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Abstract

The ionic products formed in collisions of CF3
2+ with X2 (X = H, D) are quantified as a function of the collision energy. The

investigations show that, for both neutral targets, the cross-section for forming CF2
+ ions from electron-transfer reactions and

the cross-section for the chemical reaction forming XCF2
+ increase with decreasing collision energy. This energy dependence

is well reproduced by a model based on Landau–Zener theory, as are the markedly differing energy dependencies of the other
reaction cross-sections which are available in the literature for molecular dication electron-transfer reactions with X2. The
differing radial velocities at the curve crossing between reactant (dication+neutral) and product (monocation+X2

+) potentials
at a given collision energy is proposed as a possible explanation for the intermolecular isotope effect that has been detected
in such electron-transfer reactions. The ratio of the cross-sections for the chemical and electron-transfer reactions following
collisions of CF32+ with X2 is similar in both of the collision systems and does not vary strongly with energy. A simple model,
again employing Landau–Zener theory and requiring the ab initio calculation of the structure and energetics of HCF2

2+, appears
to qualitatively account for this energy dependence. Following collisions of CF3

2+ with X2 an additional “chemical” channel,
forming XF+, is also detected. The markedly differing energy dependence of the cross-section for forming XCF2

+ and XF+
appear to indicate that these ions are formed via independent pathways. (Int J Mass Spectrom 223–224 (2003) 547–560)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Small molecular doubly charged ions (dications)
are usually highly energy-rich and reactive metastable
species[1–4]. However, despite their high internal
energy content, several molecular dications have re-
cently been shown to display considerable chemical
(bond-forming) reactivity with neutral species[4–15].
Initial studies of the “chemical” reactions of molecular
dications were prompted by the mass-spectrometric
detection of products which involved the formation
of new chemical bonds following dication–neutral
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encounters[11,16]. Detailed studies of the dynamics
of dication bond-forming reactions have only been
performed for a few systems. The most extensively
studied reaction being that between CF2

2+ and H2

CF2
2+ + H2 → HCF2

+ + H+ (1)

and the available data on this prototypical two-body
reaction has been recently summarised[7]. Specif-
ically, in early experiments the collision energy de-
pendence of the yield of this reaction with H2 and D2

was monitored[10]. Subsequently, angular scattering
experiments showed that the HCF2

+ product was
primarily forward scattered and that the Coulomb re-
pulsion between the products plays a dominant role in
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the reaction dynamics[5,15]. Some experimental evi-
dence for a short-lived collision complex was obtained
and a potential surface model was developed to ex-
plain the competition of the various product channels
(non-dissociative and dissociative electron-transfer,
non-dissociative and dissociative chemical reaction)
in dication–neutral collision systems[5]. Following
this study, the competition between the two possi-
ble bond-forming pathways (yielding HCF2

+ and
DCF2

+) following collisions of CF22+ with HD was
monitored as a function of collision energy[9]. These
experiments showed a strong intramolecular isotope
effect favouring the formation of DCF2+.

The reaction dynamics of the electron-transfer and
bond-forming channels following collisions of CO2

2+

with D2 has also received detailed experimental at-
tention. Specifically, the angular scattering in this
collision system has recently been studied[6] as have
the intramolecular isotope effects in the reaction of
CO2

2+ with reactions with HD[7]. For the dominant
bond-forming channel

CO2
2+ + D2 → DCO+ + D+ + O (2)

the angularly resolved investigation showed that
DCO+ is formed by dissociation of DCO2+ and
the DCO2

+is formed via a short-lived intermediate
[CO2–D2]2+, which the angular scattering indicates
lives for a few tenths of a picosecond at a collision
energy of 2.5 eV[6]. The absolute cross-sections
also indicated little variation in the yields of the
electron-transfer and bond-forming processes with
collision energy. However, the cross-section for both
these processes was approximately a factor of two
larger for collisions with H2 than collisions with D2.
Recent studies of the intramolecular isotope effects
in the chemical reaction of CO22+ with HD again in-
dicted a strong preference for the formation of DCO+

[7].
Stimulated by the interesting dynamics and reac-

tivity revealed in these previous studies of dicationic
chemistry, this article presents a study of the reactivity
of CF3

2+ with X2 (X = H or D). A bond-forming re-
action generating XF2+ was observed following such
encounters in an early overview[11] of dicationic

reactivity with small molecules:

CF3
2+ + X2 → XCF2

+ + [X + F]+ (3)

However, following this initial observation these
precise reactive systems have not been investigated
in any greater detail. However, the reactivity of the
isotopically related collision system, involving the
interaction of CF32+ with HD, has recently been in-
vestigated[7]. These experiments showed a strong
intramolecular isotope effect in reaction (3) favouring
the formation of DCF2+ over HCF2+. This intramole-
cular effect was interpreted as arising from statistical
effects affecting the breakdown of an intermediate
complex formed upon initial co-ordination of the di-
cation to the neutral[7]. In addition, this recent work
detected the formation of small quantities of XF+

from this collision system. Surprisingly, in contrast
to the channel forming XCF2+, the formation XF+

appeared not to exhibit any significant isotope effect.
Other investigations[17,18] of the collisional re-

activity of CF3
2+ have shown its propensity to lose

one neutral fluorine atom, which appears to be weakly
bound, to form CF22+. This neutral-loss reactivity was
interpreted to indicate a C2v dicationic structure, a
proposition that has now been supported by theoreti-
cal investigations[19,20].

In this paper, we report the results of an investiga-
tion of the chemistry following collisions of CF32+

with X2. We show that for both neutral targets, over
the collision energies studied, the cross-sections for
forming both CF2+ and XCF2+ increase with collision
energy and the cross-section for the chemical reaction
is comparable with the dissociative electron-transfer
cross-section. An additional chemical channel form-
ing XF+ is also detected.

2. Experimental

The apparatus used in these investigations has
been described in detail before[8–10,17]. Briefly the
molecular dication of interest is mass selected, using
a velocity filter, from the positive ions produced by
an electron impact ionisation source. To produce the
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CF3
2+ dications, we utilise the dissociative double

ionisation of CF4 by ∼150 eV electrons. Electrostatic
optics are employed to extract the ions from the source
and transport them to a velocity filter where mass
selection of the appropriate dications to form a beam
is performed. The experiments reported in this paper
were carried out at low collision energies to max-
imise the yield of the bond-forming reaction. Hence,
after traversing the velocity filter at 500 eV in the
laboratory-frame, the kinetic energy of the dications
must be substantially reduced before they encounter
the neutral molecules. Deceleration of the dication
beam is achieved using further ion optics with subse-
quent refocusing. This procedure results in a dication
beam of 1–500 pA at laboratory-frame energies of
2–20 eV. On leaving the decelerator, the dication beam
intersects an effusive beam of the neutral collision
partner in a collision region, which doubles as the
source region of the time of flight mass spectrometer
(TOFMS). Product ions formed following the interac-
tion of the molecular dication with the neutral target,
in addition to unreacted dications, are periodically
(50 kHz) extracted, perpendicular to both the original
direction of the dication beam and the neutral gas jet,
from the interaction region by pulsing the repeller

Fig. 1. Sections of a representative mass spectrum recorded following collisions of CF3
2+ with D2 at a laboratory collision energy of 9 eV.

As indicated on the figure, the vertical scale is expanded by a variety of factors over certain mass ranges to allow the display of product
ion signals of markedly different intensities.

plate of the TOFMS. The TOFMS is of the standard
Wiley and McLaren[21] design and ions reaching the
end of the drift tube are accelerated to hit a multichan-
nel plate detector. The pressure of the neutral collision
partner is carefully controlled to ensure single colli-
sion conditions exist in the interaction region. This
is confirmed by the linear dependence of the product
ion yields on the number density of the neutral target.
Sections of typical TOF mass spectra, illustrating the
ionic products of interest, are shown inFig. 1.

The signals of interest in the product ion mass
spectra are those which result from bimolecular en-
counters. Mass spectra of the ions present in the
interaction region in the absence of the collision gas
are also recorded. These spectra are used to correct
the spectra recorded in the presence of the collision
gas to leave only the signals which are due to the
bimolecular reactions. In practice these corrections
are very small[8–10,17].

In this work, the products following collisions be-
tween CF32+ and both H2 and D2 were monitored
at the centre of mass collision energies from 0.17 to
0.5 eV and 0.19 to 0.77 eV, respectively. As in previ-
ous investigations, the centre of mass collision energy
is calculated using the initial dication velocity, which
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is known from the beam potential, and assuming that
the velocity of the neutral molecule is negligible with
respect to the velocity of the dication. Given that the
neutrals are admitted as an effusive beam and that the
dication beams have energies between 4 and 12 eV
in the laboratory-frame, this approach is perfectly
satisfactory.

3. Results

Time of flight mass spectra were recorded follow-
ing collisions between CF32+ and X2 (X = H, D)
at laboratory-frame collision energies in the range
3–12 eV. After correction for any impurity ions
present, as described before, these spectra show the
presence of X+, X2

+, CF2
2+, CF2

+, CF+, CF3
+,

XCF2
+ and XF+ product ions. Due to the absence of

any “real” F+ signals in our mass spectra, the forma-
tion of the CFn+ (n = 1–3) ions are readily assigned
to dissociative and non-dissociative electron-transfer
reactions of CF32+:

CF3
2+ + X2 → CFn

+ + (3 − n)F + [2X]+ (4)

The electron-transfer reactivity of CF3
2+ has been

discussed extensively in the literature[17] and will not
be considered in detail here. Similarly, the neutral-loss
reaction forming CF22+

CF3
2+ + X2 → CF2

2+ + F + X2 (5)

has been previously identified as a common decay
mechanism for perfluorinated dications when they re-
ceive electronic or vibrational excitation (either in a
collision or by photoexcitation)[17,18,22,23]. Hence,
we will focus in this investigation on the bond-forming
reactivity in this system, which forms XCF2

+ and
XF+.

The XCF2
+ ion has been identified before as a

product of collisions of CF32+ with H2, although no
dynamical information was obtained from this sim-
ple mass-spectrometric experiment[11]. Indeed, even
the simple mass-spectrometric observations from our
current experiments provide additional information
on the identity of the ion pair formed by the chemi-

cal reaction producing HCF2+ (Eq. (3)). Specifically,
reaction (3) could produce XCF2

+ together with
either F+, XF+ or X+ ions. However, the absence
of any bimolecular F+ signals in our mass spec-
tra, and the fact that the XF+ signal is considerably
weaker than the XCF2+ signal, strongly indicates that
HCF2

+ + X+ + F are the products of reaction (3). A
conclusion in agreement with the recent investigation
of the reactivity of CF32+ with HD [7].

As mentioned before, the formation of XF+ has
recently been detected in a series of experiments to
study intramolecular isotope effects in the reaction of
CF3

2+ with HD [7]. Interestingly, no intramolecular
isotope effect appeared in the XF+ product ion yield,
in contrast to the XCF2+ channel. This difference
was thought to indicate that the XF+ is formed via
a markedly different reaction mechanism to XCF2

+.
As can be seen fromFig. 1, the signals due to the
XF+ and XCF2+ ions are clearly visible in our spec-
tra and the intensities of the product ions of interest
were recorded as a function of collision energy. For all
but HCF2

+ these product ion intensities can be deter-
mined simply by summing the counts in the channels
making up the peak and applying a correction for the
non-zero background underlying the ion peaks. For
the HCF2+ product, which is imperfectly resolved at
the baseline level from the neighbouring CF2

+ signal,
a peak fitting procedure was used to determine this
ions relative intensity. For all these signals the con-
tribution from the “impurity ions” present when the
neutral gas is absent, either transmitted by the veloc-
ity filter or generated in collisions with residual gas,
is small (<5%). The product ion intensitiesI deter-
mined in the above-mentioned manner for collisions
with H2 and D2 are displayed as a function of collision
energy inTables 1 and 2. Note that these individual
intensities, in a change from our previous investiga-
tions [7–10,17], are expressed in arbitrary units rela-
tive to the unreacted dication intensity. We term this
ratio of the product ion intensity relative to the un-
reacted diction intensity,I(CF2

+)/I(CF3
2+), theabso-

lute product ion yield. Since we operate under single
collision conditions[24], the unreacted dication in-
tensity is equal within experimental uncertainty to the



N. Tafadar, S.D. Price / International Journal of Mass Spectrometry 223–224 (2003) 547–560 551

Table 1
Absolute product ion yieldsI(A+)/I(CF3

2+), correction factorsα and the resulting corrected absolute product ion yieldsR(A+)/R(CF3
2+)

for the formation of CF2+ and DCF2+ from collisions of CF32+ with D2 as a function of laboratory collision energyElab

Elab

(eV)
ECOM

(eV)
103(I (CF2

+)/

I (CF3
2+))

α(CF2
+/

CF3
2+)

103(R(CF2
+)/

R(CF3
2+))

103(I (DCF2
+)/

I (CF3
2+))

α(DCF2
+/

CF3
2+)

103(R(DCF2
+)/

R(CF3
2+))

4.0 0.22 3.58 2.20 7.87 1.16 1.89 2.19
5.0 0.27 2.84 2.07 5.89 0.99 1.80 1.78
6.0 0.33 3.15 1.97 6.20 1.01 1.72 1.74
7.0 0.38 1.53 1.89 2.90 0.47 1.65 0.78
8.0 0.44 2.24 1.82 4.08 0.69 1.60 1.11
9.0 0.49 1.78 1.77 3.15 0.50 1.56 0.78

10.0 0.55 1.56 1.73 2.71 0.44 1.52 0.66
11.0 0.60 2.04 1.70 3.47 0.52 1.49 0.78
12.0 0.66 2.76 1.69 4.67 0.73 1.48 1.09

The yields are presented in arbitrary units as discussed in the text. The centre of mass collision energyECOM is also given.

incident dication current. In addition, all the experi-
ments with a given neutral target were performed at
the same neutral gas pressure. Hence, when corrected
for any discrimination effects (see following sections),
these absolute yields should be proportional to the ab-
solute cross-section for forming the individual product
ions. Such corrected absolute product ion yields thus
display the energy variation of the cross-sections for
forming individual product ions. In previous studies,
we expressed our results as a ratio of the intensities of
pair of product ions[7–10,17]and could only observe
relative variations in the product ion yields with colli-
sion energy. Hence, this new data treatment provides
more fundamental information on the reactivity of a
given dication collision system.

Table 2
Absolute product ion yieldsI(A+)/I(CF3

2+), correction factorsα and the resulting corrected absolute product ion yieldsR(A+)/R(CF3
2+)

for the formation of CF2+ and HCF2+ from collisions of CF32+ with H2 as a function of laboratory collision energyElab

Elab

(eV)
ECOM

(eV)
103(I (CF2

+)/

I (CF3
2+))

α(CF2
+/

CF3
2+)

103(R(CF2
+)/

R(CF3
2+))

103(I (HCF2
+)/

I (CF3
2+))

α(HCF2
+/

CF3
2+)

103(R(HCF2
+)/

R(CF3
2+))

4.0 0.11 3.43 2.00 6.85 1.28 1.78 2.28
5.0 0.14 2.75 1.89 5.20 1.02 1.69 1.73
6.0 0.17 2.56 1.80 4.61 0.91 1.62 1.48
7.0 0.20 2.62 1.73 4.52 0.93 1.56 1.46
8.0 0.23 2.15 1.67 3.60 0.72 1.51 1.08
9.0 0.25 2.29 1.62 3.71 0.78 1.47 1.15

10.0 0.28 2.33 1.58 3.68 0.73 1.44 1.05
11.0 0.31 2.14 1.55 3.31 0.68 1.41 0.95
12.0 0.34 1.71 1.53 2.62 0.57 1.39 0.79

The yields are presented in arbitrary units as discussed in the text. The centre of mass collision energyECOM is also given.

The increased information provided by the absolute
ion yields comes at a small price, as there are addi-
tional sources of uncertainty in these data in compar-
ison to the relative product ion intensities presented
in earlier work. Due to the focussing of the TOFMS
any unreacted dications arrive in a 30 ns time win-
dow, a time spread comparable with the dead time of
our timing electronics. Hence, if the dication beam is
sufficiently intense there is a possibility of “missing”
some dication arrivals in the dead time of the elec-
tronics. However, within each set of experiments, one
set with D2 and one set with H2, the dication beam
current was approximately constant. Hence, the con-
stant of proportionality between the dication counts in
the spectrum and the dication beam intensity will be
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approximately the same for each set of experiments.
Thus, with the addition of some extra uncertainty, we
can ratio the product ion intensities to the dication
counts to produce absolute yields which reproduce the
trends in the absolute cross-sections for forming each
product ion of interest. It is important to note that
these absolute yields are not quantitatively compara-
ble between the H2 and D2 data. This is because sig-
nificantly different beam currents were used for these
two sets of experiments, due to different focussing
conditions being employed in the H2 experiments to
achieve higher resolution in the TOFMS, and hence
the constant of proportionality between the dication
counts in the spectrum and the dication beam intensity
will be different between the H2 and D2 experiments.

4. Product ion intensities

Before interpreting the absolute yields we measure
(Tables 1 and 2) we must be sure our experimental
absolute product ion yields accurately reflect the rel-
ative cross-sections for forming the ions of interest.
Specifically, we must correct for any mass discrimi-
nation between the relevant ions which exists in our
experiment. As has been discussed intensively before
[8–10,17], if ions of interest possess markedly differ-
ent transverse kinetic energies across the source region
of our TOFMS, then those ions with larger transverse
kinetic energies in the laboratory-frame will travel
a greater distance away from the central axis of the
TOFMS than any less energetic ions. Hence, a propor-
tion of the more energetic ions may miss the detector.
To correct for this effect, we calculate the length of the
interaction region that is imaged onto the ion detector
for ions of different transverse energies. This correc-
tion procedure, which is described in the following
sections, produces relative ion intensities which agree
satisfactorily with other quantitative measurements of
the product ion yields in dication neutral collisions,
where such measurements are available[5,10,15].

The transverse velocity of the reactant dications is
known from the beam energy. The transverse velocity
of the product ions in the laboratory-frame can be cal-

culated, given the value of the kinetic energy release
(KER) for the reaction and the laboratory-frame colli-
sion energy, using basic kinematics. However, no data
concerning the values of the KER for the chemical
reaction between CF32+ and X2 are available in the
literature. However, for related collision systems such
data is available. For the reaction between CO2

2+

and X2, recent work[6] shows the DCO+ product
from CO2

2+ + D2 is predominantly, although by no
means exclusively, forward scattered with a KER
centred around 5–7 eV. The most probable KERs for
the formation of DCO2+ and CO2

+ in this collision
system are also of similar magnitude. Product ion
KER distributions have also been determined for the
bond-forming channel in the CF2

2+/D2 collision sys-
tem[5] again showing a most probable energy release
around 7 eV. Given the above information, we have
used a KER value of 7 eV to estimate the detection
efficiency of XCF2+ and CF2+ in our experiments.
It is important to note that the correction factors we
calculate are not a strong function of the KER. Hence,
taking a value of the KER from other experiments
is not a major approximation. Given a value for the
KER, the derivation of a product ion correction fac-
tor for our experiments has been presented in detail
before[10]. Briefly, to use these representative KER
values to determine the average product ion velocity
we assume that the dynamics of the collision sys-
tem predominantly involve forward scattering. Again,
this is an assumption, but the two angularly resolved
investigations of dication reactivity indicate that for-
ward scattering is the dominant scattering direction in
dication chemical reactions[5,6]. In fact, calculating
the relative discrimination using forward scattering
provides an upper limit on the potential experimental
discrimination.

To form XCF2
+, we assume, as has been shown

to be true for the formation of HCO+ from colli-
sions of CO2

2+ with X2, that the KER is distributed
in a charge separating two-body reaction forming
X+ + XCF3

+, and no neutral species are lost (e.g.,
XCF3

+ → XCF2
+ + F) until the two ions are well

separated[6]. Again this provides a “worst case”
estimate of our discrimination.
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Table 3
Relative product ion yieldsI(A+)/I(CF2

+), correction factorsα and the resulting corrected product ion yieldsR(A+)/R(CF2
+) for the

formation of XCF2
+ from collisions of CF32+ with X2 (X = H, D) as a function of laboratory collision energyElab

Elab

(eV)
CF3

2+ + D2 CF3
2+ + H2

ECOM

(eV)
(I (DCF2

+)/

I (CF2
+))

α(DCF2
+/

CF2
+)

(R(DCF2
+)/

R(CF2
+))

ECOM

(eV)
(I (HCF2

+)/

I (CF2
+))

α(HCF2
+/

CF2
+)

(R(HCF2
+)/

R(CF2
+))

4.0 0.22 0.32 0.86 0.28 0.11 0.37 0.89 0.33
5.0 0.27 0.35 0.87 0.30 0.14 0.37 0.90 0.33
6.0 0.33 0.32 0.87 0.28 0.17 0.35 0.90 0.32
7.0 0.38 0.31 0.87 0.27 0.20 0.36 0.90 0.32
8.0 0.44 0.31 0.88 0.27 0.23 0.33 0.91 0.30
9.0 0.49 0.28 0.88 0.25 0.25 0.34 0.91 0.31

10.0 0.55 0.28 0.88 0.24 0.28 0.31 0.91 0.28
11.0 0.60 0.26 0.88 0.23 0.31 0.32 0.91 0.29
12.0 0.66 0.27 0.87 0.23 0.34 0.34 0.91 0.30

The centre of mass collision energyECOM is also given.

We use this representative KER values to evaluate
the respective ion velocitiesv(P+) for the relevant
product ions and determine the reactant dication ve-
locity v(CF3

2+) from the energy of the dication beam.
We also determine, from the geometry of the TOFMS,
the different lengths of the ion source,L(P+) for the
product of interest andL(CF3

2+) for the dication,
which are imaged onto the detector for ions of the
given velocities. Given these lengths and velocities,
we can derive the following relation to determine the
corrected absolute product ion yieldsR(P+)/R(CF3

2+)
by scaling the experimentally measured absolute
product ion yieldsI(P+)/I(CF3

2+):

R(P+)

R(CF3
2+)

= L(CF3
2+)

L(P+)

v(P+)

v(CF3
2+)

I (P+)

I (CF3
2+)

= α

(
P+

CF3
2+

)
I (P+)

I (CF3
2+)

(6)

The corrected absolute product ion yield should
be proportional to the absolute cross-section for
forming the relevant product. The correction factors
α(P+/CF3

2+) we derive (Tables 1 and 2) vary more
significantly than those we determine when compen-
sating for the relative discrimination between two
product ions. This larger variation inα is due to the
more significant differences between the energies of
a product ion and a reactant dication, than between
a pair of ionic products. This is demonstrated in

Table 3andFig. 3 where we show the variation with
collision energy of the relative product ion intensi-
ties between the bond-forming and electron-transfer
channels (XCF2+ and CF2+) which can be compared
with analogous values we have derived for other dica-
tion collision systems in earlier work[8–10,17]. Note
that the values ofR(XCF2

+)/R(CF2
+) presented in

Table 3are derived by averaging ratios derived from
each individual mass spectrum, followed by appropri-
ate correction. Hence, these values are more accurate
than those one would obtain from the ratio of the val-
ues ofR(XCF2

+)/R(CF3
2+) and R(CF2

+)/R(CF3
2+)

presented inTables 1 and 2, although the later values
show an identical trend.

The correction of the XF+ intensities for product
ion energy effects is problematical. Hence, inTable 4
we present just the raw intensity ratios of XF+ to the
dication signal and the ratio of the uncorrected XF+

signal to the corrected dication signal. This subject is
discussed in some detail below.

5. Discussion

The corrected absolute product ion yields in arbi-
trary units for forming XCF2+ and CF2+ from col-
lisions between CF32+ and X2 are listed inTables 1
and 2and displayed inFig. 2. Note that, as explained
before, due to the different dication beam conditions
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Table 4
Absolute product ion yieldsI(A+)/I(CF3

2+) and the resulting yieldI(A+)/R(CF3
2+), when corrected for the variation in the efficiency

of dication detection with collision energy, for the formation of XF+ from collisions of CF32+ with X2 (X = H, D) as a function of
laboratory collision energyElab

Elab (eV) 105(I (DF+)/I (CF3
2+)) 105(I (DF+)/R(CF3

2+)) 105(I (HF+)/I (CF3
2+)) 105(I (HF+)/R(CF3

2+))

4.0 5.68 2.05 5.23 1.96
5.0 6.04 2.14 7.20 2.63
6.0 8.25 2.88 5.48 1.97
7.0 4.65 1.61 5.83 2.08
8.0 7.88 2.69 6.27 2.21
9.0 6.22 2.12 8.61 3.01

10.0 6.37 2.14 8.26 2.86
11.0 9.48 3.19 11.74 4.05
12.0 12.98 4.34 8.10 2.80

The yields are presented in arbitrary units as discussed in the text.

existing in the two sets of experiments, with H2 and
with D2, the corrected yieldsR(XCF2

+)/R(CF3
2+)

and R(CF2
+)/R(CF3

2+) are not in principle directly
comparable between the H2 and D2 experiments.
However, qualitatively the corrected yields seem simi-
lar for the two systems. For both systems, the absolute
yields of the major chemical product (XCF2

+) and the
electron-transfer product CF2

+ increase with decreas-
ing collision energy. This trend, although accentuated
by the correction for the translational energies of the
relevant ions, is clearly visible in the raw data (Tables 1
and 2). Obviously, as discussed before, some addi-
tional uncertainty is introduced due to the more signif-
icant differences in the collection efficiency between
an energetic product ion and the slower reactant dica-
tion, as compared with a pair of product ions. How-
ever, since the trend in the corrected data and in the
uncorrected data remain the same, we feel confident
this is a real phenomenon. Indeed, the good agree-
ment between relative ion yields derived from our ex-
periments and work from other laboratories supports
the validity and accuracy of the correction procedure
[5,10,15].

The scale of the increase seems similar for both
the D2 and the H2 collision systems and the ratio of
the bond-forming yield to the electron-transfer yield
is similar in both systems (Fig. 2). In fact when the
relative yield of XCF2+ to CF2

+ is plotted against the
centre of mass collision energy the same relationship

appears to be followed for both the H2 and D2 data
(Fig. 3). We discuss the reasons for this approximately
linear relationship between the relative intensities of
the products of bond-forming and electron-transfer re-
activity, which has been seen before for CF2

2+/X2 col-
lisions [10], in more detail in the following sections.

The increase in the yield of CF2
+ (Fig. 2) with de-

creasing collision energy is reproduced well by a sim-
ple Landau–Zener model. This model, which has been
described in detail before[25,26], involves calculat-
ing the probability for electron transfer as a function
of impact parameter from the Landau–Zener equation
and then integrating over the impact parameter to
yield the electron-transfer cross-section. To use the
Landau–Zener equation, we need values for the rela-
tive energetics of the product and reactant ions, which
are available in the literature[20,27], and a value for
the coupling matrix element which we estimate using
the model of Olson et al.[28]. As in previous work, we
model this dissociative electron-transfer reaction as
initially populating excited states of CF3

+ which sub-
sequently dissociate to CF2

+. Experimental evidence
supports the operation of this sequential pathway[6].
The energetics of the CF3

+ states dissociating to CF2
+

are obtained from previous ab initio studies of the elec-
tronic structure of CF3+ [17]. This investigation re-
vealed that a group of excited electronic states of CF3

+

with approximately 8 eV of electronic excitation,
with respect to the ground state of CF3

+, dissociate
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Fig. 2. Variation of the corrected absolute product ion yieldsR(CF2
+)/R(CF3

2+) and R(XCF2
+)/R(CF3

2+) of CF2
+ (�, �) and XCF2

+
(�, �) following collisions of CF32+ with X2 with laboratory collision energy. (a) X= D, (b) X = H. The solid line on each plot is the
result of a Landau–Zener calculation of the yield of CF2

+. See text for details.
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Fig. 3. Corrected relative product ion yieldsR(A+)/R(CF2
+) for the formation of XCF2+ from collisions of CF32+ with H2 (�) and D2

(�) as a function of the centre of mass collision energy.

to form CF2
+. Hence, in our model Landau–Zener cal-

culation we determine the cross-section for populating
such states in an electron-transfer reaction. InFig. 2,
the cross-sections derived from the Landau–Zener
calculations are normalised to the experimental data,
which is in arbitrary units as discussed before, using a
single scaling parameter which is derived by minimis-
ing the sum of the squares of the deviation between
the experimental data and the calculated values. No
other fitting, other than this simple scaling to allow
for the different units, is used.

The increase, with decreasing collision energy, of
the absolute ion yields for electron-transfer with both
H2 and D2 following collisions with CF32+ (Fig. 2)
is in contrast to the yield of CF2+ formed by
electron-transfer in the CF22+ + X2 collision system
[5]. In this non-dissociative electron-transfer reaction
the yield of CF2+ has been shown to fall with decreas-
ing collision energy. Using the available energetics
this fall is also well modelled by our (and the authors)
Landau–Zener model[5]. The precise behaviour of

the electron-transfer cross-section as a function of col-
lision energy in the Landau–Zener model appears to
subtly depend on both the strength of the coupling at
the crossing and the relative velocity of the reactants.

Recent experiments have also studied the non-disso-
ciative electron-transfer reaction in the CO2

2+ + X2

system[6]. This study shows that the yield of CO2
+

in each collision system is roughly independent of the
collision energy and that principally the A and B states
of CO2

+ are populated. We have carried out prelim-
inary Landau–Zener calculations which indicate the
energy independence of the CO2

+ yield is a result of
the cancellation of the increase in the cross-section for
populating the B state of CO2+ with increasing col-
lision energy by the decrease in the cross-section for
populating the A state.

Also clearly apparent in the CO22+/X2 data[6] is
an intermolecular isotope effect where the absolute
cross-section for the formation of CO2

+ in collisions
of CO2

2+ with X2 is approximately a factor of two
larger for H2 than for D2. Our Landau–Zener model
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qualitatively predicts such a preference as, in general,
the electron-transfer cross-sections are larger at a given
laboratory collision energy for H2 than for D2. This
isotope effect arises principally from the difference in
the radial velocity at the crossing, for a given labora-
tory collision energy, of the H2 and D2 collision sys-
tems. Such an effect is also perhaps just apparent in
the available absolute cross-sections for the CF2

2+/X2

systems at lower collision energies[5].
As described before, for collisions with both H2

and D2, the relative yields of XCF2+ to CF2
+, when

plotted as a function of centre of mass collision en-
ergy, seems to lie on the same curve (Fig. 3). Similar
behaviour has been observed for the relative yields
of bond-forming and electron-transfer reactions in
the CF22+/X2 system[10]. To try and understand
the source of these relationships we have extended
a simple model of the competition between the
electron-transfer and reactive channels. A schematic
potential energy surface appropriate for this model
has been previously developed to qualitatively explain
the competition of electron-transfer and chemical
reactivity in dication collision systems[5,6] and is
shown in Fig. 4. Since non-dissociative reactions
are intrinsically less complex than the correspond-
ing dissociative reactions, we have chosen to model
the competition between the formation of CF2

+ and
H2

+ and HCF2+ and H+ following interactions of

Fig. 4. Schematic potential energy surface to explain the competition of electron transfer and reactivity in dication molecule collisions.
Two trajectories (a and b) discussed in the text are illustrated.

CF2
2+ with H2. We calculate the probabilities (δet

and δrxn) for remaining on the diabatic potential at
the electron-transfer crossing (crossing 1,Fig. 4) and
the “reactive” crossing (crossing 2,Fig. 4) using the
Landau–Zener formalism[29–31]

δ = exp

(
−π2(H12)

2

|V ′
p − V ′

r |vbh

)
(7)

and then use these probabilities, as described below, to
estimate the relative probabilities of electron-transfer
and chemical reaction. Calculation ofδet, which is a
function of impact parameter and collision energy, is
straightforward as the energetics of crossing 1 (Fig. 4)
are well established[5,15,32]. However, the parame-
ters describing the reactive crossing (crossing 2,Fig. 4)
are less well established. The energetics of the singly
charged products (HCF2+ +H+) are well known[27]
but the energetics of HCF2

2+ ion are unknown. Hence,
we have calculated the ionisation energy to form
HCF2

2+ from HCF2
+ using Gaussian 98[33]. These

calculations were performed using an CCS(T)-VTZ
basis with an MP2 algorithm to identify the relevant
minima of HCF2n+ (n = 0–2) and then calculating
the energetics at those minima using a CCSD algo-
rithm. Such an approach has been successfully used
to characterise dicationic species in previous work
[6,7,17,19,20,32,34,35]. For the neutral and singly
charged molecules, we find equilibrium geometries
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Fig. 5. Calculated geometry of HCF2
2+. The details of the calcu-

lations are given in the text.

in good agreement with earlier computational studies
of these species[36]. From these minima, we calcu-
late an adiabatic first ionisation potential of HCF2 of
8.5 eV and a vertical ionisation potential of 10.0 eV,
in good agreement with observed values[27]. For the
dication, we determine the C2v equilibrium geometry
shown inFig. 5. Our calculated energetics of the dica-
tion at this minimum and at the geometry of the neu-
tral and singly charged molecules yield values for the
vertical double ionisation energy (35.0 eV), adiabatic
double ionisation energy (32.7 eV) and the adiabatic
second ionisation energy (24.2 eV), the last value be-
ing that of a transition from the equilibrium structure
of the monocation to the equilibrium geometry of the
dication. This final energy difference, combined with
the established energetics of the products, allows us to
determine that the exothermicity for HCF2

2+ + H →
HCF2

+ + H+ is 10.58 eV and that the HCF2
2+ + H

asymptote lies 3.0 eV above the CF2
2+ + H2 asymp-

tote and hence, as predicted[5], is inaccessible at the
collision energies employed in previous work.

Using the above-mentioned energetics, we can cal-
culateδrxn and hence, together with our value ofδet,
estimate the probability of the CF3

2+/X2 collision
system leaving the potential energy surface illustrated
in Fig. 4 having undergone either electron-transfer or
chemical reaction. Given that we are at a centre of
mass collision energy which is insufficient to allow
access to the HCF22+ + H asymptote, there are many
possible pathways through our schematic potential
energy surface which can result in the formation of

the electron-transfer or chemical reaction products.
For example, an electron-transfer reaction can simply
occur via a surface-hopping at crossing 1 followed
by a non-crossing as the singly charged ions separate
(Trajectory a,Fig. 4). However, more complex path-
ways are also possible. For example, diabatic passage
at crossing 1 followed by two passes of crossing 2
without crossing and finally a surface-hopping when
the system returns to crossing 1 (Trajectory b,Fig. 4).
Writing an expression for the electron-transfer prob-
ability and the chemical reaction probability which
includes all possible trajectories results in the expres-
sions below which are a function of the radial velocity
at the crossing which depends in turn on the impact
parameter and the collision energy

prxn = δet(1 − δrxn) + δetδ
2
rxn

∞∑
i=0

(1 − δrxn)
2i+1 (8)

pet = δet(1 − δet) + δet(1 − δet)δ
2
rxn

∞∑
i=0

(1 − δrxn)
2i

(9)

Integrating these expressions over the impact pa-
rameterb from zero until the collision just reaches
the relevant crossing allows us to predict the relative
variation of the bond-forming and electron-transfer
cross-sections as a function of collision energy. This
calculation shows that, as we observe, the ratio of the
yield of the bond-forming channel to the yield of elec-
tron transfer remains approximately constant as the
collision energy is varied. The calculations also show
that the ratio of chemical to electron-transfer yields in
the D2 collision system will be similar to that in the H2
collision system, again as we observe experimentally.
Obviously, if there is another surface that leads to
the formation of the electron-transfer products which
is not in direct competition with the bond-forming
channel this will not be included in our calculation.
However, since the variation with the collision en-
ergy of the crossing probability for any additional
electron-transfer crossing should be similar to that
of Eq. (8) the general insensitivity of the ratio of the
bond-forming to electron-transfer yield to variations
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in the collision energy should be unaffected, just the
absolute value of the ratio. The qualitative agreement
we find between the model inFig. 4and the results of
our simplified Landau–Zener calculations lends fur-
ther support to the general applicability for the surface
crossing model for understanding dication reactivity.

The absolute product ion yields for HF+ formation
are given inTable 4. Correction of these yields for the
discrimination effects of the TOFMS is not straightfor-
ward as the mechanism of formation of HF+ is unclear.
For example, we do not know if HF+ is the forward
or back-scattered product. The discrimination effects
in the dication counts can be corrected (Table 4) but
this correction does not significantly change the gen-
eral trends of the data: an increase in the HF+ signal
with increasing collision energy. If the HF+ is forward
scattered, modelling shows that the trends in the data
(Table 4) will not be dramatically changed by the cor-
rection for the energy discrimination of the TOFMS.
Even if the HF+ is back scattered, appropriate correc-
tion of the data inTable 4then corresponds, within
the approximations of the correction procedure, to an
approximately constant, or slightly increasing, XF+

absolute yield with collision energy. The possibility
that the HF+ product is back scattered is supported
by the absence of any observable HF+ signals in the
first experimental investigation of the reactivity in this
collision system, where back-scattered products were
very inefficiently detected[11].

The energy dependence of the HF+ product yield
discussed before is markedly different to that ob-
served for the other chemical product (HCF2

+) in
this collision system, strongly suggesting the two
species derive from distinct chemical pathways. Per-
haps the bifurcation in pathways occurs following the
initial formation of an [X2–CF3]2+ intermediate fol-
lowed by hydrogen migration to form [HF–CHF2]2+,
which have been proposed[7] as the first steps in
the formation of XCF2+ from CF3

2+ + X2. Analo-
gous co-ordination then migration mechanisms have
been proposed, supported by ab initio studies, for the
reaction of both CF22+ and CO2

2+ with X2 [6]. If
the [HF–CHF2]2+ intermediate decays by cleavage
of the C–FH bond, instead of cleavage of the F–H

bond, which has been proposed[7] as the route to
XCF2

+, then HF+ is formed. Such a mechanism has
been shown to be consistent with the absence of an
intramolecular isotope effect in the formation of XF+

following collisions of CF32+ with HD [7].
Given the uncertainties in the detection efficiency

of XF+ it is hard to precisely quantify the branching
ratio to form this product. However, this bond-forming
channel is certainly much weaker, by approximately a
factor of 50, than the formation of XCF2

+.

6. Conclusions

The ionic products formed in collisions of CF3
2+

with X2 (X = H, D) have been quantified as a function
of the collision energy. The cross-section for form-
ing CF2

+ ions from electron-transfer reactions and
the cross-section for the chemical reaction forming
XCF2

+ increase with decreasing collision energy and
the ratio of these cross-sections is similar in both of
the collision systems and does not vary strongly with
energy. An additional chemical channel forming XF+

is also detected. The markedly differing energy de-
pendence of the cross-section for forming XCF2

+ and
XF+ appear to indicate that these ions are formed via
independent pathways.
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