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ABSTRACT: The electron affinities (EAs) of a series of -C¢H;_,F,
(1 £ x £ 4) fluorophenyl radicals are determined from the
photoelectron spectra of their associated fluorophenide anions
generated from C¢Hy_,F, (1 < x < 4) fluorobenzene precursors.
The spectra show a near-linear incremental increase in EA of 0.4 eV/
x. The spectra exhibit vibrationally unresolved and broad detachment
transitions consistent with significant differences in the molecular
structures of the anion and neutral radical species. The experimental
EAs and broad spectra are consistent with density functional theory
calculations on these species. While the anion detachment transitions
all involve an electron in a non-bonding orbital, the differences in
structure between the neutral and anion are in part due to repulsion
between the lone pair on the C-center on which the excess charge is
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localized and neighboring F atoms. The C¢H;_,F,~ (2 < x < 4) spectra show features at lower binding energy that appear to be due

to constitutional isomers formed in the ion source.

1. INTRODUCTION

Benzene is of perspicuous central importance in organic
chemistry. While it epitomizes stability associated with
aromaticity, its electronic structure and chemistry can be
strongly influenced by substituents. For example, methyl
substitution decreases the ionization energy by enriching the
electron density on the ring. Conversely, substituting with
electron-withdrawing groups renders the ring electrophilic,
driving the electron affinity (EA) of the closed shell neutral to
be less negative, which can be tracked using electron
transmission spectroscopy.l_6 Further increasing substitution
with electron-withdrawing groups can result in positive EA.
Indeed, in our own recent studies on fluorine-substituted
benzenes, we determined the positive EA of pentafluoroben-
zene,” which had previously been indirectly shown to be
positive,” in agreement with predictions by Driver and Jena.’
Hexafluorobenzene was already known to have both a valence-
bound'’™"* and a correlation-bound'” anion state.

In a related study on the photoelectron (PE) spectra of O,
C¢Hy_.F, (0 < x < 6) complex anions,"* we demonstrated a
monotonic, but non-linear, increase in electron binding energy
with x. Since the neutral O,-C4Hy_,F, bimolecular complexes
are all weakly bound by van der Waals interactions, the
increase in binding energy of the anion was primarily the
measure of the energy by which the O, anion was stabilized
by the neutral C¢H,_,F, partner (i.e., the solvent shift). Except
for monofluorobenzene and pentafluorobenzene, which have
only one structural isomer with modest dipole moments, the
zero-dipole C4H,_,F, structural isomers were used in the study
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to avoid contributions from charge-dipole interactions in the
0,7-C¢Hg_,F, complex anion structures, allowing us to sample
the intrinsic effects of the sequential fluorination of the
benzene. While this evolution of electron binding energy with
x can be taken in part as a measure of the impact of the
electron withdrawal by the F atoms, a subsequent theoretical
study on this series of complex anions showed that the
situation was more complicated. Different structural isomers
(e.g, O, - H=C bonding versus O,~ -+ C interactions) have
disparate charge delocalization from the O, into the C;H,_,F,
ring, and hence, the “solvent shift” observed in the spectrum is
more nuanced."’

In this report, we present the PE spectra of a series of
fluorinated phenide anions as an alternative approach toward
achieving a quantitative measure of the impact of the electron-
withdrawing groups on the electronic structure of this aromatic
species. While C,HF; and C¢F4 are the only fluorinated
benzenes that definitively form valence bound anions, the
phenyl and substituted phenyl radicals, -C¢H;_,F,, are doublets
and bind an electron to form a stable anion in a singlet state.
Lineberger and co-workers demonstrated this using PE
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spectroscopy on the C4H;™ phenide anion,'® determining the
EA of -C¢H; to be 1.096 eV. Anion PE spectroscopy has been
an important tool used to explore the electronic structures of
organic radical species, with several elegant examples included
in refs 17—36. Of course, the phenyl radical in particular is an
important intermediate in many chemical processes and has
been the subject of numerous spectroscopic investigations,
several of which are also included in refs 37—43.

As will be shown below, the EAs of the fluorophenyl radicals
do indeed increase with increasing fluorination. To directly
compare with the previous study on the detachment spectra of
the O, C¢H,Fq . complex anions, the fluorobenzenes selected
for this study were monofluorobenzene, 1,4-difluorobenzene,
1,3,5-trifluorobenzene, and 1,2,4,5-tetrafluorobenzene. Of
these four, only monofluorobenzene has a non-zero dipole
moment. The pentafluorophenyl radical is not included in this
study for practical reasons discussed below.

To further interpret the PE spectra, a series of calculations
on the neutral radicals and their anions were completed,
including on the different radical positions for the mono-
fluorophenyl radical (the other species have only one possible
structure, assuming no rearrangement of the F—atoms). We also
calculated other structural isomers in which the benzene ring is
not conserved, in an effort to explain features in several spectra
that appeared to be electronic hot bands or higher energy
structural isomers in the ion beam.

2. METHODS

2.1. Experimental Details. The substituted phenide
anions were produced and spectroscopically probed using an
anion PE imaging usin% an apparatus that has been described
in detail elsewhere.””*> Fluorophenide ions were generated
using a photoemission ion source in which a combination of
low-energy electron production and photodissociation of a gas
mixture composed of fluorobenzenes (seeded in an ultrahigh-
purity helium carrier gas) generated ions ranging from small
carbon clusters to species with seven carbon atoms. As noted
above, fluorobenzene (Sigma-Aldrich, 99% purity), 1,4-
difluorobenzene (Sigma-Aldrich, 99% purity), 1,3,5-trifluor-
obenzene (97% purity), and 1,2,4,5-tetrafluorobenzene (Santa
Cruz Biotechnology, 98% purity) were selected for this study.

The gas mixture was injected into the source using a pulsed
molecular beam valve, operated at a 30 Hz repetition rate,
flowing over a pressed Gd,O; powder target. The attenuated
second harmonic output of a pulsed Nd:YAG laser (532 nm,
2.330 eV) was timed to irradiate the Gd,O; surface coincident
with the gas pulse. The resulting anions were thermalized in a
10 mm long, 3 mm diameter channel before expanding into the
vacuum chamber.

The gas mixture passed through a 2.5 mm skimmer, and the
anions were accelerated to 1 kV into a 97 cm time-of-flight
mass spectrometer, where species with difterent m/z separated
in space and time. After passing through a mass defining slit,
the ions collided with a dual microchannel plate ion detector.
Drift times of the anions were recorded using a digitizing
oscilloscope.

Prior to colliding with the ion detector, a packet of anions
with a specific m/z were irradiated and photodetached with a
second Nd:YAG laser. The PEs have kinetic energies that are
related to the photon energy and the initial anion and final
neutral states via

e KE = hv — EA — Elneutral + E_anion

int int
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where hv is the photon energy, EA is the neutral electron
affinity, EX" represents the internal energy (electronic,
vibrational, and rotational) of the neutral, and E°" represents
the same for the anion. If the anions are prepared with low
internal energy, the e "KE distribution largely reflects the
energy levels of the neutral that are accessed by one-electron
transitions.

The spectra presented below are plotted as a function of

electron binding energy
e BE=hv — e KE

which is independent of photon energy, allowing for direct
comparison of spectra obtained using different photon
energies. The e BE values directly represent the energy of
the final neutral state relative to the initial state of the anion.

The photodetachment takes place at the intersection of the
ion drift path and a velocity map imaging setup based on the
design of Eppink and Parker® and seminal work of Chandler
and Houston."” The resulting PEs are projected onto a 70 mm
dual microchannel plate/phosphor screen assembly, and the
resulting PE images were captured with a CCD camera, with
the images saved using NuACQ 0.9 developed by the Suits
group.*® The three-dimensional velocity distributions were
extracted from the two-dimensional image using the BASEX
program,*” and the resulting speed distribution was converted
to electron kinetic energy (e”KE) by calibration against the
well-known PE spectrum of O,~.>°

PE images were collected using both the second harmonic
(532 nm, 2.330 eV) and third harmonic (355 nm, 3.4952 eV)
outputs of a second Nd:YAG laser.

2.2. Computational Details. The molecular structures of
the intact fluorophenyl neutral and fluorophenide anions that
would be formed by a single C—H bond dissociation were
optimized using B3LYP/aug-cc-pVTZ. The calculations were
performed at the B3LYP level of theory, the results of which
are readily comparable to calculations performed by Driver” on
various fluorobenzene molecules. It has been shown previously
that the computationally expedient B3LYP functional is in
good agreement with CCSD(T) for determining the EA of
benzene.”' Vibrational analysis was done to ensure that the
structures were a local minimum. To compare directly with the
anion PE spectra, the adiabatic EAs were calculated as the
difference between the zero-point corrected energies of the
optimized anions and neutrals. In addition, the vertical
detachment energy (VDE), which is the binding energy at
which the vibrational manifold of an electronic transition
reaches maximum intensity, was calculated as the difference
between the single-point calculated electronic energy of the
neutral radical confined to the structure of the optimized anion
and the electronic energy of the optimized anion.

All calculations were performed using the Gaussian 16 suites
for electronic structure calculations.™

Because the mass spectra showed evidence of varying
degrees of fragmentation, we assumed that the intact
fluorophenide species might be accompanied by other, less
stable structures that could contribute to the anion PE spectra.
Calculations on alternative constitutional isomers of the anions
and neutrals were also conducted. These include fulvenyl- and
Dewar-type structures as well as chain-like structures.

For a more detailed comparison between computed results
and experimental spectra, spectral simulations based on
computed structures, vibrational coordinates, vibrational
frequencies, and relative energies were conducted using

https://doi.org/10.1021/acs.jpca.3c04327
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home written Labview codes, as described in detail
previously.”” We recently enhanced the code by making the
extraction of the simulation parameters from the Gaussian
output files more automated.

3. RESULTS AND ANALYSIS

3.1. Mass Spectra. Figure 1 shows a series of characteristic
mass spectra of negative ions generated by CsH,_,F, (1 <« <
4)-seeded helium flowing through the photoemission ion
source as described in Section 2.1. The mass distribution is
very sensitive to the laser fluence impinging on the Gd,O;
target and how long the target has been in use. We, therefore,
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Figure 1. Mass spectra of negative ions generated from neutral (a)
fluorobenzene, (b) 1,4-difluorobenzene, (c) 1,3,5-trifluorobenzene,
and (d) 1,2,4,5-tetrafluorobenzene seeded in He carrier gas using the
photoemission source described in Section 2.1. The m/z of the
associated fluorophenides is included at the high m/z origin of the red
combs, which guide the eye toward F-loss products from the
fluorophenides. F~-C¢Hg_,F, ions are indicated by red triangles, C-
addition products are indicated by blue circles, and C-addition
products with F-loss products are indicated by asterisks (*).
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provide a qualitative analysis of the source conditions
necessary for production of the CsH_.F,” ions based on
these data.

As all molecules in the C¢qHg_,F, (1 < x < 3) series have
been predicted to have negative EAs,”'> and as we previously
demonstrated that the EA of C¢H,F, is close to either zero or
negative,’ we did not anticipate observing any intact
C¢Hg_,F,~ anions. Negative ions were produced only when
higher laser fluence was used relative to the production of
C¢HFs™ and C¢Fs™. As a result, significant fragmentation is
evident for all four species. The red combs in Figure la
through 1d show a series of m/z separated by 19, with the tine
at the highest m/z (labeled with the m/z values)
corresponding to the CsHs_,F,” (1 < x < 4) anion. Species
observed at higher m/z can be attributed to F~- C¢Hg_,F,
species (red triangle) or C4H,_,F, that have undergone carbon
atom addition (the subject of a subsequent report, blue
circles). In most cases, we observe an anion with m/z
consistent with C-addition coupled with F- or HF-loss
(asterisks). Several smaller carbon clusters or varyingly reduced
carbon clusters (CxHy_, x > 4, y depends on the precursor
molecule) are also observed with lower intensity. We note that
the mass spectra shown are optimized for the mass ranges
shown. F~ is also produced in very large quantities, and
because of the high EA of F, it is very likely scavenging
electrons in the source, another factor that makes generation of
ions with lower EA challenging.

In the case of mono- and difluorobenzene (Figure la,b,
respectively), the red combs indicating m/z consistent with F-
loss fall to higher mass than the more intense ions near the
comb tines in the mass spectra, suggesting HF loss as a
potential dissociation channel. We note here that the 1,4-
difluorobenzene sample required the highest laser fluences to
generate anions, and more destructive processes are likely to be
occurring.

These mass spectra serve to demonstrate that the production
of these fluorophenides requires fairly destructive source
conditions, but total atomization with subsequent re-formation
of anionic species is not a major contributor to the anions
observed. We, therefore, would anticipate C;H;_,F,” phenide
structures that would be formed by simple C—H bond
dissociation in the neutral CqH¢_,F, (1 < x < 4) with
subsequent electron attachment (or dissociation coupled with
electron attachment) to form the closed shell fluorophenide
anions.

Finally, we were unable to generate the pentafluorophenide
anion in sufficient quantities, and fully spatially/temporally
separated from the more abundant C;HF;™ anions using this
source, to obtain a clean spectrum of this anion. The mass
spectrum of ions generated using the source described above
using pentafluorobenzene exhibited, in addition to C,HF~,
several C-loss and F-loss species. A characteristic mass
spectrum is included in the Supporting Information.

3.2. PE Spectra of C¢H;_,F,” (1 < x < 4). Figure 2 shows
the PE spectra of the C¢Hs_,F,” anions obtained using 3.495
eV photon energy (blue traces) and 2.330 eV photon energy
(green traces). No signal rising above noise was observed in
the spectrum of C4H,F™ using 2.330 eV photon energy, and in
the case of C¢H;F,™, the signal-to-noise ratio in the 2.330 eV is
poor compared to the 2.330 eV spectra obtained for the more
fluorinated species. Raw and transformed PE images are
included in the Supporting Information.
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Figure 2. Anion PE spectra of (a) C(H,F-, (b) CcH3F,", (c)
C¢H,F;, and (d) C{HF,™, obtained using 3.495 eV (blue traces) and
2.33 eV (green traces).

The spectra obtained with 3.495 eV all exhibit an intense,
broad transition labeled X. Identification of the spectral origin
of band X in several cases is complicated by the appearance of
a lower intensity feature at lower e BE labeled x'. The PE
spectra of C¢H,F~ (Figure 2a) and C4H,F,~ (Figure 2b) both
appear to have partially resolved shoulders on the low-e BE
edge that are similar to the much better-resolved PE spectrum
of phenide,16 and the origins of band X shown in Figure 2 are
consistent with the phenide vibrational manifold, though we
assert a large margin of error. Based on these origins, the EA of
‘C¢H,F is 1.63 + 0.15 eV and the EA of -C¢H,F, is 1.96 + 0.15
eV.

The PE spectra of C¢H,F;~ (Figure 2c) and C{HF,~ (Figure
2d) do not show distinct shoulders. Taking the position of 10%
of the maximum intensity gives approximate EAs for the
associated neutral radicals of 2.55 + 0.10 and 2.91 + 0.10 eV.
The smaller errors are due to the steep rising edge of these
vibrationally unresolved bands.

The primary experimental result is that each F-substitution
on the phenyl radical results in an increase in EA of
approximately 0.4 eV per F atom. The experimental ADEs
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(which correspond to the neutral EA values) and VDEs are
summarized in Table 1.

We now address the lower e BE feature in several of the
spectra. Except for the case of monofluorophenide (Figure 2a),
the intensity of band x’ relative to band X was inconsistent
from day to day, suggesting the presence of the respective
C¢H;_,F,” anions in an excited state, or the presence of a
higher energy constitutional isomer, in the ion beam. Control
of the relative intensity of band x’ was not clear-cut. Because of
the low binding energy, with higher photoemission laser
fluence (i.e, more violent source conditions), the species
associated with band x" could be readily photodetached in the
source as it was being produced. In addition, the surface of the
photoemissive Gd,0; target evolved with usage. We rely on
computations to help explain the source of band x’ in the next
section.

3.3. Computational Results. As pointed out by leading
theoreticians,”* organic radicals are “challenging systems to
describe accurately”. However, results presented below are in
good agreement with the experimental results.

The extent of fragmentation in evidence in the mass spectra
of ions generated experimentally calls into question whether
the spectra represent species with an intact C4 aromatic ring,
We, therefore, did calculations on all three possible isomers of -
C¢H,F/CH,F~, along with all possible constitutional isomers
of the other -C¢H;_,F, and C¢H_,F,” (x =2, 3, 4) anions and
neutrals, taking into account that the original zero-dipole
structures might rearrange due to the high-energy ion source.

A summary of the computed energies of the singlet anions,
the doublet neutrals, and the lowest energy triplet state of the
anion is included in Table 1 for direct comparison with the
experimental ADE and VDE values. Results on the phenyl
radical and the phenide anion are included to demonstrate
excellent agreement between the calculations and the vibra-
tionally resolved PE spectrum of phenide reported by
Lineberger and co-workers.'

First considering the monofluorophenyl radical, the
calculations predict that all three structures of the neutral lie
within a 0.1 eV window of energy, which suggests that the C—
H bond dissociation energy is very similar for all three unique
C—H bonds (o-, m-, and p- with respect to the C—F bond)
with the 3-fluorophenyl (m-fluorophenyl) radical being the
most stable. This result is consistent with the modestly
deactivating effect of an electron-withdrawing substituent on a
benzene molecule, which directs reactions toward the meta
site.”

In contrast to results on the neutral, the 2-fluorophenide
anion is favored more definitively over the 3- and 4-
fluorophenide structures. The result of this greater separation
between the three structures of the anion is that the most
stable anion corresponds to the neutral with the highest EA.
The computed ADE values, which correspond specifically to
the lowest anion to lowest neutral states of each distinct
structural isomer, correspond to the neutral EA values and
range from 1.30 eV for the 4-fluorphenyl radical to 1.72 eV for
the 2-fluorophenyl radical. Similarly, the VDE values range
from 1.63 to 2.02 eV. Overall, the 2-fluorophenyl radical,
which is computed to be the least stable of the three close-lying
neutral isomers, and its corresponding anion, 2-fluorophenide,
the lowest energy structure of the anion, give the best
agreement with the experimental spectrum.

A simulation of the spectrum of 2-fluorophenide is shown in
Figure 3 as the blue trace. While the profile of this simulation is

https://doi.org/10.1021/acs.jpca.3c04327
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Table 1. Summary of Computed Zero-Point Corrected Energies, Adiabatic Detachment Energies, and Vertical Detachment
Energies for the Fluorophenides and Corresponding Neutrals®

computed energies (ev) exp. (eV)
molecule relative energy ADE VDE ADE/VDE

phenyl 2A, 1.06 1.06 1.40 1.096/1.36"
phenide A 155

'A, 0
2-fluorophenyl A 1.72 1.72 2.02 1.63/2.09
4-fluorophenyl A 1.66 1.30 1.63
3-fluorophenyl A 1.62 1.35 1.78

(To)

4-fluorophenide A 2.11 (1.75)

A, 0.36
3-fluorophenide A 2.01 (1.74)

A 0.27
2-fluorophenide A 2.19 (2.19)

A/ 0
2,5-difluorophenyl A 2.00 2.00 2.35 1.96/2.48
2,5-difluorophenide A 2.32

A 0
2,4,6-trifluorophenyl A, 2.63 2.63 2.99 2.55/2.95
2,4,6-trifluorophenide 3A 2.97

A, 0
1,2,4,5-tetrafluorophenyl A, 3.00 3.00 3.33 2.91/3.40
1,2,4,5-tetrafluorophenide 3B, 322

A, 0
pentafluorophenyl A, 322 322 3.54
pentafluorophenide A 2.71

A, 0

“Note that only one structure for all of the species except for monofluorobenzene has only one possible position for the radical center, whereas

b
monofluorobenzene has three. “Reference 16.

Exp.

2-phenide

3-phenide x 0.1

i, ——— 4-phenide x 0.1

Sum of sims.

(origin shifted + 0.1 eV)

Simulated Intensity

0

0.5 1
Electron Binding Energy (eV)

15 2 25 3 35

Figure 3. Computation-based simulations of the fluorophenide PE
spectrum. Different colors are associated with the three different
possible positions of the F to the radical center, with 2-phenide being
computed to be the lowest energy. See text for more details on the
relative intensities of the simulated spectra.

in good agreement with the experimental spectrum (dotted
black trace), it does not capture the signal tailing to lower
e BE. However, this tail could be due to the presence of
smaller abundances of the other isomers, whose spectra are
shown as red and cyan traces. The maximum intensities of the
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3- and 4-fluorophenide spectra are scaled to 0.1 of the 2-
fluorophenide simulation maximum, though, as they are similar
in position and profile, the scaling of each is somewhat
arbitrary. Regardless, summing contributions from the higher
energy anionic isomers with the 2-fluorophenide spectrum and
shifting all origins by +0.09 eV (solid black trace) yield a
simulation that is in consistent with the observed spectrum,
without adjusting any other simulation parameters.

The fact that the three neutral radical structures are within
0.1 eV of each other but the most abundant anion corresponds
to the least stable neutral suggests the following: all three
neutrals can be formed during the photoemission laser pulse
and all three can attach a low energy electron forming an anion
that can then be thermalized by the helium buffer gas.
However, the less stable anions can undergo H-shift, leading to
the preferential formation of the 2-fluorophenide structure.
The time between the production and detection of the anions
is on the order of 300 microseconds, which is well under the
half-life of radical ring 1,2 H migration.56

In contrast to the monofluorophenide anion, the di-, tri-, and
tetrafluorobenzene precursors targeted in this study have only
one possible structural isomer for their respective fluorophe-
nide anions, assuming no F-migration takes place. The
computed ADE values all fall under 0.1 eV of the observed
ADE values. The VDE values computed for 2,4,6-trifluor-
ophenide (originating from 1,3,5-trifluorobenzene) and
2,3,5,6-tetrafluorophenide (originating from 1,2,4,S-trifluoro-
benzene) are within 0.07 eV of the experimental values. The
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agreement in the case of 2,5-difluorophenide is less
satisfactory, with the computed value being 0.13 eV below
the observed value, but this disparity is not outside what can be
considered reasonable. As noted above, higher laser fluences
were required to produce ions from the 1,4-difluorobenzene
sample, so hot bands and, potentially, other isomers might be
populating the m/z 113 ion packet.

While F-migration would require longer timescale than H-
migration, we also calculated the ADE and VDE values for all
the constitutional isomers of the C{H,_,F,” (2 < x < 4)
molecules. These results are summarized in the Supporting
Information. In the case of C4H;F,™, the anion that would
form directly from 1,4-difluorobenzene, 2,5-difluorophenide, is
0.31 eV above the most stable structure, 2,6-difluorophenide.
The latter has a higher ADE and VDE than what is observed,
suggesting that experimentally, F-rearrangement is not a
significant factor. For the other two species, the ground-state
structure of the anion is consistent with what would be formed
by direct C—H bond dissociation and electron attachment, so
question of rearrangement resulting in a lower energy anion is
moot. A comparison of fluorophenides generated from
different fluorobenzene precursor constitutional isomers will
be the subject of a subsequent study.

While we were not able to isolate the pentafluorophenide
anion experimentally from the neighboring and significantly
more intense C¢HF;™ ion, the computed detachment energy
falls along the trendline for ADE and VDE values, suggesting
that the spectrum would be similarly broad to the other
spectra, shifted to higher e ™BE relative to the tetrafluor-
ophenide spectrum by 0.22 eV. The PE spectrum of the
overlapping C¢Fs™/C4HF;™ ion packet is included in the
Supporting Information. The spectrum exhibits a signal with
an origin of 3.22 + 0.0S eV, which may be attributed to C¢Fs~
based on the computed ADE, although it may also be
attributed to the transition from the C,HF;™ anion to the
triplet neutral state.”

Band x’ in the three more fluorinated species cannot be
attributed to any constitutional isomers of each fluorophenide
anion in which the benzene ring is conserved, and based on the
fact that its appearance and relative intensity in the
experimental spectrum are source condition-dependent, we
consider the possibility of excited electronic states or higher
energy constitutional isomers.

We first explore the possibility that the singlet anions might
have a long-lived triplet state, which, upon photodetachment,
would also access the ground doublet state of the neutral
radical, but at lower e"BE values. The triplet states calculated
for all C¢H;_,F,” (1 < x < 4) anions lie above the detachment
continuum, and if formed in the ion source, would undergo
autodetachment, eliminating the triplet states as a possible
explanation. For example, the lowest energy triplet state of the
o-fluorophenide anion is computed to be 2.19 eV, comparable
to the D,—D, excitation energy of the neutral o-fluorophenyl
radical of 2.01 eV’ (and similar to other halophenyl radical
excited-state energies””). This computed term energy is 0.47
eV above the neutral + free electron continuum. As a side note,
the triplet state of pentafluorophenide is in contrast bound
with respect to the detachment continuum, not because the
triplet state is low-lying, but because the EA is higher than that
of the other species.

We next consider the possibility that different structural
isomers are populating the ion packet, such as the fluorinated
fulvenide (S-methylene-1,3-cyclopentadienyl), dewar phenide
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(bicyclo[2.2.0]hexa-2,5-dienide), and chain- or branched
chain-like structures that have been suggested as intermediates
in the gas-phase formation of benzene from smaller
precursors.”” We focused on the tri-fluorinated isomers since
band x’ was most prevalent in the PE spectrum of C¢H,F;™.
Despite confining this search of constitutional isomers to the
tri-fluorophenide, the potential structures formed by permuting
the —H and —F atoms are numerous (see Supporting
Information). However, the classes of different motifs
(fulvenide, dewar-type, chains) group into different ranges of
relative energies and ADEs.

The dewar tri-fluorophenide structures were found to be
approximately 2 eV higher in energy than the lowest energy
2,4,6-trifluorophenide anion, and neutral radicals converged to
the six-membered ring structures, meaning the detachment
transitions would be very broad and at near-zero e BE,
inconsistent with band x'.

Eight tri-fluorofulvenide-type anion structures were com-
puted to lie between 1.47 and 2.26 eV above the 2,4,6-
trifluorophenide anion. The associated fulvenyl neutrals were
computed to have EAs ranging from 1.99 to 2.58 eV depending
on the positions of the three F-centers and the position of the
radical center. These values are inconsistent with the
appearance of band x’ at ca. 1.1 eV in the C(H,F;~ PE
spectrum. However, the anions are predicted to have low-lying
triplet states, from which the ADE values range from 1.02 to
1.75 eV, again, depending on the specific structures. It is,
therefore, possible that the band x’ is due to excited states of
isomers with the general fulvenide structure. If this is the case,
band X would also have contributions from the detachment
transition originating from the ground state of the fulvenide
anion. The structures and relative energies of the fulvene-like
structures are included in the Supporting Information.

Finally, numerous potential chain structures (e.g, 1,5-
hexadiyni-3-yl with three F-substitutions) or branched chain
structures (e.g, 2-ethynyl-1,3,butadiene-2-yl with three F-
substitutions) were computed to lie over 2.7 eV and over 2.5
eV above the ground 2,4,6-trifluorophenide anion, respectively.
The variability in the ADE values is wide for both classes of
structures, ranging from 1.38 eV to over 3 eV. However,
detachment transitions from the respective triplet states would
again appear at lower e~ BE. The Supporting Information
includes diagrams showing the numerous singlet and triplet
anions and doublet neutrals, along with their energies relative
to the 2,4,6-trifluorophenide and 2,4,6-trifluorophenyl radicals.

While we cannot definitively assign band x’ to a specific
structural isomer, calculations suggest that it is a kinetically
trapped high-energy structure, possibly in an excited electronic
state. While the relative intensity of band x’ to band X did vary,
the profile and e"BE were consistent, suggesting that a specific
kinetically favored species is being formed in the ion source.

4. DISCUSSION

Results presented in the previous section provide a firm
relationship between the EAs of the -CsH;_,F, (1 < x < 4)
radical species with x for the series of radicals generated from
the most symmetric fluorobenzene precursors. Figure 4a shows
a plot of the experimentally (0 < x < 4, solid red boxes) and
computationally (0 < x < S, open red boxes) determined EAs
of these radicals as a function of x (the EA of the phenyl radical
determined by Lineberger and co-workers'® is included, as well
as an EA potentially attributable to -C4F; in the PE spectrum of
C4HF;™).” Circling back to an original motivation for this
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Figure 4. (a) Experimental (solid red squares) and computed (open
red squares) EAs of the fluorophenyl radicals. The EA of the phenyl
radical from ref 16 is included, along with the origin of signal that is
attributed to pentafluorophenide (blue X) in the PE spectrum of
C¢HF;™ reported in ref 7. The green circles are the EAs of O,
Cg¢Hg_,F, bimolecular complexes reported in ref 14. (b) Plot of the
difference between the sum of the APT charges on the C atoms in the
fluorobenzene backbone, excluding the radical center in the neutral or
charge carrier in the anion, and the APT charge on the radical center
(neutral, black squares), or the C atom carrying the excess charge
(anion, red circles). More positive values indicate more extensive
electron depletion of the carbon backbone, excluding the radical (or
charged) center.

study, also included on the plot are the experimentally
determined EAs of the O,-C4H¢_,F, van der Waals complexes,
which change with increasing interaction between the O,~ and
the C4Hg_,F, molecules with increasing . It is clear from the
plots that the EAs of the radicals and the EAs of the
0,-C¢He_,F, van der Waals complexes are not parallel, but
they both show monotonic increases in EA with x. While
grossly oversimplifying the analysis of these data, a linear
regression of the experimental EA of the radicals versus x gives
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a slope of 0.43 eV/x (R = 0.9958), while the van der Waals
trend has a slope of 0.15 eV/x (R = 0.9848). Lines generated
from the linear regressions of the EA values are included on the
plot. The computed lowest energy structures of the O,
CgHg_F, complex anions (x < 6) are governed by the non-
conventional C—H O,” hydrogen bond,’® which is
strengthened as the H has an increasing partial positive charge
with F-substitution. However, that effect is less dramatic
(lower slope) than the dependence of electron binding energy
of the anion of the corresponding radical species.

The significant increase in the EA of the -C4H¢_,F, radicals
is not manifested in the appearances of the highest occupied
molecular orbital (HOMOs) of the respective anions,
depictions of which are included in the Supporting
Information. There is no obvious change in the spatial extent
of the HOMO with binding energy. However, the experimental
and computed EA values track with the charges on the C
backbone. Figure 4b shows a plot of the difference between the
sum of the APT charges on the fully bonded C centers and the
APT charge on the radical C center in the neutral (black
squares) or the C center carrying the charge in the anion (red
circles). We will refer to this difference as the “charge
disparity”. The difference between the anionic and neutral
charge disparities is less than one due to small changes in the
APT charges on the other atoms in the -CH; F, and
Ce¢H;_ F,” species. The charge disparity trend, however,
echoes the larger increase in EA from x = 0 and x = 1, as
well as x = 2 to x = 3, when compared to the other increments.
The slight deviation from a linear relationship between x and
the charge disparity is likely due to more subtle symmetry
effects, which is currently being explored in a study on the
different isomers of the fluorobenzenes. However, the trend in
EA with x clearly reflects the electron depletion in the C
backbone of the fluorophenyl radicals. Of course, the
individual APT charges on the backbone C atoms vary widely
depending on whether the C-atom is bound to an F-atom, and
the C-atom para to the radical center tends to be more
negative/less positive than the ortho- and meta-C atoms with
the same bonding partner (—H or —F; see Supporting
Information). However, in a simple way, the radical EA is
governed very directly by electrostatics.

We now consider the broad vibrational manifolds observed
in the PE spectra. The HOMOs appear to be largely non-
bonding, which is, at first glance, at odds with the vibrationally
broadened PE spectra. There are no significant differences in
the minor delocalization of the HOMO across the ring or
adjacent C—F or C—H bonds, so no nuanced substituent
placement effects appear to be at play. However, the neutral
SOMOs (Supporting Information) are more delocalized over
the full ring. The molecular structures of the anions and their
associated neutrals, while all planar, have significant differ-
ences. The Supporting Information includes all structural
parameters of the anions and neutrals. The primary differences
lie in (1) the C—F bond length, which are predicted to be ca.
0.03 A longer in the anion; (2) the C—[C-]—C bond angle,
which is significantly contracted in the anion. This appears to
be the result of electrostatic repulsion between the localized
electrons in the HOMO and adjacent F atoms; (3) the C—C
bond lengths are different, with the [-C]—C bond length
longer in the anion, and then alternating shorter and longer
C—C bond lengths. As a result of these three structural
differences, many in-plane vibrational modes are excited in the
detachment transition.
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It is worth commenting on the mass spectra (Figure 1), all of
which show a series of F-loss products, while the C4 backbone
appears to be largely conserved. The C—F bond dissociation
energy in monofluorobenzene is higher than the C—H bond
dissociation energy (532 kJ mol™" vs 466 kJ mol™},
respectively); however, we see that —F loss is more prevalent
than —H loss.” While there is clear evidence of numerous
destructive processes occurring in this ion source, we also note
that the abundance of low kinetic energy electrons generated
by the photoemitter are available to reduce the overall cost of
C—F bond dissociation by the EA of F (3.401 eV) if F~ ions
are formed as a product. Indeed, temporary anion states of the
neutral precursors may be involved in an overall dissociative
attachment process leading to a defluorinated phenyl radical
+F,% with the radical subsequently undergoing electron
attachment, as evidenced by the mass spectra.

We conclude this discussion by revisiting the relative
stabilities of the three possible structures of the monofluor-
ophenide anions. While the zero-dipole isomers of the more
fluorinated species have only one possible isomer, the
alternative isomers of di- and trifluorophenyl radicals (e.g,
those formed from 1,2-difluorobenzene, 1,3-difluorobenzene,
1,2,3-trifluorobenzene, etc.) can support different radical
isomers. A follow-up study on these different isomers is
currently underway.

5. CONCLUSIONS

The PE spectra of the fluorophenide anions are presented and
compared to density functional theory calculations on the
anions and their associated neutrals. The spectra of C;H,_ F,~
(1<x<4)showa nearly linear increase in EA with x, in very
good agreement with computed EAs of the radical species of
structures formed by direct C—H bond dissociation in the
formation of the radicals. The PE spectrum of the
monofluorophenide anion is consistent with the lowest energy
of three possible isomers computed for this anion. The isomers
of the neutral fluorophenyl radical are very close in energy,
suggesting that if C—H bond dissociation precedes electron
attachment, the resulting anion may undergo H-shift to form
the most stable anionic structure.

Calculations on the fluorophenide anions and neutrals
predict planar structures, but with significant differences
between the anions and neutrals, which is consistent with
the vibrationally broadened spectra. Despite the substantial
increase in the EAs of the -C¢H,_,F, radicals with x, the
calculations predict nearly identical HOMOs across the series.
The change in EA is, therefore, evidently related mainly to the
electron-depletion of the C4 ring, rather than any more
nuanced effects associated with the position of the F-
substitutions on the Cg ring.
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