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ABSTRACT

The photoelectron (PE) spectra of C¢FsX™ (X = Cl, Br, I) and computational results on the anions and
neutrals are presented and compared to previously reported results on C¢Fs~ (J. Phys. Chem. A 2023, 127,
8556-8565). The spectra all exhibit broad, vibrationally unresolved detachment transitions, indicating that
the equilibrium structures of the anions are significantly different from the neutrals. The PE spectrum of
CeFsCI™ exhibits a parallel photoelectron angular distribution (PAD), similar to that of the previously
reported CsFs~ spectrum, while the PE spectra of C¢FsBr~ and C¢FsI™ have isotropic PADs, and also exhibit
a prominent X~ PE feature due to photodissociation of C¢FsX™ resulting in X~ formation. Identification of
the CsFsX™ detachment transition origins, which is equivalent to the neutral electron affinity (EA), in all
three cases is difficult, since the broadness of the detachment feature is accompanied by vanishingly small
detachment cross section near the origin. Upper limits on the EAs were determined to be 1.70 eV for
CeFsCl, 2.10 eV for C¢FsBr, and 2.00 eV for CeFsl, all significantly higher than the 0.76 eV upper limit
determined for C¢Fs with the same experiment. The broad detachment transitions are consistent with
computational results, which predict very large differences between the neutral and anionic C—X (X = Cl,
Br, I) bond lengths. Based on differences between the MBIS atom charges in the anions and neutrals, the
excess charge in the anion is on the unique C atom and X, in contrast to the non-planar C,, structured C¢Fs~
anion, for which the charge is delocalized over the molecule. In CsFsCl~, the C—Cl bond is predicted to be
bent out of the plane, while both CsFsBr~ and CeFsl™ are predicted to be planar. The impact of the
interruption of the symmetry in the hexafluorobenzene neutral and anion on the molecular and electronic
structure of CsFsX/CsFsX™ is considered, as well as the possible dissociative state leading to X~ (X = Br, I)

formation, and the nature of the C—X bond.
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1. INTRODUCTION

Small closed-shell organic molecules generally do not form stable negative ions unless they have
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electron-withdrawing substituents, such as carbonyl groups,'™ halogens,""* cyano groups,'* or nitro

groups.””'® In contrast with larger, non-substituted polycyclic hydrocarbons,'*

which can support an
excess electron occupying what would correspond to the delocalized LUMO of the neutral, the charge in
smaller, substituted molecules can be more localized, with a substantial impact on the structure of the anion
relative to the neutral. For example, ethanedial, or glyoxal (HCOCHO) can form a stable anion in which
the excess charge is in an out-of-plane 1 orbital that is C—C bonding and C=0 antibonding, resulting in an
anion with significantly different C—O and C—C bond lengths relative to the corresponding neutral."

In this report, we focus on the electronic and molecular structures of halopentafluorobenzene anions
and neutrals. To place this current study in context, a number of groups have implemented electron
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attachment/thermal detachment methods to measure the electron affinity (EA) of CeFs, the tortuous

history of which was concisely detailed by Miller et al.*® A complementary approach for determining the

EA is photoelectron (PE) spectroscopy of CsFs~,”*'° in which the stable negative ion is isolated and

photodetached using a fixed frequency laser, and electron kinetic energy (e”’KE) analysis is conducted to
determine the relative energies of anion and neutral states. In both techniques, the significant difference in
the structures of the anion (non-planar C,, symmetry) and associated neutral (D¢, sSymmetry) necessitates a
measure of caution when determining the adiabatic EA from the data. In the case of the anion PE spectrum,
the transition origin, from which the EA is determined, may have near-zero intensity because of low Franck-
Condon overlap between the anion and neutral ground states.

The EAs of perfluorophenyl compounds, CsFsX have also been studied previously using electron
attachment methods.”’*® Dillow and Kebarle reported the free energies for electron capture of CsFsX (X =
F, Cl, Br, I) to be -0.646 eV, -0.880 eV, -1.214 ¢V, and -1.48 eV, respectively.’” The values determined for
X = F and CI tracked with the EA values of C¢Fs and C¢FsCl of 0.53 eV and 0.75 eV, respectively,

determined by Viggiano and coworkers using electron attachment/thermal detachment.?®



Our group has used anion PE spectroscopy to study a series of fluorinated benzenes and phenyl
radicals. As a follow-up on a previous report of the EA of CsHFs,** we present the PE spectra of CsFsX~
(X =Cl Br, I). The lower symmetry of CsFsX~ compared to CsFs~ leads to the possibility of electron
localization in the unique C—X bond, and therefore very different PE spectra. Indeed, Bowen and
coworkers® recently reported the PE spectrum of C¢FsI~ measured using 3.49 eV and 4.66 eV photon
energies, and while the spectrum reported here shows subtle differences with Bowen’s that we explain
below, the results do confirm striking differences between CsFs~ and CeFsI™.

As will be described below, the PE spectrum of CsFsCl™ is qualitatively similar to the PE spectrum
of C¢Fs~ published previously in that it exhibits a broad detachment transition and a parallel photoelectron
angular distribution (PAD). However, the detachment transition observed in the PE spectrum of C¢FsCl™ is
significantly higher in energy than that of C¢F¢~. The PE spectra of CsFsX™ (X = Br, I) show pronounced,
narrow transitions due to X~ photodetachment, superimposed on a lower-intensity broad band attributed to
direct detachment of the intact C¢FsX™ (X = Br, I) anions. The direct detachment transitions in these spectra
have PADs that are isotropic, and therefore different from those observed in the PE spectra of CsFs~ and
CeFsCl™. We demonstrate that the Br™ signal is due to a two-photon process, in which the first photon
photodissociates the anion forming the Br~ anion and remnant -CeFs radical neutral:

CeFsBr™ + hv — - C¢F5 + Br™ €}
Br+ hv — Br+e” 2)
I formation during the photodetachment of C¢FsI™ does not show a clear power-dependence expected for

a two-photon process, which we attempt to rationalize in the context of other experimental observations

and computational results.



2. METHODS

2.1. Experimental Details. The experiments were conducted using an anion PE imaging apparatus
described previously.* Briefly, the CsFsX~ (X = Cl, Br, I) anions were generated using a photoemission
source.” The neutral precursors (CsFsCl from Sigma-Aldrich, 99% purity; C¢FsBr from Sigma-Aldrich,
99% purity, and CeFsl from Sigma-Aldrich, 99% purity) individually seeded in ultra-high purity helium
maintained at 80 psig, were injected into a vacuum chamber using a pulsed molecular beam valve operating
at 30 Hz. To boost the ion signal, the gas manifold was heated modestly with a heating tape until the signal
reached satisfactory levels. The gas mixture passed over a Gd,Os pressed powder surface (the
photoemitter), while 1.3 mJ/pulse of a second harmonic (532 nm, or 2.330 eV) output of a Nd:YAG
impinged on the surface. The neutral molecules attached the resulting low-energy photoelectrons forming
anions that then thermalized in the He buffer gas.

The gas mixture passed through a skimmer, and anions separated by m/z in a 0.97-m Bakker-
style*'*? beam-modulated time-of-flight mass spectrometer. The ions then drifted through a laser
interaction region prior to colliding with a dual microchannel plate detector assembly. Mass spectra were
recorded for each sample. The resolution is sensitive to settings in the experiment, but m/Am is typically
between 150 and 300.

As the mass separated anions passed through the laser interaction region, they were selectively
photodetached with a second Nd: Y AG laser timed to intersect only the anion of interest. The photoelectrons
were energy analyzed using a velocity map imaging setup.****° Images generated on a 70-mm dual
microchannel plate/phosphor screen detector assembly were recorded by a CCD camera, and accumulated
using the NuACQ 0.9 program provide by the Suits group.*® The three-dimensional velocity distributions
were extracted from the two-dimensional images using the BASEX*’ and pBASEX programs.*® Velocities,
proportional to the radii of the annular images generated in this experiment, were converted to e KE,

calibrated using the well-known spectrum of O,~.*° The instrumental resolution, Ae KE/e KE is 2.5%.



The ¢’KE is governed by the photon energy, /v, the EA of the neutral, and the internal energy

distributions of the initial anion (E2%°") and final neutral (ERS"™2!) states via:
-KE = tral i
e KE = hv — EA — ! 4 Egnion 3)

If the anions are internally cold, Ef‘rﬁionz 0, and the e KE distribution reflects the final state distribution of
the neutral. In practice, the temperature of the anions is non-zero, and internal energy introduces some
spectral congestion.

The spectra presented here are presented as relative electron yield versus electron binding energy,
e BE:

e BE = hv — e"KE 4)
The e BE values are independent of the photon energy used and equal the energies of the final neutral
state(s) relative to the initial anion state(s).

The PADs can be determined directly from the images (raw and reconstructed images are included
in the Supporting Information). For the sake of simplicity, we used the zero and second-order coefficients
from the Legendre polynomial reconstruction of the images in pBASEX to resolve the relative PE yields
ejected parallel and perpendicular to the electric field vector of the detachment laser.

Spectra were collected using both 355 nm (3.495 eV) and 532 nm (2.330 eV) wavelengths. The
images were collected for CFsX™ (X = Cl, Br, I) at 3.495 eV with 196,200, 160,200, and 324,00 shots
respectively. The spectra collected using 2.330 eV photon energy provided limited information, showing
only the threshold signal in the PE spectra of C¢FsBr~ and C¢FsI™. No signal was observed for CsFsCl™ using
2.330 eV photon energy, which is consistent with the PAD, as will be described below.

2.2. Computational Details. To determine how sensitive the computational results are to the method
used over a set of systems that include much heavier elements, a series of calculations were done on all
three anions and neutrals using the ®B97X functional® with the def2-TZVPPD (def2-ECP for I)°'~> basis,
with the domain-based local pair neutral orbital (DLPNO)-CCSD(T)/aug-cc-pVTZ> single-point

calculations® on the ®B97X-optimized structures, along with B2GBLYP/aug-cc-pVTZ (SK-MCDHF-



RSC ECP for Br and I)*® calculations, with DLPNO-CCSD(T)/aug-cc-pVTZ (SK-MCDHF-RSC ECP for
Br and 1) single-point calculations on the B2GBLYP-optimized structures. These calculations were
performed using version 5.0.4 of the ORCA electronic structure computational software package.”’

Minimal Basis Iterative Stockholder (MBIS)*® atom charges were calculated and are included in
the Supporting Information. They provide qualitative insight into charge localization in anions.”
Loewden spin populations were additionally computed for the doublet anions using from B2GBLYP/aug-
cc-pVTZ results.

To compare computational and experimental results, the adiabatic EAs of each neutral were
calculated as the difference between the optimized, zero-point-corrected energies of the neutral and
associated anion. In addition, the vertical detachment energy (VDE), which generally (but not always)
corresponds to the energy at which the detachment band reaches maximum intensity, is calculated as the
energy between the neutral constrained to the optimized anion, and the anion itself. The VDE — EA
difference, in general, reflects the breadth of the Franck-Condon manifold. The larger the difference, the
broader the transition is predicted to be.

For the purpose of directly comparing computational results on C¢FsX with previously reported
results on C¢F neutrals and anions™ using the same method, basis set, and electronic structure code,
additional calculations on the C¢FsCl and CeFsBr neutrals and anions were done using the Becke, 3-
parameter, Lee, Yang, and Parr (B3LYP) functional®*®* and the diffuse Dunning-style correlation® %%
consistent triple zeta (aug-cc-pVTZ) basis set, within the Gaussian 16 suite for electronic structure
calculations.®® Results from these calculations including APT charges are presented in the Supporting

Information, and are consistent with the results from methods described above.

3. RESULTS AND DISCUSSION

3.1. Mass Spectra of Anions Generated from C¢FsX (X = CHs, Cl, Br, I).
Mass distributions of the negative ions generated by passing the neutral C¢FsX (X = CI, Br, I)

seeded in ultra-high purity He through the photoemission source are shown in Figure 1. Intact anions were



observed for all three molecules, along with pentafluorophenyl anion (CsFs™). X~ (X =1, Br) is observed
in the mass spectra of anions generated from CgFsBr and CsFsl. C1~ does not appear in the CsFsCl™ mass
spectrum because it was excluded by the settings used to optimize signal in the m/z ranges shown.

The mass spectra of ions generated from all three molecules also show anions generated through
loss of —F. However, because no C¢F,X™ (n < 5) anions are observed, F loss occurs only after X loss. lons
generated from residual CsFsBr are present in both C¢FsCl™ and C¢FsI™ mass spectra. GdF4™ is observed in
all three panels, and is likely the result of minor ablation of the Gd,O3 photoemission target, followed by
reactions with fluorine atoms or with the CsFsX molecules.

We do not observe evidence of dissociation of the anions in the acceleration stack as we have
observed in previous studies on similar systems.®® On this basis, we infer that all fragmentation occurs in
the source or in the ca. 100 us prior to acceleration into the mass spectrometer.

3.2. PE spectra of CsFsX~ (X =F, Cl, Br, I).

Figure 2 shows the anion PE spectra of (a) C¢FsCl, (b) CeFsBr™ and (¢) CeFsI™, respectively. These
spectra were obtained using 3.495 eV photon energy. The darker blue traces reflect the relative electron
yields ejected parallel to the electric field vector of the incident photon, and the light blue traces reflect the
relative electron yields ejected perpendicular. The previously reported® PE spectrum of CFs~ obtained
using the same instrument and ion source is shown in Figure 2(a) (dotted red and orange traces representing
the relative parallel and perpendicular yields, respectively) superimposed on the PE spectrum of C¢FsCl™
for direct comparison. The raw and reconstructed images are included in the Supporting Information.

General features. While the photoelectron angular distributions (PADs) determined from the
reconstructed images and reflected in the parallel and perpendicular traces will be discussed further below,
we first describe the main features in the spectra. Each exhibits a broad transition appearing between 2.00
and 3.49 eV. The spectra of C¢FsBr™ and C¢FsI~, show distinctive narrow atomic detachment signal due to

Br~ (3.36 eV) and I" (3.06 eV), respectively. The presence of this atomic signal indicates fragmentation is



occurring, most likely via photodissociation of the anion, as there is no evidence in the mass spectra of
dissociation while ions are accelerating into the instrument (vide supra).

The C¢FsCl™ PE spectrum has a profile that appears similarly broad to the CsFs~ spectrum, though
the VDE is 1.40 eV higher in binding energy.

Because the detachment transitions are very broad, the origin of the transitions might not be
observable in the spectra due to vanishingly small Franck-Condon overlap. Instead, we determine an upper
limit of the origin to be 1.7 eV for C¢FsCl™, 2.10 eV for C¢FsBr~, and 2.00 eV CgFsI”. These values are
based on the e BE at which the detachment signal becomes distinct from the baseline noise level, and are

2637 a5 well as computed adiabatic

significantly higher than measurements made using different methods,
EAs (vide infra), which again points to the likelihood of zero Franck-Condon overlap near the origin. In
the case of C¢FsBr~ and CgFsI™, the upper limits were determined from the spectra measured using 2.330
eV shown in the Supporting Information. The VDE determined from the CsFsCl™ PE spectrum is 2.95 +
0.05 eV. The VDE values for the C¢FsBr~ and C¢FsI™ spectra are difficult to determine because of the
atomic detachment features, but we estimate them both to be between 3.15 eV and 3.45 eV, based on the
spectra integrated over all angles (Supporting Information).

We note here that the PE spectrum of Cg¢Fsl™ reported here is in agreement with the spectrum
reported by Bowen and coworkers® obtained with the same photon energy, with two distinctions. First,
Bowen’s spectrum also exhibited a spectroscopic feature attributed to CeFs~, supported by their spectrum
of m/z-isolated CsFs~. Our spectrum does not exhibit this distinct C¢Fs~ feature, which could be attributed
to differences in detachment laser powers and/or source conditions. Second, the intensity of the I~
detachment feature relative to the CgFsI™ detachment feature is lower in the spectrum reported by Bowen
and coworkers than the spectrum presented here. New information determined from the spectrum presented
here is the isotropic PAD.

Variation of X~ signal intensity with detachment power. Detachment laser power studies were

conducted to determine whether the X~ anions evident in the PE spectra of C¢FsBr~ and CsFsI™ were



generated by photodissociation followed by photodetachment of X~ [Equations (1) and (2) shown above] or
by delayed dissociation ion the ion beam (which we infer is unlikely, vide supra):

CeFsX~ > - CFs + X~ (5)
The assumption in this case would be that X~ generated by delayed dissociation would continue drifting
with nearly the same velocity as the original CsFsX™ ion packet, and would then be detached by a simple
one-photon process,

“CeFs + X~ +hv = CgFs + X+ e™ (6)
If the former, a two-photon process is involved, and the intensity of the X~ detachment feature should vary
with the square of the detachment power. If the latter process is involved, the X~ signal is a from a one-
photon process. The intensity of the X~ feature would therefore change linearly with laser power.

Figure 3 shows the ratio of the integrated Br~ or I” peak intensity to the integral of the broad feature,
which we attribute to the direct detachment of the intact anion, plotted against the normalized laser fluence
(actual values ranged from 0.33 J cm™ to 1.21 J cm™). Uncertainties arise from identifying the baseline of
the X~ signal superimposed on the direct detachment signal due to signal to noise. The data are plotted in
this manner to eliminate variations due to changes in ion signal over the course of the measurements, and
it additionally factors out the linear dependence of the direct detachment (one-photon) signal. If the Br~ or
I” features were due to a one-electron transition, i.e., if free Br~ and I” atomic ions were formed by a delayed
dissociative attachment process in the ion beam after being accelerated into the mass spectrometer [Egs. (5)
and (6)], the ratio of the intensity of the atomic anion detachment features to the broad detachment signal
would not change with the laser power, and the plots would show horizontal lines. Instead, the Br™ signal
increases unambiguously (if not perfectly linearly) with laser power, indicating that the photodissociation
followed by Br~ detachment (within one laser pulse) is occurring.

In the case of CgFsI~, the ratio of ™ signal intensity to CsFsI™ signal does appear to increase at the
lowest laser powers, but flattens and appears to decrease with higher powers, so is not well-fit with a linear

regression. This effect suggests that at higher powers, stimulated emission from the dissociative excited

9



state of CsFsI™ repopulates the ground state of the anion, thereby increasing the proportion of signal
attributable to direct detachment of the bound anion.

We note here that the absence of signal due to CI™ in the PE spectrum of C¢FsCl™ is not an indication
that this anion does not undergo a dissociative process, since the EA of Cl is higher than the photon energy
used; Cl~ detachment signal would therefore not be observed if Cl~ anions were generated.

The absence of ‘C¢Fs~ detachment signal in any of the spectra will be addressed in the discussion
section.

PADs. Referring back to Figure 2, the broad transitions in both the PE spectra of C¢FsCI™ and CgFs~
(from Ref. 34) have distinctly parallel PADs, though the signal becomes isotropic approaching the high
¢ BE limit in the C¢FsCl™ spectrum. In contrast, the spectra of C¢FsBr~ and CeFsI™ are isotropic. The PAD
is governed by the symmetry of the orbital associated with the detachment transition. Isotropic PADs are
indicative of / = 0 outgoing PE waves (s-waves) and are consistent with near-threshold detachment of
electrons from atomic p-like orbitals.”””! Transitions yielding s-waves have non-zero cross section near
threshold,”” and indeed, signal is observed at and above 2.0 eV in the PE spectra of C¢FsBr~ and CeFsI™
measured with 2.330 eV photon energy (Supporting Information). In contrast, the parallel PAD exhibited
in the PE images and spectrum of C¢FsCl™ is indicative of / = 1 outgoing PE waves (p-waves), which, per
the Wigner threshold law,”* would have vanishingly small photodetachment cross section near threshold.
Consistently, no electron signal was observed when we attempted to collect the spectrum of C¢FsCl™ using
2.330 eV photon energy.

To better understand the significant differences between the spectra of CsFsCl™ and CsFsX™ (X =
Br, I), both in terms of the overall appearance and the PADs, we consider the computational results.

3.3. Computational Results

In this section, we compare the results of the computed molecular and electronic structures of the
anionic and neutral C¢FsX™ along the X = F, Cl, Br, and I series. A feature of the calculations to bear in

mind is that the basis sets necessarily change across this series, as described in the computational methods
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section. The valence shells are consistent, but core electrons for some Br and all I calculations are treated
using a relativistic ECP, as detailed in the methods section.

Molecular Structures. The optimized molecular structures of neutral and anionic C¢FsX (X =F, Cl,
Br, I) computed using the ®B97X functional are shown in Figure 4. More details on the individual bond
lengths and angles for CsFsX (X =F, Cl, Br, I) neutrals and anions using ®B97X/def2-TZVPPD (def2-ECP
for I) and B3LYP/aug-cc-pVTZ and CeFsX (X = F, Cl, Br, for the purpose of direct comparison with
previously reported results®* on CsFs/CsFs") are included in the Supporting Information.

The neutral structures are all predicted to be planar, and shown the expected increase in C—X bond
length along the X = F, Cl, Br, I series, with the largest difference being between F and Cl.

The structure of CsFs reported here is consistent with previous reports:’>!*#2** All C—F bonds are
bent out of the Cs plane (two para —F atoms more dramatically so in one direction, the other four —F atoms
in the opposite direction), forming a Cs, structure shown in Figure 4(a). The two identical C—F bonds are
elongated in the anion relative to the neutral by 0.062 A. In contrast, The C—X bonds in the CcFsX™ (X =
Cl, Br, I) anions are substantially longer relative to the C—X bond in neutral C¢FsX (ca. 0.7 A). The C-Cl
bond in C¢FsCI™ is predicted to be bent out of the plane by 24°.

The optimized structures of C¢FsBr~ and CsFsI~, while showing a small (< 5°) C—X bend out of the
plane, can be taken to be planar on average and floppy. For example, the barrier for the C—Br bond to bend
from one side of the plane to the other is 7 cm™, and the bend frequency is 14 cm™, so the vibrational
wavefunction would span both (shallow) wells and the transition region. By comparison, the barrier in
CFsCI, the barrier is 255 cm™, and the local C—Cl bend frequency is 52 cm™. The structure is therefore
definitively non-planar, per calculations. Planarity versus non-planarity among these congeners is governed
by the overlap between the np orbitals on X and the bonding orbitals associated with the C¢Fs portion of
the anion.

Beyond the C—X bond, the C—F bonds in the C¢FsX™ (X = Cl, Br, I) anions are elongated 0.02-0.03

A compared to the neutral. The C—C bonds adjacent to the C—X are shorter by 0.02 A in the anion.
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Otherwise, the C¢Fs portion of the molecules are relatively unchanged across the X = Cl, Br, I series and
between the anions and neutrals. More details on the structures are included in the Supporting
Information.

The broadness of the detachment transitions observed in the PE spectra of C¢FsX™ (X = CL, Br, I)
can therefore be attributed to the dramatic difference between the anion and neutral in C—X bond length.
The neutral C¢FsX molecule prepared by detachment of the C¢FsX™ anion is in a distribution of highly
vibrationally excited levels of the C—X stretch mode. The PE spectrum of C¢FsCl™ is further congested by
the C—Cl out-of-plane bend activation upon detachment. The breadth of the C¢F¢~ PE spectrum, in contrast,
is due to overall delocalized structural differences between the neutral and anion.

Electronic Structures. Table 1 summarizes the adiabatic EA and VDE values computed for the
CeFsX™ photodetachment transitions using the methods described above, along with the experimental values
from this study. While there are small variations in the transition energies computed using the different
methods, a general trend is that the EAs increase from approximately 0.4 eV for C¢Fg, 0.7 eV for CeFsCl-,
1 eV for C¢FsBr~, to 1.3 — 1.4 eV for CeFsI".

A more striking difference is the change in VDE values between X = F and X = CI, Br. The
difference between the compute VDE and EA values computed for C¢Fs~ are approximately 1 eV. In
contrast, the VDE values are predicted to be approximately 2 eV higher than the EA values for C¢FsCI™ and
CeFsBr~. This indicates that the respective neutrals are prepared with 2 eV of internal energy (primarily in
the C—X stretching mode, as noted above) at the most intense point in the spectrum. For C¢FsI-, the VDE
— EA difference is smaller (1.5 eV to 1.8 eV, depending on the method), but is still in line with a very broad
spectrum, and suggests that indeed the upper limits on the EA determined experimentally are significantly
higher than the actual EA. The single-point VDE values predicted for C¢FsCI~ with DLPNO-CCSD(T),
2.96 eV or 2.82 eV depending on the method used to optimize the structure, are in good agreement with the

observed value (2.95 eV), which provides some validation of the computationally determined EA values of

0.68 to 0.70 eV with the same methods.
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Figure 5 shows depictions of the molecular orbitals and computed relative energies from
B3LYP/def2-SVP for (a) CeFs, (b) CcFsCl~, (c) CeFsBr, and (d) CeFsI™ optimized using «B97X/def2-
TZVPPD (def2-ECP for I). Note that the orbital energies should be taken with the appropriate grain of salt,
but they provide a qualitative picture of the differences and similarities of the electronic structures across
the X =F, Cl, Br, I series. The primarily in-plane (with the exception of the C—CI bond in C¢FsCl") o orbital
energies are indicated by the red lines and the out-of-plane © orbital energies are indicated by the blue lines.

The most obvious differences between the electronic structures of C¢Fs~ and CeFsX™ (X = Cl, Br,
I) lie in the frontier orbitals due to the localization of X np orbitals in the molecular anions, and the relative
energies of these orbitals compared to C—F bonding and antibonding orbitals. As shown previously,”* the
singly occupied molecular orbital (SOMO) in CeFs is delocalized over the C,y molecule in an orbital that
can be described as a hybrid of the totally symmetric o_f orbital (the lowest unoccupied molecular orbital,
or LUMO, in the C¢F¢ neutral) and the 74 orbital (LUMO + 1 in the neutral) enabled by the distortion to the
non-planar structure. In sharp contrast, the SOMO of CsFsX™ (X = Cl, Br, I) anions is a distinctly localized
op_yx orbital.

Along the C¢FsX™ (X = Cl, Br, ]) series, the anions have qualitatively similar orbital occupancies
and relative energies of the respective frontier orbitals, beyond the SOMOs. Lying close in energy are
doubly-occupied MOs that can be largely described as nearly degenerate X np orbitals orthogonal to the
C-X bond. The np orbital that is near perpendicular to the C¢Fs plane is predicted to be modestly
delocalized into the m system with C—X and C—F antibonding character, the latter being consistent with
elongated C—F bonds in the anion relative to the neutral.

More deeply bound relative to the MOs with significant np character are orbitals that correlate to
the m, and =3 e1, degenerate orbitals in benzene, which have C—C bonding and C—X bonding character in

CeFsX™. These orbitals are not degenerate in the C, anion or C,, neutral C¢FsX molecules, but are close-

lying.
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The C—X o bonding orbital [cc—x in Figure 5(b), (c) and (d)] lies energetically between the w; and
/13 orbitals, and shows large contributions from the X np orbital aligned with the C—X bond. This is very
distinct from CgFs, in which all six C—F o bonds are inner-valence, and lie below the six nic ~F orbitals
shown near the bottom of Figure 5(a). Overall, the C—X bond order in the C¢FsX™ (X =Cl, Br, I) is 4. The
orbital labeled m3; and out-of-plane X np orbitals represent a bonding and antibonding pair, and the SOMO
counteracts the doubly-occupied oc_x bond. As with C¢Fs~, the orbitals that can be described as the five
bonding C—F = orbitals in CeFsX™ (nic =X lie much lower in energy, reflecting the strength of the C—F bond
relative to C—X (X = Cl, Br, I).

4. Discussion

The previous section reported and analyzed the experimental PE spectra and transition energies of
the C¢FsX™ (X = Cl, Br, I) anions, the PADs exhibited in the anion PE spectra, and the appearance of Br~
and I" detachment transitions observed in the PE spectra of C¢FsBr~ and Ce¢Fsl™, with comparisons to
previous results on C¢Fs~. Additional comparisons were made between the electronic and molecular
structures of C¢FsX (X =F, Cl, Br, I) neutrals and anions based on computational results. Here we explore
several of the nuances from these results.

Differences in Molecular Structures, Electronic Structures, and PADs. The motivation for this study
was to determine the impact of interrupting the symmetry of CeFe¢ (neutral and anion) with a chemically
similar, electron-withdrawing substituent. Along the CsFsX™ (X = Cl, Br, I) series, the calculations predict
that the C¢FsCI™ anion is distorted to a Cs non-planar structure, and is most analogous to Ce¢Fs~ in terms of
the PAD determined from the PE spectra [Figure 1(a)]. Unlike CsF¢, the effect of the non-planarity of
CsFsCl™ is not reflected in the appearance of the SOMO [Figure 5(b)], but the lower energy m; orbital shows
modest C—Cl bonding character enabled by the non-planarity, which is not seen in the 7t; orbitals of CsFsBr~

or Cg¢Fsl.
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For all three C¢FsX (X = Cl, Br, I) neutrals and anions, the C—X bonding orbitals (cc-x and 7,) are
well-separated from the C—F bonding orbitals in the same molecules (rf ~F, and the inner-valence cc_r
orbitals not shown in Figure 5). The clustering C—X bonding and antibonding orbitals underpins the low-
lying dissociative states in the anion, discussed below.

An important point of comparison between the experimental spectra and the computational results
lies in the PADs. The isotropic appearance of the direct CsFsX™ detachment transitions for X = Br and I
reflects a purely s-wave detachment, consistent with detachment from an atomic-like np orbital. The
SOMOs depicted for C¢FsCl™, C¢FsBr~ and CeFsI™ in Figure 5(b), (c) and (d) are not isolated np, as they are
delocalized to some extent (vide infra) into the electron deficient Cs ring, but they are similar in appearance
and would suggest similar PAD. However, the C—Cl bond, and therefore the SOMO of CsFsCl™ is
significantly bent out of plane. While not an entirely satisfactory explanation for the difference in PADs,
symmetry underpins PAD, and the orientation of the 3p-like SOMO relative to the in C¢FsCl™ is distinct
from the 4p and 5p orbitals in the C¢FsBr~ and CsFsI™ congeners.

CsFsBr~ and C¢FsI~ photodissociation. Figure 6 shows schematics of the neutral C¢FsX energy
relative to the -CeFs + X dissociation limit”™ (all of which are higher than the C¢Hs—X bond dissociation
energies)’* along with the anionic CsFs~ + X and -C¢Fs + X~ dissociation limits relative to CsFsX~ for X =
(a) Cl, (b) Br, and (c) I. The neutral and anionic energies of the intact molecules are offset by the computed
EA values from this study, while the dissociation limits of the neutral and anion are offset by the known
EAs of the fragments, summarized in Table 2.**7>"® From Figure 6(c), both the CsFs~ + I and -C¢Fs + I
dissociation limits are lower in energy than the neutral C¢Fsl + free electron limit, though intact CsFsI™
formation is lowest in energy.

Further considering CsFsI™, CsFs™ + 1 is a lower-energy dissociation channel than the observed -CeFs
+ " channel. For both X =Cl and Br, ‘C¢Fs + X~ formation is the lower energy dissociation channel because
the EAs of CI and Br are both higher than the EA of -C¢Fs. However, in all three cases, both

photodissociation channels are energetically accessible with the 3.495 eV photon energy used for
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photodetachment in this study. Note that the C¢FsX™ — CgF4X + F~ dissociation channel is ca. 4 eV for X
= Cl, and up to 4.5 eV for X = I, assuming the computed EA values are valid, so the absence of F~
detachment signal in the PE spectra is expected.

The fact that we observe no evidence of C¢Fs~ photodetachment signal in any of the three spectra,
combined with the observation of Br™ and I~, suggests that the dissociative state involves promotion of an
electron to the o;_y orbital (the SOMO). C¢FsBr~ and CeFsI™ are C,y molecules (on average, vide supra)
with 2A; ground states. Therefore, promotion of an electron from an aj, by, or b, orbital to the a; SOMO
would be dipole-allowed. All valance orbitals from the 7, to the X np orbitals, excluding the respective 73
orbitals, fall into this category. We will not speculate further on which transition(s) might be involved,
beyond suggesting that promotion of electrons from an np non-bonding orbital to the SOMO would create
a hole in the np shell, which is not conducive to X~ (np°) formation. Therefore, likely candidates would be
promotion of an electron from the T, orbital, resulting in a *B, dissociative state, or from the Gc_x orbital,
resulting in a A dissociative state.

It seems likely that analogous transitions involved in the appearance of both Br~ and I in the spectra
of their respective parent ions, given the similarity between the molecular orbital occupancies and relative
energies computed and presented in Figure 5. However, the disparity in the results of the detachment power
study does suggest some differences between the two. Studies that measure the kinetic energy release of

the photofragments, such as those done in the Continetti group,’’

would shed more light on the
dissociation process.

As a final comment on Figure 6, the C—X BDEs shown in the diagrams are based on Ref. 73, and
the EA values of C¢FsX are based on the computational results presented here. From these computed values
and the known EAs of X, C—X bond dissociation energies for the anions are approximately one half of the

neutral C—X bond dissociation energy, or less. In this set of systems, the bond order tracks with the BDE

in what appears to be a straightforward manner.
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The nature of the C—X bond in C¢FsX The C—X bond is well known to be polar with the halobenzenes
(CsHsX) having similar experimentally-determined dipole moments ranging from 1.6 to 1.7 Debye.*' The
polar bond can be rationalized based on differences in the electronegativities of C and X.** In the case of
CeFsX (X = Cl, Br, I), the question of whether the C—X bond is similarly polar is interesting because the
EA of the -C¢Fs radical (ca. 3.2 eV),**”° which factors into the Mulliken definition of electronegativity,* is
comparable to the EAs of X = Cl, Br, and 1.

To further explore the nature of the C—X bond in C¢FsX (X = Cl, Br, I) molecules, we consider (1)
atomic charges, (2) spin populations (SP), and (3) dipole moments, all of which are determined
computationally.

While computed atomic charges, like orbital energies, are another computational result that should
be taken with the appropriate grain of salt, differences among computed charges can be instructive. The
MBIS atom charge for the carbon atom bound to X (Cx) along with the MBIS atom charge of X for the
CoFsX (X =F, Cl, Br, I) neutrals and anions are summarized in Table 3 (all MBIS atom charges along with
APT charges for comparison are included in the Supporting Information).

The overall relative charges suggest that the C—X (X = Cl, Br, I) bond is less polar than the C-F
bond in the neutrals. The MBIS atom charges computed for Cx trends from positive to increasingly negative
along the F, Cl, Br, I series, while the MBIS atom charge on X trends from negative to positive along the
same series. For X = Cl, Br, and I, the Cx center is less positively charged than the C atoms bound to F
(particularly those adjacent to Cx), and the X molecule in the neutral has a smaller negative charge than the
F atoms.

The MBIS atom charges computed for the anion suggest the X atom assumes a significantly more
negative charge than the F atoms. A useful comparison is the difference between the anion and neutral
MBIS atom charges, also included in Table 3. The difference between the MBIS atom charges on the F
centers between the anion and neutral C¢FsX (X = Cl, Br, I) is small, ca. -0.05 (slightly more negative in

the anion) relative to the difference for X, ca. -0.6 (significantly more negative in the anion), which is
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consistent with the molecular orbital picture of the neutral SOMO being the o/_y orbital. Among the X =
Cl, Br, I series, the C¢FsCl™ has the excess charge more delocalized to the Cx and F atoms. The difference
is not dramatic, but it does align with a distinction between these three anions.

As a second consideration, the anion is in a doublet state. Therefore, the Loewdin SPs, also
included in Table 3, reflect where the unpaired, excess electron is localized. In the case of CsFsX™ (X =Cl,
Br, 1) is split fairly evenly between Cx and X, with the trend of increasing SP on X along the X = Cl, Br,
and X series.

The third consideration involves the computed dipole moments of the CsFsX neutrals, which show
the trend of decreasing C—X bond polarity from X = Cl to X =1. By symmetry, the dipole moment of C¢Fs
is zero. The results of B2GBLYP calculations predict the dipole moment for C¢FsCl to be 0.35 D, 0.64 D
for C¢FsBr, and 0.98 D for C¢Fsl (these values and those computed using ®B97X, along with figures
indicating the dipole vector, are included in the Supporting Information). This trend reflects the smaller
negative charge localized on X relative to the F substituents, and therefore a less polar C—X bond.

Taken together, the C—X bond in neutral C¢FsX (X = Cl, Br, I) is less polar than the C—F bonds,
and less polar than the C—X bond in C¢HsX. The C—I bond, which is the least polar, is also the weakest
due to the relatively poor orbital overlap.

As noted above, the difference in electronegativity is typically invoked to characterize the bond
type (ionic, polar, covalent). However, hybridization has been shown to influence different parameters of
molecules, including electronegativity (Bent’s Rule).* Cao et al. also found that the bond energies of
C(sp’)-X and C(sp®)-X were different due to a difference in hybridization leading to a difference in
electronegativities.® In this study, the electron depletion of C-centers (due to the C—F bond) adjacent to

the C—X bond also impacts the electronegativity of this C center, and therefore the nature of the bond.

4. CONCLUSIONS
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The PE spectra of CsFsX™ (X = Cl, Br, I) and computational results on the anions and their
associated neutrals were presented and analyzed. The broad, vibrationally unresolved detachment
transitions observed in the spectra suggest that the equilibrium structures of the anions are significantly
different from the neutrals. The PE spectrum of C¢FsCI™ exhibits a parallel PAD, similar to that of the C¢F¢~
spectrum, while the PE spectra of CsFsBr~ and C¢FsI™ have isotropic PADs, and are both punctuated by the
presence of their respective X~ atomic anion PE spectra. Identification of the detachment transition origin,
which would correspond to the neutral EA, is difficult because of vanishingly small Franck-Condon overlap
near the origin. Upper limits on the EAs were determined to be 1.70 eV for C¢FsCl, 2.10 eV for C¢FsBr,
and 2.00 eV for C¢Fsl. The VDE observed in the CsFsCl™ spectrum was 2.95 eV, while the VDEs for the
other two species lie between 3.15 eV and 3.45 eV.

The computational results suggest that the primary difference between the structures of the anions
and their respective neutrals is the C—X bond length, which is markedly longer in the anions. In contrast to
the C¢F¢~ anion, in which the excess charge is delocalized over the ring of the non-planar anion, the SOMO
in C¢FsX™ (X = Cl, Br, 1) is the local C—X o* orbital. In C¢FsCl~, the C—CI bond is bent significantly out
of the plane, while both the C¢FsBr~ and CeFsI™ anions are predicted to be planar on average. For the
C¢FsBr~ and C¢FsI™ anions, the SOMO, which is the orbital associated with the detachment transition, has
significant 4p and 5p character for X = Br, I, respectively, which is consistent with the isotropic PAD. We
suggest specific o* «— 1 or 6* «— o transitions that may result in photodissociation of C¢FsBr~ and CsFsI™,
leading to the observation of Br™ and I~ detachment signal observed in the PE spectra of the respective
parent ions. The parallel PAD observed in the C C¢FsCI™ PE spectrum is less easily reconciles with the
significant 3p character of the SOMO, though it is distinct from the SOMO of the other two species in that
it does not lie in the Cs plane.

Detachment power studies are consistent with a two-photon (dissociation + X~ detachment) for

CeFsBr~, while for C¢FsI, stimulated emission may be in competition with photodissociation.
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A synthesis of the computational results suggests that the C—X bond in all three cases (X = Cl, Br,

I) is has covalent character, in contrast with the more polar C—F bonds.
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LIST OF FIGURES
Figure 1. Mass spectra of anions generated from (a) CsFsCl; (b) CsFsBr; (c) CgFsl, using the

photoemission source described in the text.

Figure 2. Anion PE spectra of (a) CsFsCl™ (solid blue line) with the C¢Fs~ PE spectrum shown as the
dotted line for reference; (b) CsFsBr~ and (c) C¢FsI™. The narrow features in panels (b) and (c) are due to
detachment of Br~ and I", respectively. The PE spectrum of C¢FsI™ additionally shows much lower signal

attributable to F~.

Figure 3. Plots of the ratio of the integrated X~ peak intensities to the integrated CsFsX™ direct
detachment signal (DD) as a function of detachment power for X = Br (solid circles) and X = I (open
circles). If the X~ signal is due to free X~ accompanying the CsFsX™ ion packet, the trend lines would be

expected to have a slope of zero.

Figure 4. Structures of the (a) C¢Fs (b) CsFsCl, (c) CsFsBr, and (d) CeFsl neutrals and anions computed at

the ®B97X/def2-TZVPPD (def2-ECP for I) level.

Figure 5. Frontier orbitals of (a) CsFs™ (b) CeFsCl™, (¢) CsFsBr~, and (d) CeFsI™ using the ®B97X/def2-

TZVPPD (def2-ECP for I) optimized structures, visualized using B3LYP/def2-SVP.

Figure 6. Schematics showing C¢FsX relative to the -C¢Fs + X dissociation limit, along with C¢FsX™
relative to the two distinct C¢Fs~ + X and -CeFs + X~ dissociation limits for X = (a) Cl, (b) Br, and (¢) .
The relative energies of CsFsX™ and CeFsX in each panel reflects the EA of the neutral computed in this

study.
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Table 1. Results of calculations on the EA and VDE values calculated for CsFs~, C¢FsCl~, C¢FsBr, and

CeFsl, along with experimental EA and VDE values. Note that the experimental EA values represent an

upper limit on the actual EA, since the transition intensity at the origin may be vanishingly small.

Exp.
EA/VDE
Molecule Computational method/basis set EA VDE (eV)
CeFs 0B97X/def2-TZVPPD 0.38 1.45
DLPNO-CCSD(T)/aug-cc-pVTZ//®B97X 0.41 1.35
B2GBLYP/aug-cc-pVTZ 0.42 1.32 <0.76/1.60
’ ) +0.05eV
DLPNO-CCSD(T)/aug-cc-pVTZ//B2GBLYP 0.38 1.21
CeFsCl ®B97X/def2-TZVPPD 0.72 3.36
DLPNO-CCSD(T)/aug-cc-pVTZ//®B97X 0.70 2.96 <1.70/2.95
+0.05
B2GBLYP/aug-cc-pVTZ 0.80 3.04
DLPNO-CCSD(T)/aug-cc-pVTZ//B2GBLYP 0.68 2.82
CeFsBr 0B97X/def2-TZVPPD 1.09 3.34
DLPNO-CCSD(T)/aug-cc-pVTZ/0B97X 0.97 2.81 <210/3.15
B2GBLYP/ SK-MCDHF-RSC ECP 1.09 2.99 —3.45
DLPNO-CCSD(T)/ SK-MVDHF-RSC ECP 096 281
//B2GBLYP SK-MVDHF-RSC ECP ’ ’
CeFsl ®B97X/def2-ECP 1.38 3.18
DLPNO-CCSD(T)/aug-cc-pVTZ//®wB97X -- --
(T)/aug-cepVIZiie <2.00/3.15
B2GBLYP/SK-MCDHF-RSC ECP 1.37 2.90 345
DLPNO-CCSD(T)/ SK-MVDHF-RSC ECP 1.23 273

//B2GBLYP SK-MVDHF-RSC ECP
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Table 2. Summary of bond dissociation energies of HsCs—X (X = CH3, H, F, Cl, Br, I) from Ref. 74 along
with the bond dissociation energy of FsCs—X, (X = H, F, Cl, Br, I) from Ref.73. Atomic EAs are from
Ref. 76.

X BDE HsCs-X BDE Fs5Ce-X EA of X
H 4.83 eV 5.05eV 0.754 eV
F 5.51eV 6.52 eV 3.339eV
Cl 421 eV 551eV 3.617eV
Br 3.57eV 4.59 eV 3.365eV
I 2.85eV 2.87eV 3.059 eV
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Table 3. Difference in MBIS atom charges for C¢FsX (X =F, Cl, Br, I) neutral and anionic molecules
(Aq = anion — neutral) using ®B97X/def2-TZVPPD, along with Loewdin spin populations (SP) in the
double anions from B2GBLYP/aug-cc-pVTZ. Numbers in boldface are the unique carbon center, Cx, and
X atoms in the C¢FsX (X = Cl, Br, 1) anions and neutrals. In the case of C¢Fs, the two identical C centers

in the C,y anion and their associated F atoms are in bold face. Raw MBIS atom charges for all atoms are

include in the Supporting Information.

CeFs CeFsCl CeFsBr CeFsl
Aq/ SP Aq/ SP Aq/ SP Aq/ SP
Cx -0.23/0.223 -0.06 / 0.415 -0.02 / 0.406 -0.02/0.374
Cq -0.02/0.084 -.02/0.064 -0.03/0.040 -0.03/0.034
Cp -0.02/0.084 -.02/0.021 -0.03/0.032 -0.04/0.028
C, -0.23/0.223 -.04/-0.004 -0.04 /-0.027 -0.04 /-0.025
X -0.08 / 0.061 -0.58 / 0.392 -0.60 / 0.457 -0.62 / 0.512
Fq -0.07/0.024 -0.05/0.005 -0.05/-0.002 -0.04 /-0.002
Fp -0.07/0.024 -0.05/0.010 -0.04/0.016 -0.04/0.014
F, -0.08 / 0.061 -0.04 /0.003 -0.04/-0.011 -0.04/0.010
MBIS atom charges for Cx and X in neutral C¢FsX
Cx 0.127 -0.115 -0.198 -0.337
X -0.127 -0.052 -0.002 0.077
MBIS atom charges for Cx and X in C¢FsX™
Cx -0.104*; 0.106° -0.170 -0.222 -0.354
X -0.202 -0.629 -0.600 -0.540

# MBIS atom charge on the two identical C atoms in the C,y structure

® MBIS atom charges on the four identical C atoms in the Cay structure.
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Relative Electron Yield
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