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Abstract

Anions formed by the perhalobenzene series

CeCl,»Fe_n (n = 0 — 6) are studied computa-

tionally. All members of the series form both

stable valence and stable non-valence anions.

At the geometry of the neutral parents, only

non-valence anions are bound, and the respec-

tive vertical electron affinities show values in

the 20 to 60meV range. Valence anions show

distorted non-planar structures, and one can

distinguish two types of conformers. A-type

conformers show puckered-ring structures and

excess electrons delocalized over several C-Cl

bonds [in case of CgF,, C-F bonds], while B-

type conformers possess excess electrons essen-

tially localized in a single C-Cl bond, which

is accordingly strongly stretched and bent out-

of-plane. For a specific anion, all conformers

are close in energy (relative energies of less

than 10kJ/mol) and are connected by low-lying

transition states. Accordingly, A-type and B-

type conformers possess similar adiabatic elec-

tron affinities, however, their vertical detach-

ment energies exhibit drastically different val-

ues, which should ease conformer distinction in

photoelectron spectroscopy.

1 Introduction

Small organic molecules such as ethylene, bu-

tadiene, benzene, or phenol normally cannot

bind excess electrons permanently, but form

only temporary anions.’ ? Exceptions occur in

the presence of at least one strongly electron-

withdrawing group, that is, a group with strong

negative inductive (-I) and negative mesomeric

(-M) effects. For example, acetaldehyde forms

a dipole-bound anion,*°® nitromethane forms

both a dipole-bound and a valence anion,’®

and para-benzoquinone forms a stable valence

state.?

In comparison with NO, or CHO groups,

halogen atoms possess far weaker electron-

drawing properties: Halogen atoms show

smaller -I effects, and, in contrast to NOg or

CHO, a positive mesomeric (+M) effect. Conse-

quently, several halogen substituents are needed

to support bound anion states. For example,

only trichloromethane and tetrachloromethane

form stable anions—chloromethane and

dichloromethane do not.'® The same is true

considering ethene: Chloroethene does not

form stable anions, and only the ipso substi-

tuted dichloromethane possess a positive elec-

tron affinity. 't Comparing fluorine and chlorine,

known electron affinities suggest that chlorine

substituents promote anion formation more

strongly than fluorine substituents. For ex-

ample hexachlorobenzene possesses an electron

affinity roughly twice as large as hexafluoroben-

zene.'!!2 Another, perhaps more striking ex-

ample is CCl,, which shows an electron affinity

of about 0.8eV,!° while CF, forms only tempo-

rary anions. !°

In a combined experimental and theoreti-

cal study, we recently considered anion for-

mation trends in the fluorobenzene series



CeHo_nF pn, * 1 and our studies show that CgF¢

is an outlier of both the CgHg_,F, (n = 0-6)

and the CgFsX (X=F, Cl, Br, I) series. On

the one hand, the [Og-CgF¢]~ photoelectron

spectrum was found to be shifted to substan-

tially higher electron-binding energies than the

n <5 spectra suggesting much stronger inter-

actions and charge delocalization between OF

and CF. !* On the other hand, the excess elec-

tron of CgFs shows a delocalized binding motif,

while for X=Cl, Br, I, the excess electron lo-

calizes in the C-X bonds. !"18

Here we extend our work by systematically

replacing all F atoms of CgF¢ by Cl, in other

words, we investigate the perchlorofluoroben-

zene CeCl,Fe¢_, series with a focus on trends

in anion structures and electron-binding prop-

erties. Four members of the Cg¢Cl,,F6_,, se-

ries have been considered previously. ‘The

hexafluorobenzene anion received most atten-

tion and was studied by many different means

(see e.g.'*1619°22)" Let us emphasize the var-

ied history of electron affinity measurements

described in Ref.’ and the interaction be-

tween its valence and its non-valence states de-

scribed in Ref. 7? The valence electron affin-

ity of CgClg was investigated experimentally”?

and theoretically’? , and its non-valence state

was examined in Ref. 24 Electron binding to

chloropentafluorobenzene and its bromo and

iodo analogs was studied in solution and in

the gas phase,!”!®?° and the branching ra-

tio between thermal electron attachment and

various dissociative attachment reactions was

measured for chloropentafluorobenzene and 1,3-

dichlorotetraflurobenzene. 7°

The paper is organized as follows: Section 2

describes the theoretical approaches employed.

Method-related results as well as trends regard-

ing anion structures, vertical electron affinities,

adiabatic electron affinities, and vertical de-

tachment energies are presented in section 3.

Section 4 summarizes our results and discusses

their impact in the light of photoelectron spec-

troscopy.

2 Theoretical Methods

We follow mainly the computational proto-

cols established in ref.!° Minimal energy struc-

tures of 13 neutral CgCl,,F¢_,, compounds and

their associated anions are identified using the

density functional (DF) methods wB97X?"

(a range-separated hybrid functional) and

B2GPLYP”* (a double hybrid functional) in

combination with the Ahlrichs def2-TZVPPD

basis set.?? For all minima, vibrational frequen-

cies were computed using both DF's, while elec-

trostatic properties of the neutral compounds

(dipole and quadrupole moments) were com-

puted only with the wB97X DF.

Anions of several CeCl,F¢_,, halobenzenes

possess two or more conformers. For several

prototypical cases, the minimal energy path

(MEP) connecting the conformer structures

was computed using the nudged elastic band

(NEB) method,*® which yields a set of struc-

tures (images) along the MEP. Transition states

were then optimized starting from the highest

image, and the nature of the predicted transi-

tion states was confirmed by computing vibra-

tional frequencies.

At a fundamental level, the electron binding

properties of a molecular system can be char-

acterized by three values: ‘The vertical electron

affinity (VEA) of the neutral, the vertical de-

tachment energy (VDE) of the anion, and the

adiabatic electron affinity (AEA) (see Fig. 1).

The VEA is the energy difference between an-

ion and neutral evaluated at the geometry of

the neutral. A positive VEA indicates that the

anion can bind an electron without geometry

distortion, a negative VEA refers to so-called

temporary anions or resonance states, which

require special methods.*!? The VDE is the

same energy difference, however, evaluated at

the geometry of the anion (Fig. 1). A posi-

tive VDE implies that the anion is at least. lo-

cally bound, while a negative VDE again indi-

cates a resonance state. For a bound anion, the

VDE is loosely related to the peak of the pho-

toelectron signal through the Franck-Condon

principle. Last, the AEA is yet. again the en-

ergy difference between anion and neutral, but

both neutral and anion energy are evaluated



at their respective minimum energy structures

(Fig. 1). In this context, it is understood that

two related minimal energy structures are con-

sidered in the sense that adiabatic relaxation

of a detached anion would lead to the neutral

structure. This energy corresponds in principle

to the onset of the photoelectron signal, while

the practical onset is impacted by the intensi-

ties of the low-energy transitions in comparison

with the background level. Alternatively, the

AEA can be defined as the difference between

the most stable neutral and most stable anion

structures, but this definition may lead to un-

related minima and therefore experimentally ir-

relevant AEA values.
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Figure 1: Schematic potential energy curves of

a neutral (dark blue) and its associated anion

(maroon), where @ is a coordinate connecting

the minima of the neutral and the anion. The

arrows represent—from left to right—the AEA,

the VEA, and the VDE (without zero-point cor-

rections). The schematic curves shown corre-

spond to a neutral possessing strongly electron-

withdrawing groups so that both the VEA and

the AEA are positive (see text).

The VEA of small organic molecules is

normally negative, indicating that occupa-

tion of the lowest unoccupied valance or-

bital yields an unstable temporary state. Ex-

ceptions occur if several strongly electron-

withdrawing groups are present, for example,

for nitrates or quinones, but the chlorofluo-

robenzene molecules considered here are no ex-

ception from this trend. Still, all halobenzenes

considered form stable non-valence states with

VEAs in the 10 to 100 meV range. These states

have already been characterized for CgFg and

CeClg (see refs*?**), and to establish trends, we

compute the non-valence VEA of all 13 neutral

CeCl, Fg_,, compounds using the third-order

algebraic diagrammatic construction method

(ADC(3)) and the aug-cc-pVTZ basis set aug-

mented with a (7s7p7d) set of diffuse func-

tions located at the center of the six-membered

ring (/-independent even-tempered exponents

between 0.05 and 0.00001221; even-scaling fac-

tor 4).

In contrast to the VEA, the VDE and

AEA values are all associated with valence

states. Thus, on the one hand, VDEs and

AEAs can be directly calculated from the

wB97X and B2GPLYP total energies. On

the other hand, we have computed VDEs

and AEAs from single-point energies obtained

from domain-based local-pair natural-orbital

coupled-cluster calculations with single, double,

and non-iterative triple substitutions (DLPNO-

CCSD(T)).°° In the DLPNO-CCSD(T) com-

putations, tight thresholds were applied for all

cutoff parameters: 10~" for the pair natural-

orbital (PNP) occupation number cutoff, 10~?

for the estimated pair correlation energy cut-

off, 5- 107° for the PNO domain construction

cutoff, and 107° for a cutoff controlling the

local fit (see the manual of the ORCA pack-

age®43°). While VDEs are straightforward dif-

ferences of electronic energies, zero-point en-

ergy (ZPE) corrections have been applied to the

AEA values using either wB97X or B2GPLYP

ZPEs as appropriate for the considered geome-

tries. We note that this computational protocol

doesn’t yield benchmark electron affinities, but

comparison with known experimental electron

affinities shows that the predicted values can be

expected to slightly underestimate VDEs and

AEAs by between 0.leV and 0.2eV. However,

trends along the C¢Cl,,F¢_,, series are expected

to be reproduced faithfully.

The Q-Chem package®® (version 6.0.1) was

used for ADC(3) computations; all other com-

putations have been performed with the ORCA

package of programs (version 5.0.4).°4



3 Results and Discussion

In this section we consider anions formed by the

C6Cl,Fe_n series of halobenzene compounds

with special emphasis on anion structures and

trends in the electron binding properties. Re-

garding the neutral halobenzenes, for n =

0,1,5, and 6 chlorine atoms, only a single iso-

mer exists. In contrast, for each of n = 2,3,

and 4, there are three isomers, leading to a to-

tal of 13 different CgCl,Fs_,, compounds. The

geometrical structures of these compounds and

the numbering scheme used in this article are

shown in Fig.2. All neutral molecules are pla-

nar and show symmetries consistent with their

substitution pattern (geometries are supplied in

XE HX
$f OX Oe

aE AEA
SAK OX

Figure 2: Geometrical structure and number-

ing scheme of 13 CCl, Fe_, halobenzene com-

pounds. Fluorine and chlorine atoms are indi-

cated as blue and green balls.

Before considering electron binding proper-

ties and anion structures in detail, let us briefly

discuss methods-related results. All presented

electron affinities and relative energies depend

on density functional geometry optimizations.

On the one hand, density functional geome-

tries are used to evaluate DLPNO-CCSD(T)

single-point energies, on the other hand, den-

sity functional frequencies are used to compute

ZPEs. In general, both functionals, wB97X

and B2GPLYP, predict very similar geometries,

in particular, very similar C-C and C-F bond

lengths. ZPEs also differ by a few percent at

most. However, in comparison with wB97X,

B2GPLYP predicts somewhat different C-Cl

bond lengths: In general, B2GPLYP predicts

slightly longer C—Cl bonds than wB97X (differ-

ences of a few thousandths of an A), however,

in anion conformers exhibiting electron localiza-

tion in a single C—Cl bond, the opposite is true,

and for these C-Cl bonds B2GPLYP predicts

distinctly shorter lengths than wB97X (differ-

ences of several hundredths of an A).

The quality of these geometries can be eval-

uated by comparing the associated DLPNO-

CCSD(T) single point energies. For all neu-

tral halobenzenes, DLPNO-CCSD(T) energies

are slightly lower at the B2GPLYP geometries

(differences of up to 1.4kJ/mol) indicating that

the the DLPNO-CCSD(T) structures are closer

to B2GPLYP structures than to wB97X struc-

tures. With the single exception of the Ce Fs

anion, the same is true for halobenzene anions

(slightly larger differences of up to 4kJ/mol).

In comparison with VDEs and AEAs, these

energy differences are negligible, and it does not

matter which geometry is used to evaluate elec-

tron binding properties. Yet, relative energies

of anion conformers show magnitudes of a few

kJ/mol (10kJ/mol or less; see below), and con-

sequently differences in the kJ/mol order be-

come relevant. We therefore present B2GPLYP

geometries and results obtained at these struc-

tures.

A second methodological issue arises in the

context of ZPE corrections. Since anions nor-

mally show much looser structures than their

neutral parents, ZPE corrections of AEAs can

be sustantial (here about 0.leV). ZPE correc-



tions of relative energies of anion conformers

tend to be considerably smaller (a few kJ/mol),

because two anion structures are compared,

which possess identical numbers of electrons oc-

cupying bonding and antibonding orbitals, re-

spectively, and therefore somewhat lower vi-

brational frequencies than the parent neutral.

However, relative conformer energies are much

smaller than AEAs, and their ZPE corrections

have the same order of magnitude as the rela-

tive energies themselves. Note that conformer

energy ordering is independent of zero-point

corrections, but we found one transition state

for which ZPE correction leads to unphysical

results. We attribute this behavior to the har-

monic approximation, because anharmonicities

of low energy puckering modes and modes in-

volving strongly stretched C—Cl bonds can be

expected to be substantial (c.f.'5). Thus, in

the context of transition states connecting an-

ion conformers, we present uncorrected energies

and focus instead on the vibrational frequencies

associated with the normal modes closely cor-

responding to the MEP. The harmonic ZPEs of

these particular modes provide an upper bound

for the true ZPEs along the minimal energy

pathway and can be compared to the barriers

in a meaningful way.

Regarding electron binding properties of the

13 members of the CgCl,,Fe_, series, we start

with the VEA. As normal for organic molecules

in this size range, the 13 compounds do not

form stable valence anions at the geometric

structures of the neutrals—at these geometries,

all valence anions are resonances with finite life-

times. However, all 13 CeCl,Fe_, molecules

form Rydberg-like non-valence anions with elec-

tron binding energies in the 20 to 60 meV range.

For CeFg (n = 0) and CegClg (n = 6), these

anions have previously been characterized??:7+

as correlation-bound states. ?"°> In other words,

electron-correlation is needed to predict a posi-

tive VEA; taking into account electrostatic in-

teractions at the self-consistent field level is in-

sufficient.

The non-valence VEA for all 13 CegCl,Fe_»,

halobenzenes is shown in Fig.3 together with

the electrostatic properties of each compound.

(A table of VEAs is supplied in the SI.) With

VEA [meV] Ww° 6
6

10 = CeClp»Feg—n n=

0122233 3 4 4 45 6

3 4 5 6 7 8 9 1011 12 13

Compound

— = NJ =

Figure 3: VEA of 13 CgCl,Fe_, halobenzenes.

Compound numbers are defined in Fig. 2, and

in addition the number n of chlorine atoms is

indicated. VEA values for isomers with com-

mon n have been connected to guide the eye.

Symbol color indicates dipole moments (purple:

OD; turquoise: 0.25 to 0.29D; green: 0.48 D;

and yellow: 0.55 D), while symbol size indicates

quadrupole moment norms (see text): 2.5 DA

for CsCl (compound 13) to 27DA for CeF¢

(compound 1).

60meV, CeF 6 exhibits the largest VEA, while

the VEAs of Cl-containing compounds vary

noisily between 25 and 45meV. Often, it is pos-

sible to relate non-valence VEAs of a class of

similar compounds to the multipole moments

or their polarizabilities,?°°* * but the series of

CCl, Fe_, seems to lack any strong relation-

ship of that kind. In comparison with typical

moments of dipole-bound state [dipoles in ex-

cess of 2.5 D] or quadrupole-bound states [mo-

ments in the order of 50DAJ, the 13 haloben-

zenes possess only small dipole and quadrupole

moments. Dipole moments range from 0 to

0.55 D (Fig. 3). Quadrupole moments are char-

acterized by a trace-less symmetric tensor, and

symbol size in Fig. 3 corresponds to the Frobe-

nius norm of this tensor (c.f.“*), which ranges

from 2.5DA for CgClg to 27DA for CeF¢. As

Fig. 3 shows, neither dipole nor quadrupole mo-

ments nor their combination can serve as a pre-

dictors for the VEAs of all considered halo-

carbons. Dipole moments show a limited re-

lation with VEA in the sense that for a com-

mon number of chlorine substituents (regioiso-



mers), higher dipoles correspond to higher VEA

(see connected triples in Fig.3). In contrast,

quadrupoles seem essentially unrelated to VEA

even in related groups of compounds. For ex-

ample, CgF¢ shows the largest quadrupole norm

and the largest VEA, but the quadrupole norm

of all Cl containing compounds (2 to 13) varies

considerably, while the associated VEAs remain

fairly constant (35 to 45meV). Moreover, for

Cl containing compounds, large quadrupoles

tend to be associated with relatively low VEAs.

Last, isotropic polarizabilities show the same

lack of relation to VEA: The isotropic polar-

izability grows linearly with the number of Cl

substituents from 483A° for CeF¢ to 1045A?® for

CgCle, while the VEA shows no relationship

with the Cl number.

Let us turn to valence anions of the considered

halobenzenes. All valence anions represent tem-

porary states at the geometry of their neutral

parents (see above); however, at their own mini-

mal energy structures, all neutrals form at least

one stable anion. CeFg is known to possess a

puckered Cy, symmetrical structure where the

excess electron is best characterized as delocal-

ized in antibonding C-F o* orbitals.*° Haloben-

zenes with at least one Cl substituent (n > 1)

also form stable valence anions, but for these

systems the excess electron prefers to occupy

C-Cl antibonding orbitals, and Cl-substituted

anions may form multiple stable conformers.

(See SI for structures of all anion conformers.)

One can distinguish two types of valence an-

ion conformers. A-type conformers are similar

to CgFg—which can be considered an A-type

analog anion—in that the excess electron is de-

localized over several C—Cl bonds. In compari-

son with their neutral parents, C—Cl bonds are

somewhat elongated, and A-type anions show

puckered structures (see Fig. 4 for a typical

example). In contrast, in B-type conformers,

the electron is localized in the antibonding or-

bital of a specific C-—Cl bond. Consequently,

the C—Cl bond in question is strongly elon-

gated and only a single Cl atom is strongly

bent out of plane (see Fig. 4). B-type con-

formers can be said to possess so-called three-

electron bonds:*° Two electrons occupy a bond-

ing o orbital and one electron occupies the as-

sociated anti-bonding o* orbital, which reduces

the bond-order to 1/2.

Figure 4: Structures of neutral halobenzene 11

CeClyF2 (top) and its A-type (middle) and B-

type (bottom) anions. The bond lengths of all

symmetry-unique C-Cl bonds and the angles of

the these bonds with respect to the plane of the

ring are indicated.

All Cl containing CgCl,Fg_, (n > 1) com-

pounds form one or more B-type conform-

ers, one for each symmetry-unique Cl atom.

For example, halobenzene 7 possesses three

symmetry-distinct Cl atoms and consequently

forms three B-type anion conformers. A-type



conformers are less common: Compounds 6, 7,

9, 10, 11, 12 and 13 form A-type anion struc-

tures. It seems several adjacent Cl atoms are

required to form stable A-type structures. The

relative stability of all A and B-type conform-

ers is displayed in Fig. 5. Owing to its lack of

Cl substituents, CgF, can neither form A nor

B-type conformers, however, since it shows a

puckered structure and its excess electron is de-

localized over all C-F bonds, we group it with

the A-type anions. Regarding Cl-containing

C6Cl,Fg_,, (n = 1) anions, A-type and B-type

conformers show very similar energies with dif-

ferences of less than 10kJ/mol. For example,

CCl;F~ forms an A-type and three B-type con-

formers. The A-type conformer is most. stable,

but the three B-type conformers are only 1.8,

3.1, and 5.8kJ/mol higher in energy. As a gen-

eral trend, B-type conformers are slightly more

stable for conformers with n < 4, while A-type

conformers represent the most stable structures

for n = 5 and 6.
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Figure 5: Relative energies of all anion minima

associated with the 13 CgCl,,Fe_,, halobenzenes

shown in Fig. 2. For each compound, the energy

of the most stable anion structure is chosen as

origin. A and B-type minima are indicated by

orange and blue symbols, respectively. Data

computed from zero-point corrected B2GPLYP

absolute energies.

Since there are only minor energy differ-

ences between related anion conformers, and

since these conformers are converted by sim-

ple stretching and bending motions, one may

expect low-lying transition states for conformer

interconversion. We investigated six examples

(Tab. 1): The A-type to B-type interconver-

sions of 9, 11 and 13 as well as the B-type to

B-type interconversions of 6 and 9.

Table 1: Interconversion barriers between

anion conformers of halobenzenes 6 (1,2,3-

trichloro-4,5,6-trifluorobenzene), 9 (1,2,3,4-

tetrachloro-5,6-difluorobenzene), 11 (1,2,4,5-

tetrachloro-3,6-difluorobenzene), and 13 (hex-

achlorobenzene) computed with the NEB

method at the B2GPLYP level. The EF. val-

ues given are relative energies (in kJ/mol) of

both conformers and their connecting transi-

tion state. For comparison, the harmonic zero-

point energies of the modes most closely asso-

ciated with the minimum energy pathway E,

(in kJ/mol) are listed (see text). The anion of

9 possesses two B-type conformers with either

the C(1)-Cl (B-1) or the C(2)-Cl (B-2) bond

being stretched.

compound reactant conformer transition state prod

type E, Ey Ee type

6 B 0.0 0.97 19 B

9 A 6.5 1.9 19 B-1

9 A 6.5 1.9 13 B-2

9 B 00 0.91 19 B

11 A 2.8 2.3 6.2 B

13 A 0.0 2.4 6.4 B

The two investigated B-type to B-type con-

versions are very similar to the rotation barrier

of the central bond of butane. The two min-

ima show energy differences of about 4kJ /mol—

similar to the energy difference of gauche and

anti butane—and the separating barrier trans-

lates into activation energies of about 20 and

15kJ/mol above the most stable conformer—

very similar to the eclipsed conformations of bu-

tane (Tab. 1). For both B-type to B-type con-

versions studied, the transition states b some

similarity with A-type conformers in that the

excess electron is delocalized over two elongated

C-Cl bonds, but the transition states lack the

strong puckering of A-type conformers. Owing

to the small barrier heights, rapid conformer in-

terconversion can be expected at temperatures

as low as 150K.



The barriers of the investigated A-type to B-

type conversions decrease with increasing num-

ber of Cl-substituents. The anion of 9 possesses

an A-type and two B-type conformers, and the

activation energies for the A-type to B-type

interconversions show values between 19 and

6.5kJ/mol. For the anions of 11 and 13 the bar-

riers are considerably smaller, even smaller than

the rotational barrier in ethane: For the anion

of halobenzene 11 the barrier translates into ac-

tivation energies of 3.4 and 6.2kJ/mol, respec-

tively, and for the anion of 13 the activation

energies are 6.4 and 1.6kJ/mol. In particular

the latter activation energy possesses the same

order of magnitude as the vibrational spacing of

the modes connecting the minima, and in the

harmonic approximation the B-type conformer

supports only a single vibrational state. Thus,

at OK the B-type anion of 13 effectively rep-

resents a stable species, but even at tempera-

tures as low as 100K, CgClg can be considered

to have a floppy structure.

Having characterized the anions formed by

the halobenzenes CgCl,Fe_n, we now turn to

their AEAs. An overview displaying the AEA

of all anion conformers can be found in Fig. 6,

and all AEAs are listed in the SI. B-type

conformers are more abundant and possess—

practically independent of Cl-number n—AEAs

in the 0.69 + 0.03eV range. Clearly, the flu-

orine/chlorine substitution pattern in the pla-

nar ring has little impact on the local electron

affinity of the stretched C—-Cl bond. A-type

conformers are less common and show AEAs

in the same order of magnitude as B-type con-

formers (from 0.68 to 0.8leV). However, in con-

trast to the B-type conformers, A-type con-

formers exhibit a clear trend of increasing AEA

with increasing Cl substitution that reflects the

increased stability of A-type conformers with

growing n (compare Figs. 5 and 6).

Last, we examine the VDE trends of the dif

ferent anion conformers (Fig. 7). A-type con-

formers exhibit very similar VDEs in the 1.37 to

1.44eV range, a bit higher than the VDE of the

related CegFg anion. In contrast, B-type con-

formers exhibit considerably larger VDEs rang-

ing from 2.38eV for CgCl, to 2.80eV for CgCIFE

(see Fig. 7 and the table provided in the SI).
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Figure 6: AEA of all anion minima associated

with the 13 CCl, F6_, halobenzenes shown in

Fig.2. A and B-type anions are indicated by

orange and blue symbols, respectively.
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Figure 7: VDE of all anion minima associated

with the 13 CCl, F6_, halobenzenes shown in

Fig.2. A and B-type anions are indicated by

orange and blue symbols, respectively.

The VDE values of B-type conformers show a

noisy trend of decreasing VDE with Cl-number

n. While n itself is a poor predictor for VDE,

the data can be fit surprisingly well with a sim-

ple linear model that codes the substitution

pattern in relation to the strongly elongated C—

Cl in which the excess electron localizes.

VDE= Eo + Cofo + Gmfm + Crt (1)

Here fo, fm, and f, represent the number of

fluorine atoms in the ortho, meta, and para po-

sitions relative to the elongated bond, Eo corre-

sponds to the VDE of CgCl, within the model



(no fluorine substitution), and ¢,, Cm, and Cp

are regression coefficients.

Table 2: Parameter and R? from fitting eq.(1)

to the VDEs of B-type anions. Parameter val-

ues in eV.

OLS LASSO

Fo 2.389 2.418

Co 0.152 0.144

Cm 9.032 0.022

Cp 0.063 0.043

R? 0.996 0.984

We investigated standard ordinary least

squares (OLS) fitting as well as the more robust

least-absolute-shrinkage-and-selection-operator

(LASSO) regression. The results (R? and op-

timal parameter values) are listed in Tab. 2.

Since both regressions show high R? values

above 0.98 and the predicted parameters agree

well with each other, we conclude that over-

fitting is not an issue. The model parameters

show that any fluorine substitution tends to

increase the VDE of a C-Cl bond, but fluorine

atoms in the ortho position exert the great-

est influence by far suggesting that the VDE

variation of B-type conformers is caused by

inductive effects.

4 Conclusions

Anions formed by the halobenzene series of

compounds C.Cl,,F¢_, have been studied. All

13 neutral parents possess planar structures

with symmetries reflecting the respective sub-

stitution pattern, and all neutrals form both

valence and non-valence anions. ‘The valence

anions are strongly bound showing VDEs above

leV and AEAs in the 0.4 to 0.8eV range. How-

ever, at the geometries of their neutral par-

ents, all valence anions are unstable and repre-

sent short-lived temporary states. In contrast,

non-valence states are stable at the neutral ge-

ometries, and the VEAs of the halobenzene are

hence associated with non-valence states.

Before discussing our results, let us reiterate

that the employed computational protocols pro-

vide good—but not benchmark—quality elec-

tron binding energies.‘ We therefore focus on

trends—not on individual values. For exam-

ple, comparison with the known AEAs of CeF',

C.ClFs, and CgCle shows that the computed

electron affinities of valance states are under-

estimated by 0.05 to 0.15eV. Since VDEs re-

fer to the same two states, one may expect

systematic errors in the same order of magni-

tude. VEAs, on the other hand refer to non-

valance states, and the errors of the ADC(3)

method are much smaller [in extreme cases go-

ing beyond ADC(3) by including triples with

a method such as EOM-CCSDT may increase

the computed values by 10%?*4°]. In contrast,

the employed protocol is expected to yield re-

liable results for the relative energy of isomers,

because systems with the same number of elec-

trons and with similar electronic structures are

compared.

The non-valence VEAs of the 13 haloben-

zenes have been investigated with the third-

order propagator method ADC(3). Typical for

non-valence states of molecules without signif-

icant dipoles,***° all VEAs are predicted to

be smaller than 100meV. CegF 6 possesses by

far the largest VEA, while the VEAs of all

Cl-containing compounds fall into the 25 to

45meV range. We tried to relate the computed

VEAs to multipole moments and isotropic po-

larizabilities of the neutral molecules, but nei-

ther quadrupole norms nor isotropic polariz-

abilities seem to possess any predictive power.

In contrast, dipole moments predict the order

of the VEA within a family of CgCl,Fe_, iso-

mers with common number of Cl substituents

(for either n = 2, n = 3, orn = 4). It

might be possible to develop predictive mod-

els based on quadrupole or polarizability ten-

sors, but the current set of compounds is too

small to explore this possibility. We conclude

that close-range interactions with the neutral

core are more important than the asymptotic

molecule-electron interactions, and that non-

valance anions of the CgCl,,F6_,, series are best

characterized as correlation-bound states. 7°74

In addition to the weakly-bound non-valence

states, all members of the CgCl,, Fg_, form sta-

ble valence anions. Two types of valence anion



can be identified: A-type conformers are char-

acterized by excess electrons delocalized over

several C-—Cl bonds, while B-type conformers

possess excess electrons essentially localized in a

single specific C—Cl bond. Accordingly, A-type

anion conformers show structures with several

stretched and bent out-of-plane C—Cl bonds

that are closely related to low-lying puckering

modes of their neutral parents. We note that

the valence anion of CgF’, can be characterized

as an A-type analog structure. In contrast, B-

type anion conformers show structures with a

single strongly stretched and bent out-of-plane

C-Cl bond, and different B-type conformers

are formed for each symmetry-unique Cl atom

present. In terms of vibrational modes of their

neutral parents, B-type distortions correspond

to linear combinations of several stretching and

puckering modes.

A-type structures require several Cl sub-

stituents, and for n 1 — 3, only a single

A-type conformer exists. Therefore, B-type

structures represent the most stable conform-

ers in this n-range. Halobenzenes with four

Cl substituents (n 4) represent a transi-

tion region with nearly degenerate A and B-

type structures, and, for n = 5, 6, the most

stable structures are A-type conformers. How-

ever, energy differences between anion conform-

ers originating from a single neutral parent are

generally tiny: Relative energies show typical

values of a few kJ/mol, and all relative ener-

gies are predicted to be smaller than 10kJ/mol.

In addition, all anion conformers of a given

neutral can be interconverted through simple

stretching and puckering motions leading to

low-lying transition states with barrier heights

in the same order of magnitude as rotations

about C-C single bonds. At finite tempera-

tures, conformer interconversion is hence ex-

pected to progress rapidly, and for n > 4,

CeCl, Fg_,, compounds are probably best char-

acterized as floppy structures.

For the electron binding properties of the va-

lence anions the following trends emerge. All

Cl substituted halobenzenes show considerably

larger AEAs than CeFs. B-type conformers

generally possess AEAs of about 0.7eV, prac-

tically independent of their neutral parents—a
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value that can be understood as the local elec-

tron affinity of a single C-—Cl bond—in other

words, the particular F/Cl substitution pattern

of the remaining bonds barely affects the AEA

of B-type conformers. In contrast, the AEA

of A-type conformers systematically increases

with the number of Cl substituents; however,

A-type AEAs nevertheless show values close to

their B-type cousins with values ranging from

0.67 to 0.8eV. We conclude that AEAs have lit-

tle value for distinguishing A and B-type con-

formers.

In contrast to the AEAs, VDEs of A-type

and B-type conformers exhibit vastly different

values and trends. A-type VDEs are close to

1.4eV—not much higher than the VDE of the

A-analog CgFg anion. VDEs of B-type con-

formers are substantially higher and show far

more variation (2.4 to 2.8eV range). This vari-

ation can be reproduced by a simple linear

model using as descriptors the numbers of flu-

orine atoms in the ortho, meta, and para posi-

tions with respect to the elongated C—Cl bond.

In particular the number of ortho fluorine sub-

stituents explains the bulk of the variation, and

we conclude that the differences in the VDE of

a specific C-—Cl bond come down to inductive

effects of the neighboring substituents with flu-

orine possessing a larger -I effect than chlorine.

All in all, the following picture emerges from

the observed trends: As a third-row atom,

Cl is considerably larger and shows far lower

electronegativity than F. In comparison to C—

F bonds, C—Cl bonds are hence less polar,

and, owing to the size difference, their o*

orbitals have lower energies rendering C—Cl

bonds much more accommodating to excess

electrons.*” Consequently, CgF, plays the role

of an outlier regarding all electron binding prop-

erties: It shows a considerably higher VEA,

but a much lower AEA than the Cl-substituted

halobenzenes. For a given chlorofluorobenzene,

a competition arises between localizing the ex-

cess electron in a single C—Cl bond and delo-

calizing the excess electron over several C—Cl

bonds. Excess electron localization and delo-

calization are preferred for low and high num-

bers of Cl substituents, respectively, but the

energy differences are tiny, and the two con-



former types are connected by low barriers so

that rapid conformer interchange is expected

for any but the lowest temperatures.

Last, let us consider photoelectron spec-

troscopy of CsCl, Fe_, anions. As mentioned

in the introduction, photoelectron spectra of

CeF, and CeClF; have been reported previ-

ously. 1°1%:?? Both spectra exhibit broad, vibra-

tionally unresolved detachment transitions, in-

dicating that the equilibrium structures of the

anions differ significantly from those of their

neutrals. Moreover, in going from CeF, and

CeCIF: , the peak of the detachment spectrum,

which can be loosely associated with the respec-

tive VDEs, shifts by about 1.4eV to higher en-

ergies. Both observations are consistent with

our computations: The excess electrons re-

sides in C—Cl antibonding o* orbitals, which ex-

plains the differences between neutral and an-

ionic structures, and the VDE of the B-type

conformer of CgClF; is predicted to be about

1.6eV higher than that of C¢F, .

Richer detachment spectra are expected for

anions possessing multiple conformers, in par-

ticular, for anions possessing both A-type and

B-type conformers. Since photodetachment oc-

curs faster than nuclear dynamics, photoelec-

tron spectra of multi-conformer anions should

in principle represent a superposition of the

spectra of each conformer. Owing to the low

energy-differences and low interconversion bar-

riers, all conformers can be expected to be pop-

ulated at typical experimental internal temper-

atures. The spectra of single conformers can,

of course, be expected to be broad, but ow-

ing to the large differences in VDE of A-type

and B-type conformers, one may be able to eas-

ily distinguish A-type and B-type conformers in

experimental spectra. In any case, we predict

conformer populations and accordingly photo-

electron spectra to be strongly temperature-

dependent, and hope that our predictions will

not only stimulate experiments, but also aid in

their interpretation.
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puted adiabatic electron affinities, verti-

cal electron affinities, and vertical detach-

ment energies.
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