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ABSTRACT
The broadband photoelectron source realized by detaching O2

−⋅X (X = neutral unsaturated molecule) complexes offers a unique opportunity
to probe temporary anion states of the unsaturated species. Detachment of the ion molecule complex typically accesses a dissociative portion
of the neutral potential, creating a continuum electron source that can undergo scattering with X. We present the application of this new
approach to electron-neutral scattering toward a study of the series of fluorinated benzenes via photoelectron spectroscopy of O2

−⋅C6H6−xFx
(x = 0–6) measured with several photon energies. We compare these spectra to the reference O2

−⋅hexane spectrum and observe evidence of
temporary anion states of C6H6−xFx for species with x = 0–5 in the form of enhanced signal intensity at electron kinetic energies coinciding
with the energies of the temporary anions. Furthermore, we observe autodetachment features in the x = 3, 5 spectra. Results of calculations on
the isolated symmetric isomer of C6H3F3 suggest that the molecule cannot support a weakly-bound non-valence state that could be associated
with the observed autodetachment. However, C6HF5

− is predicted to support a valence bound state, which, if produced by charge transfer
from O2

− with sufficient vibrational energy, may undergo autodetachment. Finally, the [O2⋅C6F6]− spectrum is unique insofar as the spectrum
is substantially higher in binding energy and qualitatively different from the x = 0–5 spectra. This result suggests much stronger interactions
and charge delocalization between O2

− and C6F6.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0011321., s

I. INTRODUCTION

Temporary anion states are fleeting manifestations of excess
electron occupation of normally unoccupied orbitals of neutral
molecules that are unstable with respect to electron loss. These states
are of interest because of their importance in electron-driven chem-
ical processes including redox reactions, electron attachment, which
has astrochemical relevance,1–3 and dissociative attachment, rele-
vant in radiation-induced DNA damage4–6 and charge carrier for-
mation in the ionosphere.7,8 Because of the transient and delocal-
ized nature of electron-neutral interactions, theoretical treatment is
particularly challenging.9–11

Simple closed shell organic molecules generally have nega-
tive electron affinities (EAs). That is, their anions are higher in
energy than the corresponding neutral and shed the electron on
a sub-picosecond timescale. In the case of unsaturated hydrocar-
bons, the presence and energies of low-lying valence anion states
involving π∗ occupancy have been measured by electron trans-
mission spectroscopy.12,13 The electron transmission spectrum of
benzene, for example, exhibits vibrationally resolved variations in
electron transmission at electron kinetic energies (e−KE) around
1.1 eV, which reflects the energy of the 2E2u temporary anion
state relative to the neutral.14 Electron transmission spectral mea-
surements have been recorded for a variety of substituted organic
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molecules, such as benzenoids,14,15 benzoates,16,17 isonitriles,18

haloalkenes and halobenzenes,19–21 isothiocyanates,22 and a wide
range of heterocycles.23–25

We recently observed evidence of charge transfer to benzene’s
2E2u temporary anion state in the anion photoelectron (PE) spec-
trum of the O2

−⋅benzene and O4
−⋅benzene ion–molecule com-

plexes (IMCs).26 Striking enhancement of the electron signal at
e−KE values near 1 eV was observed over the broad and unre-
solved photoelectron signal characteristic of the PE spectra of

FIG. 1. Top: O2
− (red trace) and O2

−
⋅C6H6 (blue trace) 3.495 eV photoelec-

tron spectra. The origins of the transitions to the X3Σ−g , a 1Δg, b1Σ+
g O2 states

are marked with respect to the O2
− spectrum. Bottom: potential energy curves

along the O2
−(X2Πg)⋅benzene and O2⋅benzene dissociation coordinate. The dot-

ted traces correspond to the O2 (X3Σ−g , blue; a 1Δg, red; and b 1Σ+
g , green)

+ C6H6
− states, and the gray area corresponds to the Franck–Condon overlap

between the initial anion and neutral ground states.

these IMCs. Figure 1 shows the relative energies of the initial
anion and neutral states of the O2

(−)⋅benzene complex (solid lines),
along with the approximate zero-point energies of the temporary
O2⋅benzene− states (dashed lines). For reference, the PE spectrum
of bare O2

− is shown in the top panel as the red trace, to illus-
trate the extended vibrational progressions for all three electronic
transitions accessed by detaching the anion with 3.495 eV pho-
ton energy, along with the O2

−⋅benzene PE spectrum (blue trace).
Bands X and a in the spectrum of O2

−⋅benzene correspond to the
final neutral states in which O2 is in the X 3Σg

− and a 1Δg states,
respectively.

The neutral van der Waals complex formed by the photode-
tachment of the O2

−⋅benzene IMC is on the repulsive part of
the potential. Furthermore, the detachment spectrum of O2

− has
extended vibrational manifolds due to the significant difference in
O2

− and O2 bond distances,27 and consequently, fixed-frequency
detachment of the IMC produces a broad continuum of e−KE val-
ues. Importantly, because the portion of the neutral potential with
Franck–Condon overlap with the initial IMC is repulsive, a sin-
gle photon energy can be resonant with a range of O2⋅benzene−

charge transfer states. For example, the 3.495 eV photon energy
used in the previous26 and current studies is resonant with the O2
(a 1Δgv

′ = 2) + benzene− state, in which the two molecular species
are formed with modest repulsion, or the benzene− is formed with
modest vibrational energy. The final O2 (a 1Δg) + benzene state pro-
duces e−KE values in the range of 0.5–1.5 eV, which encompasses
the known 2E2u temporary anion state of benzene.14

The energy of the temporary valence anion states of substi-
tuted benzene is predicted to decrease with the substitution of
electron-withdrawing groups, as reported by Driver and Jena, who
calculated the electron affinities (EAs) of the C6H6−xFx (x = 0–6)
series.28 The EA was predicted to be negative for C6H6−xFx
(x = 0–3), near-zero for tetrafluorobenzene (x = 4), and positive
for pentafluorobenzene and hexafluorobenzene (x = 5, 6). Hex-
afluorobenzene is known to have a more strongly bound valence
anion state in addition to a diffuse, non-valence-bound state (NVBS)
lying ∼100 meV below the detachment continuum.29 Verlet and
co-workers have studied the dynamics of low e−KE electron attach-
ment to the bound valence state through the NVBS.30 This study
leveraged the production of low-kinetic energy electrons by near-
threshold detachment of I− in an IMC with hexafluorobenzene,
I−⋅C6F6, which essentially provided the pathway for gentle elec-
tron attachment to the C6F6 molecule to form the non-valence
state. A similar strategy was used by Neumark and co-workers to
affect charge transfer and to study the electron attachment and dis-
sociation dynamics via excitation of I−⋅uracil31 and I−⋅uracil⋅H2O
complexes.32 Historically, IMCs have been used to explore charge-
transfer intermediates in SN2 reactions such as I−⋅CH3I,33 which
inspired a number of related studies.34–36 Of course, temporary
anion states are also present in molecules that have valence bound
states.37

Below, we report a study of low-energy temporary anion
states of C6H6−xFx

− accessed by charge transfer initiated from
O2

−⋅C6H6−xFx (0 ≤ x ≤ 5) IMC excitation and evidenced by a clear
enhancement of portions of the broad spectral signal observed in
the PE spectra. We additionally observe evidence of autodetach-
ment from vibrationally excited non-valence bound states of the
[O2⋅C6H6−xFx]− (x = 3, 5) complexes.
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II. METHODS
A. Experimental

The anion photoelectron imaging (PEI) apparatus has been
described elsewhere;38 therefore, a brief description follows. Mix-
tures of Ar, O2, and room temperature fluorobenzenes (the highest
molecular symmetry isomers of each were chosen for this study)
were co-expanded using a pulsed molecular beam valve through a
needle electrical discharge39 stabilized by electrons generated from
a hot, biased, thoriated iridium filament. The gas mixture passed
through a skimmer, and the anions were accelerated to 1 keV. The
ions were re-referenced to ground with a potential switch40 prior
to entering a Bakker-style time-of-flight mass spectrometer.41,42

Anions of interest were selectively photodetached using the sec-
ond (532 nm, 2.330 eV) and third (355 nm, 3.495 eV) harmonic
outputs of a Nd:YAG laser (Continuum Surelite) or the output of
a Nd:YAG pumped tunable optical parametric oscillator (Eskpla
240). Photoelectrons were extracted using a velocity map imaging
lens system,43 and the images were recorded on a dual microchan-
nel plate-phosphor screen detector with a CCD camera.44,45 Three-
dimensional PE velocity distributions are obtained using BASEX46

and then converted to electron kinetic energy (e−KE). Photoelectron
spectra are generally plotted as a function of electron binding energy,
e−BE = hν − e−KE, as binding energies measured for typical direct
detachment transitions are independent of photon energy. Calibra-
tions based on the well-known PE spectrum of O2

− were performed
for each complex.27 The pBASEX code was used for image recon-
structions for the purpose of calculating the asymmetry parameter, β
(E), because it avoids the centerline artifacts generated by BASEX.47

B. Theoretical
Because most of the spectra exhibited signatures of autodetach-

ment from vibrationally excited non-valence bound states, calcu-
lations on the properties of the full series of substituted benzenes
were completed to determine whether they would intrinsically sup-
port a NVBS, as was determined previously for C6F6.29 Structures
for all isomers of each C6H6−xFx (x = 1–5) molecule were optimized
using MP2/ma-def2-TZVP(-f).48,49 These geometries were used to
determine polarizability, dipole moments, and quadrupole moments
using MP2/def2-TZVPD.47,50 Electron affinities calculated using the
EA-EOM-CCSD/aug2 + 8s8p8d method, which directly computes
the electron attachment energies of the molecule, are described in
more detail elsewhere.51 A more thorough search for NVBS in the
O2⋅C6H6−xFx (x = 1–5) molecular complexes, with the charge asso-
ciated more with the C6H6−xFx (x = 1–5) molecule, is complicated
by coupling between the triplet ground state of O2 and the dou-
blet anion of the substituted benzene and will be presented in a
subsequent report.

III. RESULTS AND ANALYSIS
A. Anion PE spectra

Figures 2(a)–2(g) show the PE spectra of the O2
−⋅C6H6−xFx

(0 ≤ x ≤ 6) IMCs collected using the 3.495 eV photon energy (black
trace). As noted above, the highest symmetry isomers of C6H6−xFx
molecules that have multiple isomers were chosen. In other words,

for x = 2–4, 1,4-difluorobenzene, 1,3,5-trifluorobenzene, and 1,2,4,5-
tetrafluorobenzene, respectively, all of which have zero dipole
moments due to their symmetries, were used in this study.

In order to determine which spectral features are affected by
resonance with temporary anion states, we compare them directly
to a similar system that exhibits the same spectral broadening, but
is not affected by low-lying temporary anion states. In this case,
we use the PE spectrum of the O2

−⋅hexane IMC,26 shifted mod-
estly to higher binding energy to match the transition energies of the
O2

−⋅C6H6−xFx (0 ≤ x ≤ 5) spectrum. It is shown superimposed as the
dotted trace in panels (a)–(f). As the binding energy increases with
increasing fluorination in each O2

−⋅C6H6−xFx (0 ≤ x ≤ 5) spectrum,
this shift is not constant, but varies between 0.10 eV for O2

−⋅C6H6
to 0.8 eV for O2

−⋅C6HF5. Hexane, a saturated hydrocarbon, sta-
bilizes O2

− by a comparable energy to benzene,26 but the LUMU
energy is much higher than that of unsaturated species. Further-
more, transitions to the O2 (X 3Σg

−)⋅hexane and O2 (a 1Δg)⋅hexane
states have the same relative intensities as the analogous transi-
tions in bare O2, but are broadened by the Franck–Condon over-
lap with the dissociative portion of the O2

− hexane intermolecu-
lar potential in a way that is similar to the detachment transitions
observed for O2

−⋅benzene. Band X in both the O2
−⋅hexane and

O2
−⋅benzene IMCs exhibits shoulders associated with the O2 stretch

progression, which allows close alignment of the spectra on the e−BE
scale. We, therefore, use this spectrum as a control for identifying
anomalous intensities in the spectra of the O2

−⋅C6H6−xFx series of
IMCs. For further confirmation, the spectrum of O2

−⋅cyclohexane
was also recorded and compared to the O2

−⋅C6H6−xFx spectra
(included in the supplementary material), to show that the enhance-
ments observed are independent of the control, assuming that the
control (in this case, hexane or cyclohexane) does not present
resonances.

The red trace in each spectrum is the difference between the
O2

−⋅C6H6−xFx (0 ≤ x ≤ 5) IMCs and shifted O2
−⋅hexane traces (dif-

ference spectra generated using O2
−⋅cyclohexane are included in the

supplementary material). Because each spectrum could exhibit res-
onances in different energy regions in the PE spectra, some coincid-
ing with direct detachment band intensity maxima, the O2

−⋅hexane
spectrum was scaled for each O2

−⋅C6H6−xFx spectrum to mini-
mize any negative difference signal. This approach is based on the
assumption that resonances would only enhance the signal rather
than deplete the signal.

Band X in the spectrum of O2
−⋅C6F6 [Fig. 2(g)] is significantly

narrower than the lowest energy transitions in the PE spectra of
either O2

−or C6F6
−52–54 and is at a substantially higher binding

energy. As such, it appears to deviate from a system that can be
described as an IMC in which the charge carrier is O2, and we do
not attempt to evaluate the spectral intensity anomalies using the PE
spectrum of O2

−⋅hexane as a control in this case. EAs and vertical
detachment energies (VDEs), which are the energies at which the
electronic transition reaches maximum intensity, determined from
band X in each case [the O2 (X 3Σg

−)⋅C6H6−xFx final neutral state]
are summarized in Table I.

Overall, the EA of the complexes increases with x. This obser-
vation suggests that increasing electron withdrawing substituents on
the benzene ring results in stronger interactions between the O2

−

and C6H6−xFx, while the intermolecular attraction in the neutral
van der Waals attraction remains relatively small compared to the
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FIG. 2. 3.495 eV PE spectra of
O2
−
⋅C6H6−xFx (0 ≤ x ≤ 6) (black trace)

plotted in terms of electron binding
energy. For 0 ≤ x ≤ 5, the O2

−
⋅hexane

spectrum is overlaid as the dotted black
trace, shifted and scaled, so that the
X (x = 0, 1, 3, 4) or a (x = 2) bands
overlap. The red trace is the differ-
ence between the O2

−
⋅C6H6−xFx and

O2
−
⋅hexane spectra.

increased attraction between O2
− and C6H6−xFx. In other words, the

attractive potential for O2
− + C6H6 shown as the solid black trace

in Fig. 1 deepens with x, while the neutral curves remain relatively
unchanged. This results in an increase in electron binding energy.
The increasing O2

−–C6H6−xFx interaction with x echoes the increas-
ing electron binding energy calculated for bare C6H6−xFx with x, due
to increasing depletion of charge in the σ-bonds in the C6 ring, sta-
bilizing the π and π∗ orbitals.28 While a more detailed description
of the molecular structures of these complexes will be included in
a subsequent report, there is no clear correlation between the IMC
structures with the O2

− situated in the plane of the C6H6−xFx (with
the O2

− molecular axis either parallel to the plane or twisted out of

the plane), strongly favored for x = 0–2, 4, or structures in which the
O2

− is above a C–F bond, favored for x = 5, 6. These two motifs are
nearly isoenergetic for O2

−⋅C6H3F3.

B. Difference spectra
There is a clear x-dependent change in energy at which

enhancement of the electron signal is observed in the spectra of
O2

−⋅C6H6−xFx (0 ≤ x ≤ 5). Figure 3 shows the difference spectra
plotted vs e−KE, which are directly comparable to electron trans-
mission spectra. The red arrows on each spectrum indicate the
EA calculated by Driver and Jena,28 and the blue arrows are the
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TABLE I. A summary of approximate adiabatic electron affinities of O2⋅C6H6−xFx and the positions and the vertical energies and bandwidths of the temporary anion states.

ADE of temporary VDE of temporary Energy of anion
EA (eV) VDE (eV) anion state relative ( e−KE, eV) anion state (e−KE, eV) to neutral: Calc.a (ETS)b

O2⋅C6H6 0.90 1.52 0.8(2) 1.0 1.15 (1.09)
O2⋅C6H5F 1.11 1.72 0.5(2) 0.72 0.93 (0.87, 1.48)
O2⋅C6H4F2 1.23 1.86 0.3, 1.2 0.42, 1.52 0.62/(0.65,1.38)
O2⋅C6H3F3 1.36 1.98 c, 0.4 c, 0.72 0.42
O2⋅C6H2F4 1.60 2.22 0.05, 0.5 0.19, 0.71 −0.01
O2⋅C6HF5 1.61 2.24 c, 0.25 c, 0.53 −0.45
O2⋅C6F6 2.75 3.11 . . . . . . −0.75

aReference 28.
bReferences 19–20.
cThe associated anion lies below the detachment continuum as indicated by the asterisks (∗) in Fig. 7.

energies of temporary anion states measured by electron transmis-
sion for x = 0–2.19,20

There is not a simple monotonic shift in the energies of the dif-
ference spectra. We point out the degenerate 2E2u temporary anion
state of benzene splits into two close-lying states in species with
symmetry lower than D3h (i.e., only 1,3,5-trifluorobenzene would
have a degenerate temporary anion state). Electron kinetic energies
at which the difference signal emerges, both the lower limit, which
would reflect an adiabatic attachment energy, and e−KE at which the
signal reaches maximum intensity (vertical attachment energy) are
included in Table I.

We first consider (a) O2
−⋅C6H6, (b) O2

−⋅C6H5F, and (c)
O2

−⋅C6H4F2, which exhibit resonances at decreasing e−KE values
that track the calculated EA28 and electron transmission data.19,20

The difference spectrum of O2
−⋅C6H4F2 [Fig. 3(c)] exhibits a pro-

nounced excited temporary anion state in addition to lower inten-
sity enhancement associated with the ground temporary anion state,
while in the case of the O2

−⋅C6H5F [Fig. 3(b)], the relative intensities
are opposite. This observation is consistent with how pronounced
these states appear in the electron transmission spectra.19,20

The difference spectrum of O2
−⋅C6H3F3 [Fig. 3(d)] exhibits

a sharp and intense signal near threshold in addition to a broad
resonance centered at 0.72 eV, which is higher in energy than
that predicted by Jena28 (there are no electron transmission data
available for any isomer of trifluorobenzene). This may simply be
the result of the state having a much broader vibrational mani-
fold. Indeed, with increasing fluorination and decreasing temporary
anion state energy, more pronounced structural differences between
the temporary anion and neutral would result from tighter tempo-
rary binding of an electron in the antibonding orbital, resulting in
a broader vibrational manifold. The single resonance is consistent
with the D3h symmetry of this molecule; while the degeneracy of
the temporary anion state in benzene is broken in fluorobenzene
and 1,4-difluorobenzene, the temporary anion state is degenerate
in 1,3,5-trifluorobenzene. Moreover, the broad resonance has a par-
tially resolved, extended 1120 ± 20 cm−1 progression, indicated by
the green comb in Fig. 3(d), which is close to 1128–1129 cm−1

measured for the ν11 vibrational mode of the neutral.55 This mode
has e′ symmetry and involves the degenerate, in-plane distortion
of the ring. As such, it is consistent with promoting an electron

into the degenerate π∗ LUMO of 1,3,5-trifluorobenzene. However,
the appearance of a signal with nearly zero kinetic energy is indica-
tive of autodetachment from excited vibrational (or rotational) lev-
els of a weakly bound anion. This effect will be explored more
below.

The spectra of the more fluorinated species, x = 4, 5, have
profiles that depart more substantially from the O2

− spectral pro-
file. However, band X in both spectra follows the same contour
as band X in the O2

−⋅hexane control spectrum, and the difference
signal observed is consistent with calculated EAs.28 The difference
spectrum of O2

−⋅C6H2F4 [Fig. 3(e)] exhibits a broad signal increas-
ing from e−KE ∼0 reaching a maximum at 0.19 eV, with an addi-
tional broad shoulder of signal between 0.5 eV and 1.0 eV, which
is indicative of an excited temporary anion state. As will be fur-
ther supported below, our result suggests that the EA of 1,2,4,5-
tetrafluorobenzene is slightly negative, while Drive and Jena predict
the EA of 1,2,3,5-tetrafluorobenzene to be +0.01 eV.28

The O2
−⋅C6HF5 difference spectrum [Fig. 3(f)], as with the

O2
−⋅C6H3F3 difference spectrum [Fig. 3(d)], exhibits an intense sig-

nal near threshold, which could be due to autodetachment from
vibrationally excited levels of the bound state of C6HF5

−. Driver and
Jena predicted a 0.45 eV electron binding energy.28 Again, with C2v
symmetry, the orbitals correlated with the degenerate e2u orbitals in
benzene are split, and we assign the broad shoulder of signal peaking
at approximately 0.5 eV as an excited and temporary anion state of
this molecule.

C. Verifying temporary and weakly bound anion
states

As noted above, the direct detachment signal collected using
different photon energies appear at constant e−BE value. In con-
trast, the signal enhanced due to resonance with a temporary anion
state generally would appear at common e−KE values when gen-
erated with different photon energies, as long as electrons within
the range of the resonant e−KE values are being produced. There-
fore, spectra measured with different photon energies plotted against
e−BE will have differences in the spectroscopic features if tem-
porary anion states are affecting the signal intensity. In addition,
the signal appearing near threshold that is inconsistent with direct
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FIG. 3. O2
−
⋅C6Hx−6Fx–O2

−
⋅hexane difference spectra for 0 ≤ x ≤ 5. The red

arrows on each spectrum indicate the EA calculated by Driver and Jena (Ref. 28),
and the blue arrows are the energies of temporary anion states measured by elec-
tron transmission (Refs. 19 and 20). Green combs indicate vibrational spacings
noted in the text. We note that the x = 4 calculated EA from Ref. 28 results from
1,2,3,5-tetrafluorobenzene instead of 1,2,4,5-tetrafluorobenzene.

detachment features measured over different wavelengths is often
due to autodetachment of electrons from weakly bound valence
states or non-valence bound states of anions, for which mod-
est rovibrational excitation places the energy of the anion above
the detachment limit. We, therefore, measured the spectra of the
O2

−⋅C6H6−xFx (0 ≤ x ≤ 5) complexes using the 2.330 eV photon
energy and, when further clarification was necessary, the 2.870 eV
photon energy.

Figures 4(a)–4(f) and 5(a)–5(f) show spectra measured with
3.495 eV (purple traces), 2.330 eV (green traces), and in several
cases, 2.870 eV (blue traces) photon energies, plotted against e−BE
and e−KE, respectively. Band X in the PE spectrum of O2

−⋅C6H6
[Fig. 4(a)] is subtly narrower in the 2.330 eV spectrum than in the
3.495 eV spectrum, consistent with resonance enhancement over a
narrower energy range than the unperturbed width of band X. This
effect is more pronounced with the comparison of the 2.330 eV
and 3.495 eV spectra of O2

−⋅C6H5F [Fig. 4(b)]. We additionally
obtained the 2.870 eV spectrum of O2

−⋅C6H5F to determine whether
the low-intensity threshold signal in the 3.495 eV spectrum was due
to autodetachment; absence of threshold signal in the lower pho-
ton energy spectra suggests that it is not. Band X in the 2.870 eV
spectrum is clearly broadened by the resonance centered at e−KE
= 0.72 eV. Referring to Figs. 5(a) and 5(b), it is evident that the
profile of band X in both cases has overlap with the C6H6

− and
C6H5F− temporary anion states (black traces), respectively. Indeed,
the narrow profile of band X in the 2.330 eV spectrum of O2

−⋅C6H5F
is nearly identical to the difference spectrum, as can be seen in
Fig. 5(b). The 2.330 eV and difference spectra are further directly
compared in the supplementary material.

The PE spectrum of O2
−⋅C6H4F2 was also measured at all three

wavelengths. Band X in the 2.330 eV and 3.495 eV spectra had small
but reproducible profile differences apparent in Fig. 4(c). However,
band X in the 2.330 eV and 2.870 eV spectra are identical and appear
at a slightly lower e−BE value than band X in the 3.495 eV spectrum,
supporting the appearance of the resonance at e−KE values coincid-
ing with the high e−BE portion of band X in the 3.495 eV spectrum,
as is evident from Fig. 5(c).

The PE spectrum of O2
−⋅C6H3F3 in Fig. 4(d) exhibits an

intense, near-threshold electron signal in spectra measured with all
three photon energies, in addition to the broad resonance centered
at e−KE = 0.72 eV [Fig. 5(d)]. The threshold signal is again charac-
teristic of a weakly-bound anion with sufficient vibrational energy
to lie above the detachment continuum. Our calculations suggest
that 1,3,5-trifluorobenzene does not have the properties to support a
NVBS. These properties, and those of other C6H6−xFx molecules, are
summarized in the supplementary material. 1,3,5-Trifluorobenzene,
by symmetry, has no dipole moment, and the quadrupole moments
and polarizability are below values that would support a correlation
bound state. It is also not due to O2

− autodetachment, which occurs
for vibrational levels above v = 3 and exhibits the characteristic O2

−

vibrational spacing.38 The lowest lying valence anion state of 1,3,5-
trifluorobenzene is calculated to lie 0.42 eV above the neutral,28 so
this threshold signal may be due to a NVBS that exists because of
the proximity of O2,56 a possibility that will be explored further in
a subsequent report. We can eliminate the possibility that this sig-
nal arises from a two-photon process that results in F− formation
and subsequent F− detachment, since both 2.330 eV and 2.870 eV
photon energies are below the threshold for F− detachment.
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FIG. 4. Comparison of PE spectra of O2
−
⋅C6Hx−6Fx (0 ≤ x ≤ 5) measured with

3.495 eV (purple traces), 2.330 eV (green traces), and in several cases, 2.870 eV
(blue traces), plotted against e−BE.

In contrast to the 1,3,5-trifluorobenzene analog, the spectra
of O2

−⋅C6H2F4 [Fig. 4(e)] exhibit no sharp signal at the threshold
limit, and as such, no 2.870 eV spectrum was recorded. The spectra
do show a fairly intense and broad enhancement reaching a maxi-
mum intensity at 0.19 eV, which, in the 2.330 eV spectrum, results
in an enhancement in portions of band X. Both the 3.495 eV and

FIG. 5. Comparison of PE spectra of O2
−
⋅C6Hx−6Fx (0 ≤ x ≤ 5) measured

with 3.495 eV (purple traces), 2.330 eV (green traces), and in several cases,
2.870 eV (blue traces), along with the difference spectra (black traces), plotted
against e−KE.
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2.330 eV O2
−⋅C6H2F4 spectra shown in Fig. 5(e) exhibit signal inten-

sity that decreases as e−KE decreases from 0.2 eV to 0 eV. This is
consistent with a near-zero but marginally negative electron affinity.
If the EA were positive, there would be an enhancement of the sig-
nal near threshold due to the Δv = −1 autodetachment propensity
rule.

Spectra of O2
−⋅C6HF5 shown in Fig. 4(f) measured with the

three photon energies again exhibit a sharp and intense threshold
signal. C6HF5 is predicted to bind an electron by 0.45 eV,28 which is
comparable to the binding energy of O2 (0.448 eV).27 Charge trans-
fer from O2

− to C6HF5
(−) may excite a broad distribution of vibra-

tionally excited levels of C6HF5
−, leading to autodetachment from

the levels more than 0.45 eV above the zero point level. Interest-
ingly, while the autodetachment signal has a low signal to noise ratio,
there is a discernable recurrence of peaks spaced by 1030 ± 20 cm−1

[Fig. 3(f)], which may be due to high vibrational levels of the ν6 (a1
symmetry) mode, which has a harmonic frequency of 1079 cm−1 in
the neutral.57,58

Calculations on the properties of C6HF5 (supplementary mate-
rial) suggest that this molecule cannot support a NVBS, as was the
case with all of the (highest symmetry) fluorine-substituted benzenes
with x < 6. C6HF5 has a dipole moment of only 1.37 D below the
critical dipole moment to access a dipole bound state.59,60 Further-
more, the quadrupole moment is small. Based on past studies, this
is interpreted as a 1 meV upper limit on electron binding energy.
Our results suggest that ONLY C6F6 supports a NVBS, with a fairly
robust binding energy of approximately 100 meV, in agreement with
experiments.30,53 However, further calculations on the O2⋅C6HF5
IMC will be required before we can definitively assign the autode-
tachment signal to vibrationally excited levels of the valence anion
state of C6HF5.

As a final point of comparison between the spectra, the photo-
electron angular distributions (PADs) throughout the broad signal
in the spectra also show striking differences among the different
IMCs. Figure 6 includes a plot of the e−KE-dependent asymmetry
parameter [β(E)] determined from the following formula:

β(E) = I0 − I90
1
2 I0 + I90

,

where I0 and I90 are the relative intensities of electron signal par-
allel and perpendicular to the electric field of the detachment laser
in terms of electron kinetic energy, for O2

−⋅benzene (black) and
O2

−⋅hexane (red). The difference spectrum is plotted to compare
the location of the resonances. These values result from the exper-
imentally reconstructed images from the pBASEX code.47 The plots
for O2

−⋅C6H6−xFx (1 ≤ x ≤ 6) are available in the supplementary
material. For the IMCs, only the PADs resulting from the 3.495 eV
photon energy detachment were considered. For detachment of bare
O2

−, the asymmetry parameter is negative but approaches 0 with
decreasing e−KE.61 The same is true of the PAD in the spectrum of
O2

−⋅hexane. Since the spectra shift to lower e−KE with increasing x,
a direct comparison of the PADs is not straightforward. However,
the PADs in the spectra of O2

−⋅C6H6−xFx (0 ≤ x ≤ 3) complexes
show the same general trend of increasing β with decreasing e−KE,
but with deviations from the O2

−⋅hexane plot at energies coincid-
ing with the resonances. The PADs determined for the spectra of
O2

−⋅C6H6−xFx (4 ≤ x ≤ 6) are positive, and correlation between the

FIG. 6. O2
−
⋅hexane (red dotted trace) and O2

−
⋅C6H6 (black dotted trace) asym-

metry parameters, calculated from the 3.495 eV photoelectron spectra, plotted in
terms of electron kinetic energy. The difference spectrum O2

−
⋅C6H6 is overlaid in

the black solid trace plotted in terms of electron kinetic energy for reference.

resonances and the PADs is not obvious, but this may simply be a
reflection of the stronger interactions between O2

− and C6H6−xFx
(4 ≤ x ≤ 6) and more profound effect on the O2-local πg HOMO of
the IMCs.

IV. DISCUSSION
To set the stage for discussion, Fig. 6 shows the approximate

energies of the O2
−⋅C6H6−xFx (0 ≤ x ≤ 5) IMCs relative to the free

O2 + C6H6−xFx (0 ≤ x ≤ 5) + e− limit, along with the lowest e−KE
at which enhancement is observed, which we attribute to the forma-
tion of O2⋅C6H6−xFx

− (0 ≤ x ≤ 5). Energies for both resonances are
included in the case where more than one is observed. Bound states
undergoing autodetachment from excited vibrational levels are indi-
cated by an asterisk (∗), since they lie below the O2 + C6H6−xFx
(0 ≤ x ≤ 5) + e− limit by an energy that cannot be measured with
the current experimental setup. For reference, the calculated ener-
gies28 of the anions of free C6H6−xFx

− (0 ≤ x ≤ 5)28 relative to
O2 + C6H6−xFx (0 ≤ x ≤ 5) + e− limit are included, along with
the energies of the temporary anion states measured using electron
transmission methods for 0 ≤ x ≤ 2.19 We again note that the x = 2,
4 energies calculated by Driver and Jena28 result from species with
lower symmetry than those experimentally measured here.

Figure 7 shows the close agreement between Driver and
Jena’s calculated energies and those measured by electron transmis-
sion spectroscopy, while the energies determined from the current
method lie systematically 0.3–0.4 eV below for x = 0, 1, and 2. This
difference raises the question of whether the nearby O2 molecule
solvates the temporary anion states, lowering the energy of the tem-
porary IMC relative to the free temporary anion. However, previous
studies38 on O3

−⋅[O2]n suggest that O2 solvent molecules stabilize by
∼0.1 eV in the case of a more localized charge, which is much lower
than the difference between the energies shown in Fig. 6. A second
possible source of the disparity is any distortion of the C6H6−xFx
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FIG. 7. Relative energies of temporary anion states of the O2⋅C6H6−xFx (x = 0–5)
as measured in this study (black), calculated by Driver and Jena (Ref. 28, blue),
and measured in electron transmission studies (red, Refs. 19 and 20). The aster-
isks (∗) correspond to states with autodetachment from vibrationally excited levels
that cannot be measured by this experiment.

from the relaxed neutral structure, which would decrease the energy
between the neutral (distorted) structure and the temporary anion.
This effect is currently being explored further computationally, and
the results will be presented in a subsequent report. Finally, electron
transmission spectra,19,20 which are typically presented as the deriva-
tive of transmitted current as a function of electron energy, indeed
show sharp decreases in the differential current at the energies coin-
ciding with the onset of enhancement in the spectra presented here.
More thorough calculations on the IMCs may shed further light on
the discrepancy between energies of the resonances in these spectra
and the electron transmission data.

Figure 7 also clearly shows how the increasing stability of
C6H6−xFx

− (0 ≤ x ≤ 5) tracks with the increasing electron binding
energy of O2⋅C6H6−xFx (0 ≤ x ≤ 5). This is readily rationalized by
the increasing electrophilicity of the benzene ring with increasing x.
However, C6HF5 is predicted to have an electron affinity comparable
to O2, raising the question of whether this complex can be described
as a simple IMC, with charge localized on the O2

−. The gradual
increase in electron binding energy with x, up to x = 5, suggests that
O2

−⋅C6HF5, in which a small anion is stabilized by a fairly polariz-
able molecule with a non-zero dipole (supplementary material), is
an appropriate description of this IMC. However, this increase dra-
matically changes at x = 6, suggesting that this description would be
inappropriate for O2

−⋅C6F6.

According to the computational results, as noted above, C6F6 is
the only F-substituted benzene in the highest symmetry C6H6−xFx

−

(0 ≤ x ≤ 6) series to support a NVBS. This result is puzzling because
while C6H6−xFx

− (0 ≤ x ≤ 5) could, in principle, have ∼1 meV bind-
ing energies, why would C6F6 have the relatively robust binding
energy of 100 meV? It surely is not its polarizability; the differences
are not that large between x = 6 and 0 ≤ x ≤ 5. Additionally, the
quadrupole moment of C6F6 is not exceptionally large (Qxx = 6.06
atomic units). It is possible that the alignment of the quadrupole with
the nuclear framework may be involved, but again, the factor of one
hundred increase in electron binding energy cannot be explained by
something so subtle.

The [O2⋅C6F6]− spectrum is qualitatively different from the
other O2

−⋅C6H6−xFx spectra. Band X is substantially narrower and
at a significantly higher binding energy (VDE = 3.10 ± 0.05 eV). This
blue shift is also greater than those previously observed in [X⋅C6F6]−

clusters.62 This result raises interesting questions about whether the
relatively strongly bound NVBS of C6F6

− is somehow involved in
supporting a much stronger molecular complex anion, a question
that will be addressed in a subsequent report.

V. CONCLUSIONS
The PE spectra of O2

−⋅C6H6−xFx IMCs (0 ≤ x ≤ 6) are reported;
all exhibit spectroscopic features that deviate from those of a sim-
ple O2

−⋅alkane PE spectrum. The spectra of species with 0 ≤ x ≤ 5
exhibit a broad, unresolved detachment signal that appears at higher
e−BE values with increasing F-substitution. However, the broadband
photoelectron signal generated by detachment of O2

−⋅C6H6−xFx is
enhanced at x-dependent e−KE due to resonances with temporary
anion states of the unsaturated species. In this regard, the photoelec-
trons are a tool for probing temporary anion states of the neutral
partner in the IMC.

Detachment of these IMCs typically accesses a dissociative
portion of the neutral potential due to stronger interactions in
an IMC vs the associated neutral van der Waals complex, which
results in the continuum electron source. We compare the spectra of
O2

−⋅C6H6−xFx IMCs (0 ≤ x ≤ 5) to the reference O2
−⋅hexane spec-

trum and observe evidence of temporary anion states of C6H6−xFx
for species with 0 ≤ x ≤ 5 in the form of enhanced signal inten-
sity at electron kinetic energies coinciding with the energies of the
temporary anions.

Furthermore, autodetachment features are observed at the low-
e−KE limit in the x = 3, 5 spectra. Based on theoretical consid-
erations, the symmetric C6H3F3 molecule used in this study does
not have the physical properties that would support a non-valence
bound anion state, suggesting that the bystander O2 helps support
a non-valence bound state in the complex. C6HF5

−, on the other
hand, is predicted to support a valence bound state, which,28 if
produced by charge transfer from O2

− with sufficient vibrational
energy, may undergo autodetachment. Finally, the [O2⋅C6F6]− spec-
trum is unique insofar as the spectrum is substantially higher in
binding energy and qualitatively different from the 0 ≤ x ≤ 5 spectra.
This result suggests much stronger interactions and charge delocal-
ization between O2

− and C6F6. A more thorough theoretical explo-
ration of the subtle interactions between O2

− and C6H6−xFx will be
presented in a subsequent report.
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SUPPLEMENTARY MATERIAL

The supplementary material includes additional experi-
mental results, including raw and reconstructed images, the
O2

−⋅cyclohexane 3.495 eV PE spectrum, O2
−⋅cyclohexane differ-

ence spectra, and plots of asymmetry parameters of 3.495 eV
photon energy spectra, and the theoretical results on the phys-
ical properties of the isolated F-substituted benzene molecules,
which suggest none can support a non-valence-bound anion
state.
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