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ABSTRACT: Substituents have a profound effect on the electronic structure of the
benzene molecule. In this paper, we present new photoelectron spectra of the C;HF~
molecular anion, to test predictions [Int. J. Quant. Chem. 2017, 188, €25504] that
pentafluorobenzene has a positive electron affinity, as hexafluorobenzene was already
known to have. The PE spectrum of C4HF;~ exhibits a broad and vibrationally
unresolved band due to significant differences between the structure of the anion and the
neutral. The vertical detachment energy (VDE) of C;HF;™ is determined to be 1.33 +
0.0S eV, and the lowest binding energy at which the signal is observed is 0.53 + 0.05 eV,

which, if taken as the electron affinity, is in good agreement with the computed value. In

addition, we attempted to generate intact C¢H,F,” molecular ions using the 1,2,3,4-tetrafluorobenzene, 1,2,3,5-tetrafluorobenzene,
and 1,2,4,5-tetrafluorobenzene precursors, as tetrafluorobenzene was predicted to have a near-zero but marginally positive electron
affinity. Using a photoemission anion source, we were not able to produce the intact tetrafluorobenzene anion. Density functional
theory calculations support a more detailed discussion of the impact of fluorine substitution on the electronic structure of these

species.

1. INTRODUCTION

The electron affinities (EAs) of small, closed-shell hydro-
carbons are typically negative, meaning their associated gas-
phase anions are metastable, or “temporary.”’ The energies of
these temporary anions relative to the neutral + free electron
can be determined in several ways. Examples include electron
transmission spectroscopy,”” extrapolation of the EAs of
solvated anions as the number of solvent molecules is
decreased, e.g, Nph~(H,0), (Nph = naphthalene),” and
photodetachment spectroscopy of anion-molecule complexes
in which the molecule carrying the excess charge serves as a
proximal electron source for probing the neutral partner.””"”

Certain functionalized, closed-shell organic molecules can
form stable negative ions. Molecules with electron-withdrawing
carbonyl groups such as glyoxal and related molecules are a
case in point.*"** In addition, larger molecules such as
polycyclic aromatic hydrocarbons (PAHs) have long been
known to have positive EAs, which increase with the size of the
molecule.”” Whereas benzene and Nph both have negative EAs
(—1.1 eV* and —0.20 eV,® respectively), tricyclic**** and larger
PAH species”®** have positive EAs, with an increase on the
order of tenths of eV with the number of rings.

An interesting opportunity arises in small stable molecules
that have a range of identical functionalizable carbon centers,
such as benzene, which open the door to systematically
changing the EA of the molecule by varying the number of
electron-withdrawing substituents. A previous density func-
tional theory (DFT) study on F-substituted (and BO,-
substituted) benzene reported by Driver and Jena™ predicted
a crossover from negative to positive EA in the C¢Hy_,F, (0 <
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x < 6) series, where penta- and hexafluorobenzene were
predicted to have definitively positive EAs; the EA of
tetrafluorobenzene was predicted to be near zero; and the
less fluorinated species were predicted to have definitively
negative EAs. Experimentally, the hexafluorobenzene molecule

30—33
and nonvalence-

has been shown to form both valence
bound anions,”**** both studied by anion photoelectron
(PE) spectroscopy, but to our knowledge, evidence of the
pentafluorobenzene anion has only been reported in past
thermodynamic studies.*®

In a related study, our group developed the technique noted
above of probing temporary anions of “X” molecules having
EA < 0, using photoedetachment of O, -X anion—molecule
complexes.” This technique is akin to electron transmission
spectroscopy in that the O, anion serves as a point source of
electrons that, upon photodetachment of O,”, can interact
with the proximal X molecule. The temporary anion state
energies of X = C¢Hy_F, (0 < x < 4), specifically, were
reflected in high-intensity, broad resonances observed in the
continuum electron kinetic energy (e"KE) distribution

generated by detaching O,”X.

Received: June 14, 2023
Revised:  September 18, 2023
Published: October 10, 2023

https://doi.org/10.1021/acs.jpca.3c04016
J. Phys. Chem. A 2023, 127, 8556—8565


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Conor+J.+McGee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kristen+Rose+McGinnis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caroline+Chick+Jarrold"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.3c04016&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c04016?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c04016?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c04016?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c04016?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c04016?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpcafh/127/41?ref=pdf
https://pubs.acs.org/toc/jpcafh/127/41?ref=pdf
https://pubs.acs.org/toc/jpcafh/127/41?ref=pdf
https://pubs.acs.org/toc/jpcafh/127/41?ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpca.3c04016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

The utility of this approach in determining the energies of
temporary excited states of anions with positive EA [e.g,
C¢H,_,F, (x = S, 6)] comes into question for several reasons,
one of which is the potential for these fluorobenzenes, rather
than the O, partner molecule, to bind the electron.’’
Curiously, while C{HF; was predicted to have a positive EA
comparable to O, the PE spectrum of [0,-C¢HF;]™
resembled that of a typical anion—molecule complex: The
spectrum was consistent with the charge being primarily
carried by O,7, yielding a spectral profile similar to O,~, but
solvent-shifted to higher electron bindinﬁ energy (e BE).” In a
previous study reported by our group,”’ bimolecular complex
anions in which both molecules have competing EAs have PE
spectra that deviate significantly from typical anion—molecule
complex PE spectra. The PE spectrum of the [O,-O,] ™ anion is
a well-known example.”®~* Similarly, the PE spectrum of the
[0,-C4F¢]™ complex anion deviated from that of a simple O,
X anion—molecule complex.” Therefore, the [O,-CsHF;]~ PE
spectrum called into question whether C4HF; indeed has a
robust, positive EA comparable to O, as predicted by Driver
and Jena.”’

To demonstrate whether and by what energy C4HF; and
C¢H,F, bind an electron to form stable anions, we present the
PE spectrum of CcHF;™, along with the PE spectrum of C¢F4~
obtained using the same experimental setup for direct
comparison with previously obtained C¢Fs~ PE spectra. An
analysis of photoelectron angular distributions (PADs) is also
presented. As the PE spectrum of C;HF™ has not previously
been reported, this provides the first experimental determi-
nation of the vertical detachment energy (VDE) and an upper
limit on the adiabatic EA. A more accurate determination of
the EA is complicated by the broad and vibrationally
unresolved appearance of the spectrum, making the identi-
fication of the origin of the detachment transition difficult.

We also report our attempts to generate the tetrafluor-
obenzene anion: Our inability to do so is consistent with the
negative EA predicted by Davis et al. (—0.17 to —0.36 eV,
depending on the specific coupled-cluster method).”” How-
ever, Driver and Jena calculated a small but positive EA of
+0.01 eV for the 1,2,3,5-tetrafluorobenzene isomer.”” Compu-
tational results presented here predicted an EA of 0.004 eV for
the same isomer, an EA of 0.13 eV for 1,2,3,4-tetrafluor-
obenzene, and a negative EA for the 1,2,4,5-tetrafluorobenzene
isomer. Mass spectra of anions generated from all three
constitutional isomers of C4H,F, in the ion source used to
successfully generate C{HF;™ and C¢F4~ show the production
of tetrafluorophenide, C,HF,™, along with other fragment
anions.

Finally, DFT calculations support a deeper exploration of
the electronic structure of fluorine-substituted benzenes. In
particular, trends of the relative stability of the unoccupied C—
F 6% molecular orbitals with F-substitution can be related to
whether the EAs of these species are positive or negative.

2. METHODS

2.1. Experimental Details. The anion PE imaging
apparatus used to generate the anions and probe them via
photodetachment has been described elsewhere.*’ Briefly, ions
were generated by flowing a gas mixture of C¢Hy_,F, (4 <x <
6) [C¢Fg from Santa Cruz Biotechnology, 98% purity; C4HF;
from Sigma-Aldrich, 98% purity, 1,2,4,5-tetrafluorobenzene
from Santa Cruz Biotechnology, 98% purity; 1,2,3,5- and
1,2,3,4-tetrafluorobenzene from AmBeed, 99.6% and 98%
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purity, respectively] seeded in ultrahigh purity He and
expanded using a pulsed molecular beam valve, operated at a
30 Hz repetition rate, into a photoemission source.”” The
source coupled the beam valve with a channel in which a
Gd,0; photoemitter surface was exposed. The attenuated
(between 0.5 and 1 mJ/pulse) second harmonic output of a
pulsed Nd:YAG laser (532 nm, 2.330 eV) was timed to
impinge on the Gd,0j; surface in coincidence with the gas
mixture flowing over it, resulting in the production of low
kinetic energy electrons that can attach to species with positive
EA. Outputs greater than 1.5 mJ/pulse result in significant
molecular fragment ion formation. The nascent anions were
thermalized in a 10 mm long, 3 mm diameter channel before
expanding into the vacuum chamber. The ions are accelerated
into a 0.97 m Bakker-style**** beam-modulated time-of-flight
mass spectrometer and, after passing through a mass defining
slit, enter a detector region and collide with a dual
microchannel plate ion detector. Ion flight times are recorded
on a digitizing oscilloscope. The resolution of the mass
spectrometer depends on the specific settings used, but typical
m/Am values range between 150 and 300.

As no intact C4H,F,” anions were generated under
conditions comparable to those used in the production of
both C¢HF;™ and C¢F,~, higher laser fluences were employed
in order to observe any anion production (primarily to ensure
that the gas mixture was indeed seeded with the C4H,F,).

Prior to colliding with the ion detector, the mass-selected
C¢HF;~ and C4F4~ were photodetached using the second
harmonic (532 nm, 2.330 eV) and third harmonic (355 nm,
3.495 eV) outputs of a Nd:YAG laser. The resulting
photoelectrons were projected onto a 70 mm dual micro-
channel plate (MCP)/phosphor screen detector assembly with
a velocity map imaging setup based on the design of Eppink
and Parker,* situated perpendicular to the ion drift path. The
images on the phosphor screen resulting from the MCP-
multiplied electron signals were recorded using a CCD camera
and the NuACQ 0.9 software provided by the Suits group.*’
The three-dimensional velocity distributions were determined
from the two-dimensional image using the BASEX program™®
and then converted to e"KE, calibrated against the well-known
PE spectrum of O,~.*” The pBASEX code was used for image
reconstructions, which are included in the Supporting
Information, because it avoids centerline artifacts.>

The e"KE is dependent on the detachment photon energy,
hv, via

¢ KE = hv — EA — EJ5™™ + El°"

int int

(1)

Where EA is the neutral electron affinity, EX*™ is the internal
(electronic, vibrational, rotational) energy of the neutral
state(s) accessed via photodetachment, and El°" represents
the internal energy of the anions. The instrumental resolution,
Ae"KE/e"KE is 2.5%. The spectra presented below are
plotted against e”BE, which is independent of the photon

energy used:

e BE = hv — e KE ()

The e BE values are the energies of the final neutral state(s)
relative to those of the initial anion state.

2.2. Computational Details. The molecular structures of
neutral and anionic substituted benzenes, hexafluorobenzene,
pentafluorobenzene, 1,2,3,4-tetrafluorobenzene, 1,2,3,5-tetra-
fluorobenzene, and 1,2,4,5-tetrafluorobenzene, were calculated
using the Gaussian 16 suite of electronic structure
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calculations.”’ The structures of each were optimized using
DFT, specifically the Becke, 3-parameter, Lee—Yang—Parr
(B3LYP)*” functional, and the aug-cc-pVTZ basis set. This
method was selected because results are readily compared with
those reported by Driver and Jena™ on substituted benzenes,
who aptly justified the method for determining the EAs of
these species, pointing out that their results were in reasonable
agreement with CCSD(T) for determining the (negative) EA
of benzene.”> We verified that minimum energy structures
were determined for the doublet states of the anion and the
singlet ground states and triplet excited states of the neutrals
by ensuring no imaginary vibrational frequencies.

To directly compare the computational results with the
experimental results, the EA of each neutral was computed as
the difference between the zero-point-corrected energy of the
optimized neutral and the corresponding optimized anion.
Similarly, the adiabatic detachment energies (ADEs) associated
with transitions to triplet excited states of the neutrals, which
would be accessible via photodetachment of the doublet state
of the anions given sufficient photon energy, were computed
for pentafluorobenzene and hexafluorobenzene. The ADE
value corresponds to the transition origin.

An additional point of comparison, particularly in the case of
broad, vibrationally unresolved detachment bands (vide infra),
is the VDE. This is the energy at which the vibronic manifold
has maximum intensity due to the largest Franck—Condon
overlap between the initial anion and final neutral state. The
VDE is calculated as the difference between the electronic
energy of the neutral confined to the optimized structure of the
anion, and the electronic energy of the optimized anion.

For vibrationally resolved spectral transitions typical of
similar anion and neutral geometries, we can use computed
structures, vibrational modes, and vibrational frequencies to
simulate the vibrational manifold of a detachment transition
using home-written codes.”® For broadened spectra with no
resolved vibrational structure, simulating the spectra based on
computed spectroscopic parameters is less informative.
However, broadened manifolds consistent with ADE and
VDE values can be used to graphically view the consistency
between the computed structures and experimental data. For
this study, we generated spectral simulations adhering strictly
to the computed parameters. The simulations are done
assuming a vibrational temperature of 300 K, and the
simulated lines are convoluted with the e KE-dependent
experimental resolution. These thus-simulated bands are
included in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. PE Spectrum of the Pentafluorobenzene Anion
and Comparison to the Hexafluorobenzene Anion
Spectrum. The PE spectrum of C;HF;~ shown in Figure la
obtained using both 3.495 eV photon energy (blue trace) and
2.330 eV photon energy (green trace) shows a broad
transition, labeled X. The appearance of band X is due to
extended and congested vibrational progressions and combi-
nation bands and indicates that the structure of the anion is
significantly different from the known, planar C,, structure of
the neutral. Identification of the origin of the molecule is
inherently difficult: the broadness of this transition raises the
possibility that there is negligible intensity (i.e., negligible
Franck—Condon overlap) at the origin. However, the onset of
electron signal, defined here for consistency as at a level five
times the baseline signal-to-noise level, is 0.53 + 0.05 eV, and
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Figure 1. Anion PE spectra of (a) pentafluorobenzene and (b)
hexafluorobenzene obtained using 2.330 (532 nm, green trace) and
3.495 eV (355 nm, blue trace).

the VDE is 1.33 + 0.0S eV. These values are in fair agreement
with our computed EA and VDE values, 0.43 and 1.45 €V,
respectively. The computed and experimental EA and VDE
values are summarized in Table 1.

We note that band X in the spectrum of C¢HF;~ obtained
using 2.330 eV approaches baseline at e”BE > 2.2 eV, while in
the spectrum obtained with 3.495 eV plateaus. While we do
not have a firm explanation for this difference, this may be due
to autodetachment from vibronic levels of excited states of the
anion embedded in the detachment continuum and accessed
with 3.495 eV photon energy. A similar effect was observed in
other reported PE spectra of C4Fs~.>"**

The PE spectrum of CiFs~ shown in Figure 1b was
measured previously in our group using a different instru-
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Table 1. Results of Density Functional Theory Calculations On the ADE and VDE Values Calculated for Hexafluorobenzene,
Pentafluorobenzene, and the Three Constitutional Isomers of Tetrafluorobenzene®

caled 'A ->A EA/VDE exp. ADE/VDE
molecule (ev) (ev)

hexafluorobenzene 0.72/1.56 0.76(6)/1.60(5)
pentafluorobenzene 0.43/1.45 0.53(2)/1.33(5)
1,2,34- 0.13/0.98

tetrafluorobenzene
1,2,3,5- 0.004/0.63

tetrafluorobenzene
1,2,4,5- —0.10/-0.03

tetrafluorobenzene

caled 3A-2A ADE

EA/VDE Davis et al. EA/VDE Drivcir and Jena

(ev) (ev)” (ev)”
3.67 0.50/1.47 0.75/1.80
3.52 0.42/1.29 0.45/1.67
0.01/1.22
—0.17/0.28

“Ref 37, using EOM-CCSD(T)(a)*. bRef 29. “Experimental results from this study are included for comparison as well as computed results

previously reported by Driver and Jena.””

ment™ and by others,”>>>** and is shown here for direct

comparison with the spectrum of C;HF;™ obtained using the
same instrument and under the same ion source conditions.
The onset of electron signal in band X of our spectrum, which
again approximates the EA, is 0.76 + 0.05 eV, and the VDE is
at 1.60 + 0.05 eV. These values compare favorably to our
computed values, 0.72 and 1.56 eV, respectively (Table 1), as
well as the previously reported values.’’>* While no fully
resolved vibrational structure is observed in the spectrum, both
the spectra obtained using 2.330 and 3.495 eV show a shoulder
progression on the low e BE edge of the spectrum, indicated
by dashed black lines which are spaced by 1520 cm™ (we do
not ascribe an error to this spacing, since the shoulders could
results from a convolution of progressions in several modes
with similar frequencies). This value is close to the 1493 cm™
a;, C—F stretch of CgFg.”” This partially resolved feature was
not observed in previously reported spectra.”’’~>*

The PE spectra of C;HFs~ and C4F4™ are very similar in
profile, with a modest difference in e”BE and ADE values.
However, the spectrum of C¢HF;™ also exhibits a transition at
the high-e"BE edge of the spectrum obtained using 3.495 eV,
labeled “A.” There are several potential explanations for band
A. First, the transition from the doublet anion to the lowest
lying triplet state of C¢HF; is computed to be 3.52 eV (Table
1) raising the possibility that band A is the low-e BE edge of
the transition to the triplet neutral. A second explanation is
that the 3.495 eV photon could be resonant with an excited
vibronic state (or manifold of vibronic states) of the C;HF~
anion, which could then undergo thermionic emission,“’57
yielding electron signal at low e"KE (high e BE). A third
explanation is that the signal is due to the pentafluorophenide
anion; the resolution of the mass spectrometer operating with
settings necessary to generate sufficient ion signal to acquire
the spectrum was not sufficient to fully separate m/z values of
167 and 168 (vide infra). The computed EA of the
pentafluorophenyl radical (-C¢F;) was reported elsewhere to
be 3.22 eV,*® which is in good agreement with the observed
signal.

An analysis of the photoelectron angular distributions
gleaned from the PE images eliminates one of these possible
explanations. Plots of the PADs for bands X (solid blue circles)
and A (gray diamonds) in the PE spectrum of C4HF~
obtained using 3.495 eV photon energy are shown in Figure
2a, and the same for band X (solid blue circles) in the PE
spectrum of C4F4~ is shown in Figure 2b. In addition, the
PADs of band X obtained with 2.330 eV photon energy are
included (open green circles) in both panels. To determine the
PADs, slices through the reconstructed images at different
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Figure 2. Integrated band intensities obtained from slices of
reconstructed PE images as a function of angle relative to the electric
field polarization vector of the detachment laser for (a) C¢HF;~ and
(b) C¢Fs . Integrated intensities from PE images obtained using 2.330
eV photon energy are indicated by open green circles, those from PE
images obtained using 3.495 eV photon energy are indicated by solid
blue circles. In the case of (a) C4HF;™, the high e BE feature (A)
observed in the 3.495 eV spectrum is indicated by gray diamonds.
The red dashed curves in both panels is a cos26 curve.

angles relative to the axis defined by the electric field vector of
the laser were plotted (these plots are included in the
Supporting Information), and the normalized integrals of the
electronic transitions as a function of angle were determined
graphically.

To interpret these PADs, we invoke Zare’s expression of
laboratory frame direct photodetachment,59

do _ o 1+ £(3c0529 -1)
dQ  4n 2
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Figure 3. Molecular structures calculated for C{HF; and C4F4 neutrals and anions, in addition to isosurfaces of the singly occupied molecular
orbital (SOMO) of both anions (isovalue = 0.02). Details on all bond lengths and dihedral angles are included in the Supporting Information.

in which ¢ is the total photodetachment cross section, ;—; is the

differential cross section with respect to the solid angle (dQ =
sin 8d6), 0 is the angle relative to the electric field vector of the
laser, and f is the anisotropy parameter that can assume values
between —1 and 2. The f value, in atomic systems, is governed
by the symmetry of the orbital associated with the detachment
and conservation of angular momentum.®”®" For example,
detachment from s-orbitals (I = 0) yield photoelectrons with !
= 1 (p-wave), which would be have 8 = 2, or parallel (cos*0)
PADs.

In the case of the spectra of CqHF;™ and C¢F,~, the PADs
shown in Figures 2ab follow a cos’@ curve, which is
superimposed as a red dashed line on the plots. The
detachment transition clearly yields p-wave photoelectrons.
The PAD band A in the spectrum of C4HF;™ rules out the
possibility that it is due to thermionic emission, which would
exhibit an isotropic PAD.

We now consider the molecular and electronic structures
predicted by the calculations for a fuller analysis of the spectra.
As noted above, the computed EA and VDE values are in good
agreement with the observed broad spectra. The breadth and
congestion of the transitions can be further understood from
the molecular structures of the anion and neutral, shown in
Figure 3. As expected, the neutral C;HF; and C¢F structures
are predicted to be planar, with C,, and Dg, symmetries,
respectively. In contrast, the anions of both are nonplanar, with
C¢HF;™ having C, symmetry and C¢F¢~ having C,, symmetry.
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Full details on the structures are included in the Supporting
Information, but the main structural differences between the
anion and neutral structures are shown in Figure 3. In C¢HF;~,
the C—F bond para to the C—H bond is predicted to be
elongated by more than 0.1 A relative to that of the neutral.
The Cg ring in the anion is nearly planar, but this unique C—F
bond is bent 34° out of the plane. The remaining C—F bonds
are bent 12° from the plane in the opposite direction. Other
less significant structural differences include modest changes to
all C—C bondlengths (some being longer in the anion, some
being shorter) and the C—F bonds situated ortho- and meta-
relative to the C—H bond (elongated by 0.04 A relative to the
neutral).

Similarly, the Cq ring in C¢F¢™ is nearly planar, with two C—
F bond situated para to one another bent 21° out of the plane,
with the remaining four C—F bonds bent 7.5° in the other
direction. The C—F bonds are predicted to be 0.045—0.062 A
longer in the anion than the neutrals.

For both molecules, the structural differences would result in
extended vibrational progressions in multiple out-of-plane
bend modes, C—F stretch modes, and, to a lesser extent, ring
distortion modes. The Supporting Information includes a full
listing of all the neutral and anion vibrational frequencies and
the calculated mass-weighted normal coordinate displace-
ments, along with simulations based on the computed
frequencies and normal coordinate displacements. The
simulated spectra are broad and congested, though less
broad than the observed transitions. This is likely due to a
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limitation of our simulation codes, which make several
assumptions that are not valid for large changes in structure
upon photodetachment (normal modes, harmonic oscillator
wave functions, parallel mode approximation) and potentially
due to vibronic coupling. However, again, the computed VDEs
are in very good agreement with the experimental spectra.

Reconciling PADs with detachment of polyatomic anions
with lower symmetry has been detailed by Khuseynov et al.*
and Sanov,® who invoked the Koopman’s theorem approach
and considered the atomic orbital contributions to the
molecular orbital associated with the detachment transition.
While we do not attempt to fully decompose the singly
occupied molecular orbital (SOMO) of the two anions
targeted in this study, the anions’ SOMO isosurfaces (isovalue
= 0.02) shown in Figure 3 can be qualitatively reconciled with
the observed PADs. Despite both C{HF;™ and C4F¢~ having
symmetry lower than that of their neutral counterparts, their
respective SOMOs both have significant C—F ¢* character,
with the ¢* bonds radiating nearly symmetrically from the
center of the molecule. The even s-like parity of these orbitals
is consistent with the predominantly p-wave photoelectrons,
i.e., parallel (cos’@) PADs.

The question of the origin of band A in the PE spectrum can
also be addressed here. The triplet neutral state would be
accessed by detachment of an electron from the HOMO-1, a
depiction of which is included in the Supporting Information.
This orbital correlates with one component of the occupied
degenerate 7 orbitals in benzene. We suggest that there would
be differences in the PADs of transitions associated with these
orbitals, which have different symmetries. On the other hand,
the HOMO of pentafluorophenide is an in-plane orbital
localized on what is the radical C center of the neutral, which is
consistent with the observed PAD. Simulations of these two
transitions are included in the Supporting Information and do
not rule out either possible explanation. However, the
computed EA of the pentafluorophenyl radical and the
symmetry of the HOMO of the associated anion are more
consistent with band A than the computed ADE for the
transition to the triplet state of pentafluorobenzene and the
symmetry of the MO associated with the transition.

3.2. Tetrafluorobenzene Anions are not Produced
Using the Photoemission lon source. The electron affinity
of 1,2,3,5—tetrafluorobenzene was calculated to be 0.01 eV by
Driver and Jena.”” The least negative EA predicted by Davis et
al. for 1,2,4,5-tetrafluorobenzene was —0.171 eV with EOM-
CCSD(T) calculations.”” Our own calculations on the three
constitutional isomers of tetrafluorobenzene, summarized in
Table 1, yielded comparable results, with 1,2,3,4-tetrafluor-
obenzene and 1,2,3,5—tetrafluorobenzene predicted to have
positive EAs of 0.13 and 0.004 eV, respectively. 1,2,4,5—
Tetrafluorobenzene has a predicted EA of —0.10 eV.
Considering the DFT functional used in this study systemati-
cally overstabilizes higher spin states relative to lower spin
states,** accounting for this systematic error by the typical 0.1
to 0.3 eV correction could result in a negative EAs for all three
isomers.

Our inability to generate C¢H,F,” from any of the three
constitutional isomers of tetrafluorobenzene seeded in the He
carrier gas under the same source conditions as those used to
produce C¢HF;™ and C¢F4~, while not definitive, is consistent
with negative EAs for all constitutional isomers of C¢H,F,.
Anions could only be generated with higher laser fluences in
the photoemission source, which leads to molecular
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fragmentation.” Mass spectra of anions generated from all
three C4H,F, isomers, along with CHF; and C¢Fg are shown
in Figure 4. Figure 4a—c specifically shows the mass
distributions from (a) 1,2,3,4-, (b) 1,2,3,5-, and (c) 1,2,4,5-
tetrafluorobenzene. The m/z 150 position, which would be
consistent with intact C4H,F,", is highlighted by the red lines.
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Figure 4. Mass spectra of anions generated from (a) 1,2,34-
tetrafluorobenzene, (b) 1,2,3,5-tetrafluorobenzene, (c) 1,2,4,5-tetra-
fluorobenzene, (d) pentafluorobenzene, and (e) hexafluorobenzene.
Ions with m/z values of 168 and 196 in panels (d) and (e) are
consistent with intact C;HFs~ and C¢Fg, respectively. The red
vertical line corresponds to m/z 150, consistent with intact C;H,F,~,
which is not observed. The anion of the tetrafluorophenide anion is
observed at 1 unit below m/z 150. Panel (c) adapted with permission
from ref 58. Copyright 2023 American Chemical Society.
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Fragment anions include tetrafluorophenide (blue lines) and
—F loss products down to CiH,”. C;H™ is indicated by the
green line to show the full range of fluorine loss in all three
cases. While a detailed analysis of the fragmentation and C-
addition products is beyond the scope of this report, a full
computational analysis of the fragmentation channels for this
and other molecules in the C{Hg F, series is in progress.

A series of fragment anions formed by F-loss are observed in
the mass spectra from the pentafluorobenzene [Figure 4d] and
hexafluorobenzene [Figure 4e] samples, with the intact
C¢HFs~ and C¢Fs~ ions dominating the respective mass
spectra, further demonstrating that electron attachment to the
intact molecules can be achieved with this ion source for
species with positive EAs.

3.3. Evolution of Electronic Structures with F-
Substitution. As the computational results are reasonably
reconciled with the PE spectra CqHF;™ and C¢F,~, as well as
the absence of C4H,F,”, we look more deeply at the
calculations to consider how the electronic structures of
these neutrals and anions evolve with sequential fluorination
and what features enable the binding of an electron.
Experimentally, the difference in e™BE observed for C4F4~
and C¢HF;™ is modest: the onset of electron detachment
decreases from e™BE = 0.76 to 0.53 eV. This raises the
question of why the decrease in fluorination from C4HF; to
C¢H,F, is accompanied by a decrease in EA of more than 0.53
eV, considering that there are certainly electron-deficient C
centers in the benzene ring in the three unique C4H,F,
isomers.

Fuhrer et al. recently described the evolution of the =&
systems in fluorinated benzenes.”> Each E-substitution on
benzene is associated with an additional C—F 7z bonding
orbital that lies energetically lower in energy than the other six
7 orbitals (including the C—F z* orbital), the latter of which
correlates closely to the six 7 orbitals of unsubstituted benzene.
In forming a negative ion, the excess electron typically occupies
the LUMO of the neutral precursor. In benzene, for example,
the LUMO is the degenerate e,, (7, 75) orbital. The lowest
lying temporary anion of benzene is associated with the fleeting
occupation of an electron in an e,,, or 7, orbital (degeneracy
also fleetingly broken).””

With this in mind, we consider the LUMOs of neutral CFq,
C¢HF;, and C4H,F, as well as the singly occupied MOs
(SOMOs) of the respective anions. Figure S shows the
SOMOS for the C4H,F,™ isomers along with the SOMOs of
C¢HF;™ and C4F4™ noted above and in Figure 3 but oriented
for comparison with the other orbitals shown in Figure 5. The
lowest unoccupied molecular orbital (LUMO) and the LUMO
+ 1 for the associated neutrals are also shown above the anion
SOMOs on a relative energy scale (all relative to the neutral
C.F; LUMO).

We first consider the LUMO and LUMO + 1 of all neutral
molecules in this study. What is immediately obvious is that
the LUMO of neutral C4Fg does NOT correlate to the z,
orbital of benzene (the neutral LUMO + 1 does). Rather, the
LUMO can be described as the in-phase a;, C—F ¢* orbital,
which, because of the partial ionic character of the C—F bond,
is predominantly sp* C orbitals, antibonding with respect to
the less predominant F 2p orbitals. In contrast, the LUMOs of
C¢HF; and the three constitutional isomers of C¢H,F, do
resemble the 7, orbital (note that except for CFq, the
degeneracy of the 7, and =5 orbitals is broken, and only the
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Figure S. Depictions and relative energies of the two lowest energy
unoccupied molecular orbitals (LUMO, LUMO + 1) the hexa-,
penta-, and tetrafluorobenzenes included in this study. In the case of
the 73 and 7, orbitals in both penta- and tetrafluorobenzene, these
orbitals are not degenerate, and only one of the two orbitals

correlating to the z; orbital in hexafluorobenzene is shown for
simplicity. The 7, orbital is close in energy in all cases.

lower energy of these two orbitals is shown here, for the sake of
simplicity).

The neutral LUMO and LUMO+1 orbitals shown in Figure
S are color coded to readily distinguish between the C—F ¢*
orbitals (orange lines) and the 7, orbitals (blue lines). The
energy of the 7, orbitals does not change significantly with
fluorination, but the C—F o* orbitals are stabilized with
fluorination. In neutral C¢HFg, the 7,-like LUMO is very close
in energy to the C—F ¢ LUMO + 1 orbital, the latter of which
is similar to the LUMO of C¢Fy, except that the C sp® “ring” is
interrupted by the C—H bond. The C—F ¢* LUMO + 1
orbitals in neutral C;H,F, can be described in similar C—F ¢*
terms. The energies of the LUMO + 1 orbitals in the three
different constitutional isomers are similar, but the 7,-6* gap is
the largest for 1,2,4,5-tetrafluorobenzene.

We now reconsider the isosurfaces of the SOMOs computed
for the anions of each species. As shown in Figures 3 and §,
both C¢Fs~ and C4HF;™ are predicted to have nonplanar
structures, which indicates mixing of in-plane ¢* and out-of-
plane z,* orbitals. The 1,2,3,4- and 1,2,3,5-tetrafluorobenzene
anions also exhibit some m,-6* mixing, with modestly
nonplanar structures. In contrast, the 1,2,4,5-tetrafluoroben-
zene anion is predicted to be planar, and consequently, the
SOMO is identical to the LUMO of the neutral.

The computational results suggest the following: while the
electron-withdrawing action of the —F substituents enables the
most fluorinated benzenes to form stable anions, the stability
of the anion is enhanced by delocalization of the excess charge
in the SOMO. In C4F4 and C4HF;, the excess charge is further
stabilized by the low cost (energetically) of mixing the 7, and
o* orbitals enabled by distortion to a nonplanar structure,
which results in an SOMO with less antibonding character.
This orbital mixing is more energetically costly for tetra-
fluorobenzene because the o* is less delocalized around the
ring, and therefore higher in energy. The (temporary) anion of
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the isomer with the highest 7, - 6* energy interval remains
planar. This isomer is calculated to have the most negative EA.

To summarize, the electron withdrawal from the Cg ring and
the availability of low-energy, delocalized LUMO and LUMO
+ 1 orbitals are both at play in the ability of F-substituted
benzenes to form a valence-bound anion. A test of this
inference would be mixed hexahalobenzenes, e.g., chloro-
pentafluorobenzene, in which the difference between the C—F
and C—Cl bonds could result in a changing energy interval
between the C-X o* orbital and the z, orbital relative to
hexafluorobenzene. These studies are currently underway.

On a final note, the inability to produce C¢H,F,” with the
ion source used in this study does not definitively rule out a
very small but positive EA for any of the constitutional isomers.
A gentler ion production technique such as Rydberég electron
transfer demonstrated by Bowen and co-workers,”*™®® may
indeed provide a more definitive answer.

4. CONCLUSIONS

To measure the relationship between fluorine functionalization
of benzene and EA, the new PE spectrum of the
pentafluorobenzene anion was obtained compared to the
hexafluorobenzene anion PE spectrum obtained under the
same experimental conditions. Attempts to produce tetra-
fluorobenzene under identical conditions were unsuccessful,
with the tetrafluorophenide anion produced under higher-
energy ion source conditions.

An upper limit on the EA of pentafluorobenzene was
determined to be 0.53 + 0.0S eV based on the onset of
electron signal observed in the PE spectrum, and the VDE was
determined to be 1.33 + 0.05 eV. The PE spectrum of
hexafluorobenzene was in good agreement with previously
published spectra. Further, DFT calculations presented here
were in agreement with previously published calculations as
well as the experimental PE spectra of both penta- and
hexafluorobenzene anions. The calculations predict marginally
positive EAs (0.004 eV and 0.013 eV) for two constitutional
isomers of tetrafluorobenzene and a negative EA of —0.10 eV
for the third. Taking into account the computational method’s
systematic overstabilization of higher spin states (i.e. the
doublet anion) relative to lower spin states (i.e., the singlet
neutral), the computational results are consistent with the
inability to produce the tetrafluorobenzene anion.

Based on the calculations, the features of the electronic
structures of these species and how they enable or disfavor the
formation of a stable anion were considered. Calculations
suggest that the LUMO of the hexafluorobenzene neutral is the
in-phase C—F o™ orbital, rather than the orbital correlating to
the e,, (m, 7y degenerate pair) LUMO of unsubstituted
benzene. The C—F ¢* orbital has large contributions from the
in-plane C sp® orbitals and is delocalized symmetrically about
the benzene ring. The comparable C—F o* orbital in
pentafluorbenzene is interrupted at the C—H center but is
still low-lying and is predicted to be energetically close to and
just above the m, orbital. The C4Fs and C¢HF; anions are
calculated to be nonplanar, and the SOMO of both anions are
C—F o* - &, hybrid orbitals. For tetrafluorobenzene, the C—F
o* is less delocalized and is significantly higher in energy than
the 7, orbital, increasing the cost of hybridization. Therefore,
while tetrafluorobenzene has electron-deficient C-centers, the
mechanism for stabilizing excess charge is energetically more
costly in tetrafluorobenzene than in penta- and hexafluor-
obenzene.
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