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Abstract: In light of its substantially more environmentally
friendly nature, CF3I is currently being considered as a replace-
ment for the highly potent global-warming gas CF4, which is
used extensively in plasma processing. In this context, we have
studied the electron-driven dissociation of CF3I to form CF3

�

and I, and we compare this process to the corresponding
photolysis channel. By using the velocity slice imaging (VSI)
technique we can visualize the complete dynamics of this
process and show that electron-driven dissociation proceeds
from the same initial parent state as the corresponding
photolysis process. However, in contrast to photolysis, which
leads nearly exclusively to the 2P1/2 excited state of iodine,
electron-induced dissociation leads predominantly to the 2P3/2

ground state. We believe that the changed spin state of the
negative ion allows an adiabatic dissociation through a conical
intersection, whereas this path is efficiently repressed by
a required spin flip in the photolysis process.

Trifluoroiodomethane, CF3I, has an exceptionally short
lifetime in the atmosphere of the earth (only a few days),
and therefore its global-warming potential (GWP) is esti-
mated to be less than 1.[1] Tetrafluoromethane, CF4, on the
other hand, is anticipated to have a lifetime of 50000 years in
the atmosphere and a GWP of about 6000.[1] In the context of
more environmentally friendly chemistry, CF3I is thus cur-
rently being considered as a replacement gas for CF4 in
plasma processes used in the semiconductor industry. Fur-
thermore, even though atomic iodine is considerably more
effective than chlorine or bromine in the destruction of
stratospheric ozone, CF3I has an ozone-depletion potential

that is only a fraction of that of the chlorinated or brominated
analogues.[2]

The short lifetime of CF3I in the atmosphere is primarily
attributed to efficient photolytic cleavage of the CF3�I bond
through excitation to the A-band, which absorbs from about
350 to 200 nm.[3] This band is composed of three electronic
excitations, which are represented in the Mulliken notation as
3Q1,

3Q0, and 1Q1.
[4] The 3Q0 state results from a s!s*

transition, is of A1 symmetry, and converges to the dissoci-
ation asymptote to yield iodine atoms in their excited 2P1/2

state. The other two states both result from n!s* transitions,
are of E symmetry, and converge to the dissociation
asymptote to give iodine in its 2P3/2 ground state. The
potential-energy curves describing the dissociation of the
CF3�I bond from the 3Q0 and 1Q1 states are depicted
semischematically with solid lines (as adapted from Ref. [5])
in Figure 1. In the Franck–Condon region, the 1Q1 state is

higher in energy than the 3Q0 state, thus leading to a crossing
of the potential-energy curves on the path along their
respective dissociation asymptotes.

The photodissociation dynamics of CF3I have been
studied quite extensively.[3–5] The general picture has emerged
that the oscillator strength of the A-band is mainly in the
transition to the 3Q0 state with A1 symmetry, and that
photodissociation of the CF3�I bond proceeds primarily in
a diabatic manner along the 3Q0 potential surface, thus

Figure 1. Schematic potential-energy curves for the neutral ground
state of CF3I and the 3Q0 and 1Q1 excited states (solid lines), and for
the corresponding 2A1 and 2E core-excited negative-ion states (dotted
lines). Curves for the neutral states are adapted from Ref. [5] .
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leading to the excited I atom (2P1/2). This process was already
shown in 1987 by Gedanken,[6] who used magnetic circular
dichroism to determine the contributions from the individual
states. He reported that 84% of the oscillator strength of the
A-band was due to the 3Q0 state, which yielded the excited I
atom (2P1/2), whereas 9 and 7 % were due to the 1Q1 and 3Q1

states, respectively, which yielded the ground state I atom
(2P3/2). These ratios are important when considering CF3I as
a plasma-processing gas, as the energy difference between
these two states of iodine is 0.94 eV.[7] This difference will be
reflected in the kinetic-energy release (KER) in the dissoci-
ation process and more importantly in the internal energy of
the CF3 fragment, which subsequently determines the reac-
tive chemistry.

Despite the fact that plasma processes are largely
electron-driven, electron-induced dissociation of CF3I has
received much less attention than the corresponding photo-
lytic process. Christophorou and Olthoff[8] provided an
authoritative review of electron interactions with CF3I in
2000. The most comprehensive studies on dissociative elec-
tron attachment (DEA) to CF3I were made by the Illenberger
group in Berlin in the 1980s and 1990s.[9,10] In these studies,
they showed that DEA to CF3I proceeds through two
resonances: a resonance close to 0 eV that exclusively yields
I� with high KER, and a core-excited resonance close to
3.8 eV that is associated with electronic excitation to the
antibonding s*CF3�I LUMO,[10] concomitant with electron
capture. This resonance is thus expected to be associated
with the 2A1 or 2E transient negative ion (TNI) states
corresponding to the s!s* and n!s* A-band transition in
the neutral molecule, respectively. The TNI relaxes by
dissociation (DEA) to form F� and IF� with low KER, thus
suggesting a three-body breakup, and to form CF3

� with
exceptionally high KER through direct dissociation ascribed
to a two-electron occupation of the s*CF3�I LUMO. This
process is analogous to the photodissociation observed
through the A-band, as shown in Figure 1, in which the
potential-energy curves of the 2A1 and 2E TNIs (dotted lines)
and the corresponding 3Q0 and 1Q1 parent states (solid lines)
are shown schematically. The dotted curves are purely
schematic, except for the dissociation limits, which are
lowered by the 1.82 eV electron affinity of CF3

[11] as compared
to the corresponding neutral states. Furthermore, owing to
the extra electron, we expect these TNIs to be destabilized at
short and intermediate nuclear separation as compared to the
neutral parent states.

Herein we present an experimental study on DEA to CF3I
on the basis of the velocity slice imaging (VSI) technique[12] to
elucidate the state selectivity and the dynamics of this process
in the energy range corresponding to the respective A-band.
The VSI instrument is similar to that described by Nandi
et al. ,[13] except that the detector consists of three (80 mm)
microchannel plates and a phosphor screen. An effusive gas
beam is crossed with a magnetically collimated, pulsed
electron beam with an energy resolution of about 0.5 eV.
The electron attachment is confined to the overlap of the
electron and molecular beams, but through the kinetic-energy
release in the DEA process, the fragments extend in space to
form a Newton sphere. After a 200 ns delay, the ions are

extracted into a time-of-flight mass spectrometer, and a thin,
center slice of the Newton sphere is recorded with the
position sensitive detector by pulsing its voltage with an on-
time of 100 ns. The center slice of the Newton sphere contains
full information on the velocity and angular distributions of
the anions formed. This allows us to deduce the symmetry of
the transient negative ion state formed and, by calibrating
with O� formation in DEA to O2 at 6.5 eV, we can derive the
KER in the respective processes (see the Supporting Infor-
mation and Refs. [14–16]).

Figure 2 shows a CF3
� ion-yield curve recorded in the

energy range from about 1.5 to 10 eV, and the left side of
Figure 3 shows the velocity slice images (VSIs) recorded at

the energies indicated by the arrows in Figure 2, that is, at the
rising edge, the center, and the falling edge of the CF3

�-ion
yield. On the right side of Figure 3, the corresponding fits to
the angular distributions are shown. As these angular
distributions are symmetrical around the electron beam
(white arrows in Figure 3), the fits are only shown for the
range from 0 to 1808. From the VSIs, it is clear that the CF3

�

ion yield is composed of two discrete components: a low KER
component appearing in the center of the figures, and a high
KER component apparent as the outer circle. For a single
bond rupture in DEA, the thermochemical threshold is given
by the difference between the respective bond-dissociation
energy (BDE) and the electron affinity (EA) of the charge-
retaining fragment. In the current case, Eth = BDE(CF3�
I)�EA(CF3), and with EA(CF3) = 1.82 eV[11] and BDE(CF3�
I) = 2.35 eV,[17] the threshold for CF3

� formation is at 0.53 eV
when the iodine is formed in its 2P3/2 ground state, and at
1.47 eV when it is formed in the 2P1/2 excited state. The total
available excess energy in the system that can appear in KER
and in the internal energy of the fragments is given by the
difference between the incident electron energy and these
threshold values. Table 1 compares the total available excess
energy in the I (2P3/2) and I (2P1/2) channels with the measured
KER at the intensity maxima of the outer distributions.

Figure 2. Ion-yield curve for CF3
� . The arrows indicate at which points

VSIs were taken. The solid line is only meant to guide the eye.
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Figure 4 shows the respective KER distribution at an
incident electron energy of 3.8 eV, with the total available
excess energy in the I (2P3/2) and I (2P1/2) channels indicated
with dashed vertical lines. Although the finite electron energy
resolution causes some broadening (as evidenced by the tail
above the I (2P3/2) threshold), it is clear from these compar-
isons that the bulk of the KER distribution is in all cases
above the available excess energy for the excited state I (2P1/2)
channel. Furthermore, the distribution observed is typical for
a single DEA channel from a polyatomic molecule, that is,
with a low-energy tail that reflects the population of excited
vibrational modes of the fragment(s)[18] (CF3

� in this case).
From thermochemical considerations, this channel can only

be attributed to the formation of iodine in its (2P3/2) ground
state. Also, the difference of about 0.94 eV between the
threshold energies for I (2P3/2) and I (2P1/2) formation is too
large not to be seen as a distinct discontinuity in the
distribution if there were any significant contribution from
the (2P1/2) channel. We thus attribute the outer, high-KER
contribution to the formation of iodine in its 2P3/2 ground
state, although we cannot exclude a minor contribution from
the 2P1/2 channel. In contrast the low-KER component
forming the isotropic distribution in the center of the VSIs
may be due to dissociation into CF3

� and excited I (2P1/2), with
the remaining excess energy in internal excitation of the CF3

�

fragment. This contribution, however, might also be related to
the three-body breakup leading to the formation of IF� , that
is, a slow process with effective internal-energy distribution,
again leaving the bulk of the excess energy in the CF3

�

fragment.
The relative intensities of the two different dissociation

channels can be estimated directly from the VSIs by
integrating their measured intensity distribution over the
whole Newton sphere. In the current experiment (100 ns
detector on-time), the detected ion slice is about 1.6 mm
thick, which is close to the diameter of the inner sphere of the
low-KER ions. The diameter of the outer sphere, on the other
hand, is about 24 mm. Thus, the bulk of the low-kinetic-
energy fraction is detected directly, whereas only a fraction of
the sphere containing the high-KER ions is recorded. By
taking this into account and integrating the measured
intensity distributions over the whole Newton sphere, we
find that about 96–98% of the total ion signal is from the
high-KER component. Within the accuracy of this approach,
this percentage is independent of the incident electron energy,
and despite some variation between the data sets, it is clear
that at least 95% of the total ion signal is from the high-KER
contribution. Hence, even if a small fraction of the high-KER
contribution is from the excited-state (2P1/2) channel, the
predominating relaxation channel leads to formation of
iodine in its (2P3/2) ground state.

Turning back to the angular distribution shown in
Figure 3, it is clear from visual inspection of the VSIs alone
that there is a contribution in both the forward (1808) and

Figure 3. VSIs (left) and the respective fitted angular distributions
(right) recorded at incident energies of 3.3 eV (top), 3.8 eV (middle),
and 4.3 eV (bottom). Arrows in the VSIs indicate the direction of the
electron beam. A normalized intensity scale is shown as a color map
on the left side of the VSIs, and a velocity scale is shown at the top.

Table 1: Total available excess energy in the ground-state I (2P3/2) and
first-excited-state I (2P1/2) channels as compared with the KER at the peak
of its distribution. All values are in eV.

Electron energy 3.3 3.8 4.3
Eexcess (2P3/2) 2.8 3.3 3.8
Eexcess (2P1/2) 1.8 2.3 2.8
Measured KER 2.1 2.6 2.9

Figure 4. KER distribution at an incident electron energy of 3.8 eV. The
total available excess energy in the I (2P3/2) and I (2P1/2) channels are
indicated with dashed vertical lines.
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backward (08) directions. A finite intensity in these directions
can only result from an s-wave contribution, which again is
only allowed for A1 symmetry. None of the partial waves
allowed in E symmetry can provide this angular distribution
and we may thus conclude that this resonance must be
associated with the A1-symmetry 3Q0 component of the A-
band. This hypothesis was confirmed by fitting the angular
distributions by using the basis functions for the irreducible
representations of the C3v point group. These fits are shown
on the right side of Figure 3, with contributions from angular-
momentum quantum numbers l = 0, 1, 2, and 3 and a differ-
ence of projection of the orbital angular momentum along the
principal molecular axis of the resonant and target states, m =

0. For these values, which are those allowed for A1, we obtain
excellent agreement for the angular distributions (see the
Supporting Information and Refs. [14–16] for further details).

We thus conclude that in DEA to CF3I, the initial TNI
state corresponds to a 2A1 core-excited resonance associated
with the same s!s* excitation observed to carry the bulk of
the oscillator strength in photodissociation. However, unlike
the photodissociation process, this core-excited resonance
relaxes predominantly in an adiabatic manner through the
conical intersection between the 2A1 and 2E anionic states,
which correspond to the 3Q0 and 1Q1 neutral states, as
depicted in Figure 1.

The most plausible explanation for this fundamentally
different dissociation dynamics in DEA as compared to
photodissociation lies in the spin multiplicity of the involved
states. Explicitly, whereas a transition from the 3Q0 to the 1Q1

neutral state requires a spin flip, no such spin flip is required
for the corresponding 2A1 and 2E states. The relative shift of
the potential-energy curves of the 2A1 and 2E states as
compared to those of the 3Q0 and 1Q1 parent states may also
favor this transition. This possibility is, however, speculative
at this point and remains to be verified by high-level theory.
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