F. M. Harris, Mass Spectrometry Re
search Unit, University College of Swansea, Singleton Park, Swansea
SA2 8PP, UK.

A++M--+A+M+

A+M--+A-+M+

(2)

(3)

© 1993 American Society for Mass Spectrometry
1044-0305/93/$6.00

Received October 26, 1992
Revised February 5,1993

Accepted February 12, 1993



514 GRIFFITHS ET AL. J Am Soc Mass Spectrum 1993,4, 513-518

With a calibrant gas, say xenon, in the cell, the A-ions
are generated with a translational energy Ee, where 10
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Figure 1. OCT spectra obtained when (a) OH+ and (b) F+
projectile ions interacted with C 6 H sF molecules.

result of reactions 2 and 3. Their positions are readily
understood in terms of the relevant single-ionization
energies of C6HsF, which are known from a photoelec
tron spectrum [17].

The intensities of peaks A-C in Figure la increased
linearly with increase in pressure and were thus due to
DEC reaction 1. The double-ionization energies were
determined from the positions of their maxima. This
has been the common practice in previous OCT spec
troscopy studies carried out here and in other laborato
ries. It yields vertical double-ionization energies and
can be compared with the procedure to obtain vertical
single-ionization energies from peak maxima in photo
electron spectra. The double-ionization energies associ
ated with these peaks are 25.2 ± 0.5, 28.0 ± 0.5, and
31.2 ± 0.8 eV, respectively, the uncertainties reflecting
the difficulty associated with determining the position
of the peak maxima. The tailing on the high-energy
side of peak C is evidence of the formation of C6HsF

2+

ions in even higher energy states.
For Figure Ib, the effect of pressure variations es

tablished that all the features marked C and E-G were
due to F - ions formed in DEC reactions. (The labeling
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Results

C6HsF

Figure 1 shows typical spectra obtained using OH+
and F+ projectile ions, respectively. On the abscissa is
plotted IEiC6H sF),which is relevant only to the peaks
marked with upper-case letters. The scale was estab
lished by making use of a calibration spectrum ob
tained with xenon (see Experimental). Consider the
OH+/C6H5F OCT spectrum first. Five peaks marked
a, b, A, B, and C are clearly evident. The heights of
peaks a and b were found to increase quadratically
with increase in C 6HsF pressure and were thus the

In practice, Eo was kept constant throughout the ex
periment, and the A - ion currents were recorded as a
function of the translational energy of A -. From the
positions of peaks in the spectra obtained with M and
then with xenon in the cell, the separation Ec - En was
measured, and IEiM) determined from

where IElM) and IEl(M) are single-ionization energies
of M to, in general, different states of M+ because the
same state may not necessarily be populated in the
two SEC reactions. Because E, - En can be measured
and IEiXe) is known, the sum of the single-ionization
energies can be determined using eq 7.

Metastable excited states of OH - and F- are known
not to exist. The same is not true for OH+ and p+ ions
formed by the method used in the present investiga
tion. The possible effect of reactions of metastable
OH+ and F+ on DCT spectra has been discussed by
Harris [16]. For OH+, the a 1,:~ and b Ir+ states located
at 2.15 and 3.55 eV, respectively, above the triplet
ground state are known to have lifetimes long enough
to enable the ions in those states to reach the collision
gas cell in the ZAB-2F spectrometer. For F+, the 1 D2
and IS states situated at 2.59 and 5.57 eV, respectively,
are known to be metastable. The likely concentration
of metastable ions in beams of OH+ and P+ is not
large, and no evidence has been obtained of significant
peaks in OCT spectra that could be ascribed to reac
tions of them.

If excited states of M 2 + were populated, then other A
ion peaks were seen in the spectra at lower values of
En'

In a similar way, it is readily shown that for A
ions formed by reactions 2 and 3,
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of the peaks was chosen to allow the derived double
ionization energies to be positioned appropriately in
Table 1, which is introduced below). It is now well
established [16] that reaction windows of endoergici
ties exist for DEC reactions. A consequence of this is
that, when using F + projectile ions, dication states are
populated having higher energies than those popu
lated when using OH+ because E(F+ ---> F-) is
markedly larger than E(OH+ ---> OH~). The position of
peak C in Figure Ib corresponds to a double-ionization
energy of 31.2 ± 0.5 eV, and the positions of the three
shoulders E, F, and G correspond to double-ionization
energies of 35.1 ± 0.8, 38.4 ± 1.0, and 41.9 ± 1.0 eV,
respectively. Shoulder E is very broad, and the derived
energy of 35.1 eV corresponds to the position indicated
by the arrow. It is likely that this shoulder consists of a
number of partially resolved peaks. Weak features
marked A and B in Figure Ib correspond to peaks A
and B, respectively, in Figure Ia.

Because of the high velocity of the projectile ions,
DEC reactions are fast, and thus the double-ionization
energies measured are vertical. Evidence exists that
suggests that triplet states of the dications were popu
lated. Spin conservation has been shown to apply for
DEC reactions of F+ and/or OH+ projectile ions with
numerous smaller molecules (CO z' OCS, CSz [18, 19],
NH3 [20, 21]. Np [22], c.n, [23], C ZH4 [24], and

C ZH6 [25]), resulting in the populating of triplet states
of the dications. Also, comparison of experimental
results with theoretical predictions suggests that triplet
states of C6H~+ were populated in a DCT spec
troscopy study [II] using these projectile ions.

The double-ionization energies of C 6HsF are listed
in Table 1 together with the results for the other
fluorinated benzene molecules studied. Also included
in Table 1 are the results for C 6F6 [26] obtained previ
ously in this laboratory.

C6H4F2

The DCT spectra for the three molecules 1,2-C6H 4F2 ,

1,3-C 6H 4F2 , and 1,4-C6H 4Fz are similar, and a typical
pair for 1,4-C6H 4F2 is shown in Figure 2. The peaks
labeled with lower-case letters are due to SEC reac
tions 2 and 3, and those marked with upper
case letters are due to DEC reaction 1. The double
ionization energies derived from the spectra of the
three molecules are listed in Table 1.

C6H3F3

A pair of spectra typical of those obtained for 1,2,3
C6H 3F3 , 1,2,4-e6H 3F3 , and 1,3,5-C 6H 3F3 are shown in
Figure 3. Peaks A-E are due to DEC reactions, and the

Table 1. Double-ionization energies (eV) derived from the positions of peaks in double-charge transfer spectra

Peak

Molecule Projectile A B C D E F

CeHsF OH+ 25.2 ± 0.5 28.0 ± 0.5 31.2 ± 0.8

F I 31.2 ± 0.5 35.1 ± 0.8 38.4 ± 1.0

1.2-CeH4F 2 OH+ 25.4 ± 0,5 28.2 ± 0,5
F+ 29.0 ± 1.0 31.6 ± 0.5 33.3 ± 0.8 36.0 ± 0.8 38.7 ± 1.0

1,3-CeH4F 2 OH+ 25.3 ± 0.5 28.3 ± 0.5 31.2 ± 0.5
F+ 31.2 ± 0.8 32.7 ± 0.8 34.5 ± 0.8 37,0 ± 1.0

1,4-CeH4F 2 OH+ 25.5 ± 0.5 28.4 ± 05 30.5 ± 0.8 33.0 ± 1.0
F+ 28.4 ± 0.5 31.0 ± 0.5 33.4 ± 05 35.9 ± 1.0

1,2,3-CsH 3F) OH+ 25.8 ± 0.5 28,8 ± 0.5 31.3 ± 0,8
F+ 28.7 ± 1.0 31.9 ± 0.5 33.8 ± 1.0

1,2A-CeH)F) OH+ 25.8 ± 0.5 28.9 ± 0.5 31.3±0.8 34.4 ± 1.0
F+ 29.0 ± 1.0 31.5 ± 0.5 33.7 ± 0.8 37.2 ± 0.8

1,3.5-CeH3F3 OH+ 25.3 ± 0.5 28.6 ± 0.5 31.2 ± 0.8 33.7 ± 1.0
F+ 29.7 ± 0.8 32.1 ± 08 34.4 ± 1.0 36.8 ± 1.0

1.2,3,4-CeH,F4 OH+ 25.8 ± 0.5 28.7 ± 0.5
F+ 29.3 ± 0.5 31.9 ± 0.8 34.6 ± 0.8 37.4 ± 1.0

1,2,3,5-CsH 2F4 OH+ 25.7 ± 0,5 28.7 ± 0.8 30.9 ± 1.0 32.7 ± 1,0
F+ 31.8±0.8 33.3 ± 1.0

1,2A.5-CeH,F4 OHI 25.7 ± 0.5 28.8 ± 0.8 30.9 ± 1.0
F+ 30.9 ± 0.8

CeHFs OH+ 26.0 ± 0.5 28.6 ± 0.5 30.4 ± 0.8 31.6 ± 1.0 33.6 ± 1.0
F+ 32.2 ± 0.8

CeFe" OH+ 26.3 ± 0.5 28.4 ± 0.5 29.2 ± 0.5 31.5 ± 0.8
F+ 32.8 ± 0.8

a Data from ref 26.
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Figure 3. OCT spectra obtained when (a) OH+ and (b) F+
projectile ions interacted with 1,2,4-C(,H3F3 molecules.

(eV)
Figure 2. OCT spectra obtained when (a) OH+ and (b) F+
projectile ions interacted with 1,4-C.H4 F2 molecules.
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values of double-ionization energies determined from
their positions are listed in Table 1.

C6H2F4

A typical pair of spectra for 1,2,3,4-C 6H 2F4, 1,2,3,5
C6H2F4 , and 1,2,4,5-C 6H 2F4 are shown in Figure 4,
The double-ionization energies of the peaks associated
with DEC reactions are listed in Table 1.

C6HFs
A typical pair of spectra are shown in Figure 5, and the
double-ionization energies determined for this
molecule are shown in Table 1.

Discussion

Examination of the data in Table 1 reveals that the
results in each column are remarkably similar. The
positions of peaks labeled A in the OH+ OCT spectra
were in general measured quite accurately because the

peaks are reasonably intense and well resolved. The
average double-ionization energy determined from
these peaks for all of the molecules studied is 25.7 eV,
which is within ± 0.5 eV of all the lowest double-ioni
zation energies in Table 1. A trend is observed, how
ever, suggesting that the double-ionization energy in
creases as the number of fluorine atoms in the molecule
increases. Peaks labeled B in the OH + OCT spectra are
in general also intense and well resolved; the average
of the double-ionization energies derived from them is
28.5 eV, with all of the results within ± 0.5 eV. Similar
data derived for peaks C, D, and E are 31.1 ± 0.8,-0.9
eV, 32.2 ± 1.4,-1.4 eV, and 35.8 ± 1.6, -2.2 eV, respec
tively. When allowance is made for the larger uncer
tainties in determining the positions of these three
peaks, it is reasonable to assume that the state distri
butions of all the dications investigated in the present
study are similar.

Some insight into which electrons are removed in
the double ionization of the molecules studied can be
obtained by considering the results of theoretical stud
ies of the double ionization of C 6H6 [10] and C 6F6 [26].
The lowest double-ionization energy measured for
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Figure 5. DCT spectra obtained when (a) OH+ and (b) p+
projectile ions interacted with C 6HFs molecules.
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Figure 4. OCT spectra obtained when (a) OH t and (b) F+
projectile ions interacted with 1,2,3,4-C,H 2 F4 molecules.

C 6H6 is 24.6 ± 0.5 eV [11]. Making use of the data
from the theoretical study [10], the peak corresponding
to this energy was interpreted [11] to be the result of
the formation of C6H~+ in its ground triplet state
CA2g), which corresponds to the removal of two elec
trons from the outermost 7T-orbital (i.e., 1e1g2

) . The
lowest energy of 26.3 eV for C6Fl + has been assigned
[26] to the ground triplet state CA1g) populated by the
removal of two electrons from the outermost rr-orbital
(2e1g) of C6F6 • The next two peaks in the spectra for
C6H6 and C liF6 correspond to double-ionization ener
gies of 27.3 and 28.4 eV, respectively. Each is due to
the populating of two states and results from removal
of electrons from (1) the two outermost zr-orbitals and
(2) the outermost 7T- and o-orbitals. Other peaks in the
C 6H6 and C6F6 spectra are interpreted as due to popu
lating of several dication states, the electrons being
removed from inner orbitals of the molecules. It is
likely that the DCT spectra for the C6H xFy molecules
studied here result from ionization processes similar to
those predicted [10, 26] for C oH 6 and C6F6 .
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