
Spectroscopy of Temporary Anion States: Renner-Teller 
Coupling and Electronic Autodetachment in Copper 

Difluoride Anion

Journal: Faraday Discussions

Manuscript ID FD-ART-12-2018-000224.R1

Article Type: Paper

Date Submitted by the 
Author: 28-Dec-2018

Complete List of Authors: Lyle, Justin; Washington University in St. Louis, Chemistry
Jagau, Thomas; Ludwig-Maximilians-Universitat Munchen, Chemistry
Mabbs, Richard; Washington University in St. Louis, Chemistry

 

Faraday Discussions



Journal Name

ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1 

Please do not adjust margins

Please do not adjust margins

a.Chemistry Department, Washington University in St. Louis, St. Louis, Missouri, 
USA

b.Department Chemie, LMU München, München, Germany.
c. Chemistry Department, Washington University in St. Louis, St. Louis, Missouri, 

USA

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Spectroscopy of Temporary Anion States: Renner-Teller Coupling 
and Electronic Autodetachment in Copper Difluoride Anion  
Justin Lyle, a Thomas-Christian Jagaub and Richard Mabbs*c

Photoelectron angular distributions determined in small energy increments between 3.522 and 3.650 eV reveal distinctly 
different detachment mechanisms within the CuF2

−(X1Σg
+) → linear CuF2 (X2Σg

+) + e− band. Certain channels also display 
non-Franck-Condon behavior, the action spectra of which reveal rich structure. The behavior reflects excitation to an 
electronically unbound anion state (at the linear geometry). The effects of the intermediate state are observed in the 
detachment behavior at photon energies down to the X 1Σg

+ → X 2Σg
+ threshold. Adiabatic CAP-EOM-CCSD (equation of 

motion coupled cluster singles and doubles, including a complex absorbing potential) energy curves are presented along 
the bending coordinate, showing the complexity of anion and neutral states for this system. The photodetachment action 
spectra represent a spectroscopic probe of the vibronic state energies in the vertical excitation region and highlight the 
need for treatment of vibronic coupling in systems involving the loss of an electron.

Introduction
The excited states of anionic species are often unstable with 
respect to electron loss and therefore only tend to exist as 
short lived resonances.1, 2 These states are of great interest as 
they represent situations in which a free electron strongly 
interacts with a neutral molecule. Thus they may act as 
doorway states for electron capture and therefore chemical 
reduction pathways, dissociative electron attachment 
processes and other electron collision/capture induced 
chemistry.3-9  However, the inherently unstable nature of 
these states represents a significant challenge for 
computation. Methods developed for stationary (bound) 
states are clearly not recommended and complex variable non-
Hermitian methods,1, 10, 11 for example involving the use of 
complex absorbing potentials (CAP) are required to deal with 
such problems.12-17 
It is desirable to reveal the internal mode structure and 
equilibrium geometries to provide tests of state-of-the art ab 
initio methods. However, these states also represent a 
significant experimental challenge. Part of the difficulty lies in 
producing these transient anions. Electron scattering 
experiments have revealed a great deal of information over 
the years. Another promising approach is to start from a stable 
anionic state and use photoexcitation to access resonances.18-

21 This offers good control over the energetics of the system 
and charged particle imaging detection schemes22, 23 allow 

efficient collection of the ejected electrons. In addition, both 
the photoelectron energy and angular distributions contain 
information relating to the interactions occurring in the 
detachment process and hence represent potentially sensitive 
probes of the resonances. 
The essence of the approach relies on the observation of 
changes in the photoelectron spectra as a function of 
excitation energy. In this work we highlight the possibility of 
using anion photoelectron imaging along with a tunable 
photon source to reveal details of the internal mode structure 
of low lying resonances of CuF2

−. Calculations show that this 
system has several low-lying anion resonances and the 
selection rules for direct detachment or electron loss mediated 
by the presence of a resonance are different. This has recently 
allowed determination of all vibrational frequencies of the 
anion and neutral ground states of CuF2

−.24 
To establish a framework in which to discuss the results 
presented herein, brief details of this earlier study are 
presented in fig. 1. The two representative CuF2

− 
photodetachment spectra were recorded at photon energies 
3.546 eV (top) and 3.603 eV (bottom). The observed 
transitions correspond to the energy difference between an 
initial anion and final neutral level, regardless of the 
mechanism via which the electron detaches. The feature 
labelled  is found at the adiabatic electron affinity (3.494 eV) 00

0

and contains the zero-point to zero-point transition between 
the anion and neutral ground states. Since the ion source 
produced relatively hot CuF2

−, several vibrational levels of the 
anion ground electronic state were populated. The  feature 00

0

therefore includes transitions between bending levels with the 
same number of quanta ( ). The feature labelled  2𝑛′ = 𝑛″

𝑛″ 10
1

represents the first symmetric stretching hot-band from the 
neutral and the attendant series. In addition, there 10

12𝑛′ = 𝑛″

𝑛″
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are several features which should have negligible Franck-
Condon factors (for direct detachment) that are primarily 
associated with changes in bending quanta,  (for 2𝑛′ = 𝑛″ + 1

𝑛″

brevity labelled ),  ( ), and  (2[ +1] 2𝑛′ = 𝑛″ + 2
𝑛″ 2[ +2] 2𝑛′ = 𝑛″ + 3

𝑛″ 2
) to the higher energy side of , and  ( ) [ +3] 00

0 2𝑛′ = 𝑛″ ― 1
𝑛″ 2[ ―1]

and  ( ) to lower energy. The intensities of 2𝑛′ = 𝑛″ ― 2
𝑛″ 2[ ―2]

these features are strongly dependent on the photon energy, a 
characteristic of detachment via a transient intermediate 
anion state.
In this work the photon energy dependence of these features 
is used to offer a window into resonance internal energy level 
structure. In principle the resolution of this approach is much 
better than usually achieved in photoelectron spectroscopic 
measurements as it is determined by the bandwidth of the 
excitation pulse. This has been demonstrated before, for 
example in measurements of the detachment cross section of 
CH2CN− in the vicinity of a dipole bound state. Rotational 
structure has been recorded25-27 which more recently has 
shown the interaction of the CH scissor and umbrella modes in 
the dipole bound state.28 
Dipole bound states are actually electronically stable with 
respect to electron loss, but the electron binding energy (eBE) 
is sufficiently weak that excitation of one or more vibrational 
quanta causes electron loss via vibrational autodetachment. In 
the current work we examine the possibility of extending this 
approach to probe the internal levels of a resonance state 
subject to electronic autodeachment, with CuF2

− constituting 
an ideal example. Following a brief description of the 
experimental methods used to produce and probe the CuF2

− 
ions we present a summary of the low lying electronic states of 
this system, calculated using EOM-CCSD methods. 
Experimental results show how the photoelectron angular 
distributions depend on the pathways underlying electron loss. 
Trends in the photoelectron intensities are then discussed in 
terms of the low lying electronic states identified in the 
calculations. The results both highlight the possibility of 
probing the internal modes of low lying anion resonances, 
while the complexity of the vibronic states shows the need for 
development of new theoretical models of the role of 
interstate coupling in autodetachment to interpret the data.

Experimental
Experiments are performed using a custom-built anion 
photoelectron imaging time-of-flight mass spectrometer (TOF-
MS) which has been described in detail elsewhere. 18, 24, 29 The 
instrument incorporates a DC ion discharge source,30 Wiley 
McLaren TOF arrangement31 and velocity mapped imaging 
(VMI)23 lens. The source chamber (1×10−5 Torr), TOF-tube 
(1×10−7 Torr) and detection region (5×10−9 Torr) are 
differentially pumped. 
A pulsed supersonic expansion of O2 (backing pressure 40 psig) 
passes through the DC discharge. The discharge is supported 
by one stainless steel and one copper electrode which are 
insulated from the faceplate of the nozzle using Teflon discs. 
The copper electrode serves as the Cu atom source and the 
insulators serve as the fluorine atom source. TOF-MS is used to 

select the 63CuF2
− anion which is photoexcited with a linearly 

polarized photon pulse from a Nd:YAG (Spectra-Physics INDI-
10) pumped dye laser (Spectra-Physics Cobra Stretch) 
synchronized to coincide with ion arrival at the center of the 
VMI lens. The photon energies (hν) were selected in the range 
3.522 – 3.650 eV, with narrow spacings (usually 1 meV) and 
the duty cycle for the experiment is 10 Hz.  
The VMI lens is configured in-line with the anion TOF axis. Ions 
enter through a 3 mm skimmer and the laser is narrowed to 
the same dimension using an external iris. Photoelectrons are 
detected on a 40 mm dia. dual-Chevron MCP/P20 phosphor 
screen detector (Burle Inc.). Electron impacts are recorded 
using a CCD camera (IMPERX VGA 120L), centroided32, 33 and 
binned (to a workable signal-to-noise limit) yielding an 
effective 1280×960 pixel grid. The spectral resolution afforded 
by this arrangement is ΔeKE/eKE = 1.4 % at eKE = 0.6 eV.34 
Velocity domain spectra are extracted from the images 
subsequent to BASEX35 transformation. These are converted to 
the electron kinetic energy (eKE) or binding energy (eBE) 
domain using the appropriate Jacobian transformation and 
energy conservation (eBE = hν – eKE). The energy is calibrated 
for the imaging arrangement using images of F− 
(simultaneously produced in the discharge source) which has a 
distinctive spectrum and angular distribution.34, 36 
Photoelectron angular distributions for spectral features are 
characterized by the anisotropy parameter, β. The angular 
photoelectron intensity, I(θ) is determined by integrating 
across the full width at half maximum of a feature at different 
angles, θ of the photoelectron velocity vector and electric 
vector of the radiation, ε. β is obtained by fitting 𝐴

 to I(θ), where A is (for these purposes) an [1 + 𝛽𝑃2(cos 𝜃)]
arbitrary constant.

Results and Discussion
(CAP)EOM-CCSD Calculation of Low Lying Electronic States

CuF2
− is a closed shell anion well represented by a single Slater 

determinant, making the 1Σg
+ ground state a good reference 

for the EOM-IP-CCSD and EOM-EE-CCSD calculations of the 
neutral ground, excited anion and excited neutral electronic 
states relevant to this work. The results of frozen core EOM-
CCSD/aug-cc-pVTZ(+3s3p) and, where appropriate, CAP-EOM-
CCSD/aug-cc-pVTZ(+3s3p) calculations of the low-lying singlet 
and doublet electronic states of CuF2

− and CuF2 are shown in 
fig. 2. These adiabatic curves represent cuts along the bending 
coordinate of the various hypersurfaces at different CuF bond 
lengths. 

Calculations at the Anion Equilibrium Bond Length (1.801 Å)

The curves illustrated in fig. 2a are determined at the anion 
equilibrium bond length, r(CuF) = 1.801 Å. These show that the 
minimum on the anion 1Σg

+/1A1 ground state surface (black 
closed circles) corresponds to a linear configuration. 2Σg

+/2A1 
and 2Πg/2B2 (black and blue open circles respectively) represent 
two neutral states (determined via EOM-IP-CCSD). The 2Σg

+ 
state is 3.542 eV vertically above the anion ground state 
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minimum while the vertical detachment energy to the 2Πg 
state is 4.147 eV. At large displacements from linearity the 2A1 
and 2B2 states reverse their energy ordering. Strictly the 2Πg 
state splits into a 2B2/2A2 (Mulliken convention, C2v geometry) 
pair, but for the sake of simplicity only the lower 2B2 
component is shown in fig. 2.
At =180°, there is a singlet/triplet pair of excited, ∠(𝐹𝐶𝑢𝐹)
doubly degenerate anion states which lie vertically above the 
anion ground state by 3.922 and 3.75 eV respectively - below 
the 2Πg state but above the 2Σg

+ neutral ground state. Hence 
these states represent electronic Feshbach-type resonances 
and are unstable with respect to electron loss. Photoexcitation 
to the triplet state would represent a spin-forbidden transition 
and so this state is omitted from fig. 2 and ignored in 
subsequent discussion. However, the excited singlet state has 
a profound influence on the CuF2

− detachment dynamics. 
Motion along the bending coordinate lifts the degeneracy of 
this state and it splits into a 1A2 (red, solid circles) and 1B2 
(blue, solid circles) pair of states. The maximum in the energies 
of both at 180° represents a barrier along the bending 
coordinate at the linear geometry. Upon bending, the energies 
of both states decrease and cross the neutral 2A1 curve to 
constitute bound excited anion states. For  < 160° ∠(𝐹𝐶𝑢𝐹)
(1B2) and  < 155° (1A2), the curves of fig. 2a are ∠(𝐹𝐶𝑢𝐹)
determined using EOM-EE-CCSD. For  > 160° (1B2) and ∠(𝐹𝐶𝑢𝐹)

 > 155° (1A2) a CAP-EOM-EE-CCSD treatment is used ∠(𝐹𝐶𝑢𝐹)
due to the resonance character. The curves are smoothed in 
this region to account for discrepancies between the CAP-
EOM-CCSD and EOM-CCSD approaches.37 For the linear 
geometry the width of the resonance is predicted to be 0.18 
eV, but narrows progressively as the states stabilize. 

Calculation of Non-linear Isomers
The 1B2 and 1A2 curves show minima along the bending 
coordinate. These indicate stable, non-linear anion isomers of 
CuF2

−. There is a minimum on the 1B2 hypersurface at r(CuF) = 
1.823 Å and  = 105° in which the electron is vertically ∠(𝐹𝐶𝑢𝐹)
bound by 1.568 eV. Fig. 2b shows the energies at this bond 
length and allows estimation of the adiabatic binding energy 
(0.406 eV) of the stable 1B2 anion isomer by comparison with 
fig. 2c which displays the curves at r(CuF) = 1.720 Å. This latter 
is the calculated (EOM-IP-CCSD) equilibrium bond length of the 
linear neutral ground state of CuF2. We note that in the 
current work our spectra show no evidence of the non-linear 
anion isomers. However, the calculations raise the possibility 
that different CuF2

− isomers could be produced under different 
ion source conditions.

Calculations at the Neutral Equilibrium Bond Length (1.720 Å)

The global minimum on the neutral ground state potential 
energy surface is found at r(CuF) = 1.720 Å and  = ∠(𝐹𝐶𝑢𝐹)
180°. The linear geometry is in good agreement with previous 
calculations and experiment. The adiabatic electron affinity 
(excluding zero-point energy) is 3.369 eV (EOM-IP-CCSD), 
which compares reasonably with the experimentally measured 
3.494 eV. Interestingly, when the anion excited state energies 

are calculated (as a function of bending angle) at r(CuF) = 
1.720 Å the resonances lie slightly above the neutral 2Πg state 
(at the linear geometry) and thus constitute shape resonances. 
The width of the 1Πg resonance at this geometry is predicted to 
be 0.28 eV, i.e. shorter lived and of different character 
compared to that at the anion equilibrium geometry. Upon 
bending the 1A2 and 1B2 states drop below the neutral 2B2 state 
becoming Feshbach resonances before achieving vertical 
stability with respect to electron loss between 155-150° (1B2) 
and 145-140° (1A2).
In addition to the states discussed above, we note the 
presence of an anionic state with non-valence character (solid 
green circles) at bent structures. This state becomes very 
diffuse as  increases and merges with the curve of ∠(𝐹𝐶𝑢𝐹)
the neutral ground state at around 150°. Presumably, this 
corresponds to a virtual state at the linear geometry. However, 
since CAP-EOM-CCSD is not designed for virtual states, we did 
not computationally investigate this state further. We have 
also omitted some higher lying excited anion states which, 
while they fall into the energy range covered by fig. 2 are 
inaccessible under the energies employed in the experiments 
reported later in this work. Nevertheless, fig. 2 shows that 
there is a rich collection of close lying anion and neutral states 
associated with CuF2. 

Probing Transient Anion States Via Photoelectron Imaging

In the following results we demonstrate the potential for anion 
photoelectron imaging to spectroscopically study the short-
lived anion states. Estimates based on the symmetric 
stretching hot-bands suggest (assuming a statistical 
distribution of energy in the prepared anions) a vibrational 
temperature sufficient to significantly populate up to 4 quanta 
in the bending mode.24  The region of the bending coordinate 
corresponding to vertical excitation from the (linear) anion 
(with up to vbend = 4) is illustrated by the grey shading in fig. 2a. 
The vertical excitation region almost extends to angles at 
which the resonance becomes bound and hence the resonance 
width approaches 0 eV. Optical absorption will result in 
competition between excitation to the detachment continuum 
associated with the neutral states (direct detachment) and 
excitation to the quasi-bound anion excited states near the 
linear configuration, followed by electronic autodetachment. 
The differences in the selection rules for direct versus auto-
detachment lead to different photoelectron transitions 
appearing in the spectrum. The detachment pathways can be 
distinguished (to some extent) by the photon energy 
dependence of the photoelectron spectra and angular 
distributions which thus provide a probe of the nature and 
internal structure of the short-lived anion states. 
Qualitative prediction of the spectral intensities and 
photoelectron angular distributions for direct detachment can 
be made by considering the electronic transition dipole 
moment ( ). If we assume the one electron |⟨𝜓𝑒𝑙│𝜇│𝜓𝑒

𝑖 ⟩|2

approximation to be valid and that the bound electron ( , 𝜓𝑒
 )

detached electron ( ), neutral vibrational ( and anion 𝜓𝑒𝑙 𝜓𝑣
𝑓) 

vibrational ( ) wave functions are separable, detachment 𝜓𝑣
𝑖
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from a σg (a1) orbital gives rise to a laboratory frame 
photoelectron angular distribution polarized along ε. 
Detachment from a πg (b2/a2) orbital will result in an angular 
distribution polarized perpendicular to ε. The displacements 
along the normal mode coordinates for the bending (ν2) and 
antisymmetric stretching (ν3) vibrational modes are zero for 
transitions from the anion ground state to either the 2Σg

+ or 2Πg 
state meaning  the Franck-Condon factors, for |⟨𝜓𝑣

𝑓│𝜓𝑣
𝑖 ⟩|2

these modes are zero unless there is zero change in quantum 
number. However, there is significant displacement along the 
symmetric stretching (ν1) mode coordinate which (at sufficient 
photon energy) gives rise to the appearance of progressions in 
the spectrum.24 The photon energy dependence of the allowed 
direct detachment transitions will be subject to the usual 
Wigner threshold behaviour, each having low intensity at 
threshold but gradually increasing as the photon energy 
increases. In the case of resonance excitation, optical 
absorption to the 1A2 state is forbidden but excitation of the 
1B2 state is possible through the B2 component of the 
electronic dipole moment and significant levels of bending 
excitation can in principle be achieved. In the linear region 
mixing of the 1A2 and 1B2 states through Renner-Teller vibronic 
coupling complicates the nature of the excitation. Subsequent 
to resonance excitation, electronic autodetachment will occur. 
The appearance of the formally forbidden bending transitions 
is now possible and the angular distributions of the 
photoelectrons associated with this mechanism reflect the 
nature of the excited anion state mediating the detachment 
processes. The intensity of the bending features in the CuF2

− 
spectra is therefore dependent on achieving resonance 
between the photon energy and the internal levels of the 
metastable anion states. 

Experimental Results
The excitation energy range selected for this work corresponds 
to the immediate threshold region of the CuF2

− ( )  CuF2(
1
 Σ +

𝑔

) + e−  vibronic band. Calculation suggests that this is 
2
 Σ +

𝑔

significantly below the onset of the CuF2
− ( )  CuF2( ) + 

1
 Σ +

𝑔
2
 Π 

𝑔

e− band. We note that in previous work photoexcitation up to 
4.005 eV shows no evidence of detachment via the CuF2( ) 

2
 Π 

𝑔

state.24 
The photoelectron spectra (fig. 1 shows representative 
examples) that constitute the raw results of this work were 
calibrated using F− detachment. The peaks in the spectra will 
be referred to as features due to their incorporation of many 
unresolved transitions. However, the transitions contributing 
to a given feature tend to have common differences in 
quantum number. For the most part the unresolved 
contributions are associated with transitions from a range of 
bending levels initially populated in the anion ground state.24   
Photoelectron angular distributions, quantified via β, and 
spectral intensities were monitored as a function of excitation 
energy for selected features as described in the following 
sections. 

Photoelectron Angular Distributions

The anisotropy parameter, ( ) is used to quantify ―1 ≤ 𝛽 ≤ +2
the photon energy dependence of the photoelectron angular 
distributions of different features. For example, β > 0 indicates 
maxima in the photoelectron intensity at θ = 0° and 180°, β < 0 
indicates greatest intensity at θ = 90°, while β = 0 is an 
isotropic distribution of photoelectrons. Comparison (and 
interpretation) of angular distributions between different 
spectral features is complicated by the eKE dependence of β, 
the averaging that occurs when two or more transitions 
overlap and low signal to noise ratios in regions where spectral 
transitions are weak. 
Changes in β as a function of eKE are shown in fig. 3 for several 
detachment channels. Each data point is taken from an 
individual feature at a specific photon energy. The open circles 
are associated with the direct detachment features ( , black, 10

1

, red and , blue). The  feature is associated with an eBE 00
0 11

0 11
0

of 3.572 eV but is not apparent in the bottom spectrum of fig. 
1 due to the proximity to threshold. The filled circles represent 
features associated with non-zero quanta changes in the 
bending mode ( , orange, , green, , grey, 2[ ―2] 2[ ―1] 2[ +1] 2

, yellow, , purple).  For ease of viewing, the solid [ +2] 2[ +3]
lines show the data smoothed using a simple three point 
moving average weighted in the ratio 1:2:1. The contrast 
between the allowed and forbidden features is clear. ,  00

0 11
0

and  consistently show strongly positive anisotropy 10
1

parameters consistent with direct detachment via the 
1Σg

+2Σg
+ transition. The regions of the spectrum associated 

with changes in the bending quantum number however tend 
to show much smaller β values, particularly at low eKE. It is 
true that the anisotropy parameters associated with ,  2[ ―2] 2

, and  show increasingly positive anisotropy values [ ―1] 2[ +1]
as the eKE increases. However, this is almost certainly due to 
spectral congestion. Earlier work24 has shown that at 
considerably higher photon energy (4.005 eV) the symmetric 
stretching features have noticeable satellites to slightly lower 
binding energy. These satellites are associated with direct, 
zero quanta transitions of the antisymmetric stretching mode (

) and hence produce electrons that are preferentially 3𝑚′ = 𝑚″

𝑚
polarized along ε. In the spectra of fig. 1 these are not 
observed due to proximity to their detachment threshold, but 
as the photon energy and therefore eKE increases they have a 
more significant contribution. To reinforce this argument, we 
note that the  transition has a binding energy of 3.515 eV 31

1

(only 3 meV different to that of the  transition) and the  21
0 10

131
1

transition has an eBE of 3.453 eV (only 3 meV different to that 
of the  transition).20

2

Photoelectron Action Spectra 
The oscillatory changes in the β values should be correlated 
with excitation to different internal levels of the resonance(s) 
mediating autodetachment to bending levels of the neutral. 
This is not straightforward, but the photoelectron imaging 
results contain complementary information in the photon 
energy dependence of the spectral intensities. Within the 
current limitations of our experimental arrangement it is 
difficult to efficiently measure the absolute cross section for 
photodetachment. However, the presence of resolved or 
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partially resolved structure in the photoelectron spectrum 
allows determination of relative detachment probabilities. In 
the following the  feature is used as a reference to 00

0

determine channel branching ratios, σ. These are constructed 
by dividing the area under a given spectral feature by that of 
the  feature. The photon energy dependence of these 00

0

branching ratios represent action spectra for detachment into 
the range of transitions associated with each feature.
Fig. 4 shows branching ratios as a function of photon energy 
for the features associated with changes in the bending mode 
quantum number. The data are labelled as  (grey), 2[ +1] 2

 (yellow) and  (purple). As in fig. 3 the solid lines [ +2] 2[ +3]
represent a 1:2:1 weighted moving average to aid viewing of 
the trends in the data. There are clear oscillations in the 
branching ratio data, the result of excitation to internal levels 
of the resonances. Interestingly, the data show several 
oscillations within the 0.08 eV photon energy range associated 
with the  feature. While the widths associated with 2[ +1]
these oscillations are too broad to allow resolution of 
rotational structure they must contain information regarding 
the vibrational structure associated with the CuF2

− resonances. 
The observed widths allow a crude estimate of the lifetime 
(10-100 fs) in the excitation energy range employed, which is 
in disagreement with the computed width. It is also clear that 

 is consistently the most intense of the resonance 2[ +1]
mediated features and odd numbered changes in bending 
quanta appear to be favoured over even numbered changes.

On the Nature of the Resonance State(s) Accessed 

While it is clear that the observed bending features are 
mediated by an intermediate anion state, there are (neglecting 
any change in electron spin) three distinct singlet states that 
may contribute. These are the 1A2/1B2 pair of excited states 
which have non-linear equilibrium geometries and the virtual 
1A1 state hinted at in the calculations. Virtual states are 
thought to be responsible for observed increases in electron-
non-polar molecule scattering cross sections at very low eKE.38-

42 The involvement of a virtual state has some appeal as a way 
to rationalize our experimental observations. Virtual states are 
s-wave phenomena, consistent with the isotropic angular 
distributions associated with the bending features. 
Additionally, the excitation energies producing the bending 
features are close to the detachment threshold, again 
consistent with the properties of virtual states.
The most obvious trends in the resonance mediated spectral 
features are that changes in bending quantum number clearly 
occur and there is a definite preference for odd numbered 
changes in bending quanta. This preference does not arise 
from the autodetachment process itself. The excited anion 
state must couple with continuum (neutral + electron) states 
of the same symmetry. In the case of autodetachment the 
symmetry product of the neutral vibronic and free electron 
wave functions must match that of the excited anion 
electronic or vibronic state. However, a symmetry difference is 
compensated by the symmetry of the photoelectron wave 

function and all vibronic levels of the neutral ground state are 
in principle symmetry allowed from an excited anion state.
In the absence of vibronic coupling, transitions between two 
Σg

+ electronic states (such as the anion ground state and virtual 
state) are symmetry forbidden. Preferential excitation 
involving odd quanta in the bending mode could arise through 
vibronic coupling, although in the case of the ground state it is 
not clear how this would arise as there is no electronic orbital 
or spin angular momentum to couple with the vibrational 
angular momentum. A mechanism to inject vibrational 
excitation would be optical absorption to the non-linear 1B2 
state. However, in this scenario there will be no preference for 
odd/even changes in bending quantum number.
The most likely explanation for the observed behaviour lies in 
the potential energy variation along the bending coordinate 
for the 1B2/1A2 pair. At the linear geometry the energy reaches 
a maximum which represents a barrier along the bending 
coordinate. Additionally, at the maximum these electronic 
states become degenerate, i.e. they correspond to the 
components of a 1Πg state which splits as a result of the 
Renner-Teller effect upon bending. The grey shaded area of 
fig. 2a shows that photoexcitation from the populated bending 
levels of the anion ground state accesses the excited state in 
the region of the barrier. Photon energies sufficient to exceed 
the barrier will access high levels of vibrational excitation in 
which there is significant delocalization in the angular 
coordinate and the anion becomes quasi-linear. This will lead 
to significant amplitude for the vibrational wave functions in 
the linear region.43 Treating excitation from the anion ground 
state as a 1Σg

+ → 1Πg transition, absorption becomes allowed 
through Renner-Teller interaction with the bending mode. The 
(u,g) symmetries of the vibronic wave functions will alternate, 
consistent with the observed preference for odd changes in 
bending quanta (a parallel is found in CS2 photoexcitation).44 
The vibronic level structure in this region is likely to be quite 
complex. The barrier height in fig. 2 only represents a guideline 
given the adiabatic nature of the potential energy curves, and 
the vibronic levels will be split by the Renner-Teller interaction. 
However, it is interesting to note that the bending energy level 
separations in the non-linear 1B2 state should decrease (due to 
anharmonicity) as the vibrational energy approaches the 
barrier top (at   = 180°), but as the barrier is ∠(𝐹𝐶𝑢𝐹)
exceeded the bending level separation will increase.45 This is 
qualitatively consistent with the emergence of more clearly 
defined structure in the 2[+1] and 2[+3] branching ratio data at 
the higher end of the excitation energy range.

Conclusions
In summary, experimental results (branching ratios and 
photoelectron angular distributions) recorded in narrowly 
spaced energy intervals reveal details of both direct and 
resonance mediated transitions. Despite the transient nature 
of the excited anion states, the branching ratio data represent 
action spectra that depend on the vibronic structure of the 
resonance(s). The ab initio calculations, albeit neglecting non-
adiabatic coupling between the electronic states of the 
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system, provide clues as to the nature of the resonances. To 
treat interacting resonance states, linear vibronic coupling 
models were developed many years ago.46, 47 Corresponding 
models within the CAP-EOM-CCSD framework are currently 
under development and need to be adapted to the present 
case to fully interpret the experimental data.48 At the same 
time, the ability to experimentally probe photodetachment 
yields and link photon energy dependent variations to 
particular detachment channels provides important 
benchmarks for current and future theoretical work.
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Internal level structure of temporary anion states (resonances) are probed using action spectroscopy 
obtained from photoelectron imaging of CuF2

−.  

Page 8 of 12Faraday Discussions



 

Fig. 1: Representative photoelectron spectra recorded at photon energies 3.546 eV (top) and 3.603 eV 
(bottom). The spectral assignments are discussed in the text. 
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Fig. 2: Adiabatic potential energy curves along the bending coordinate for the low-lying singlet and doublet 
states of the CuF2 anion and neutral systems. Curves are shown at the equilibrium bond lengths of (a) the 

anion ground state, (b) the 1B2 state, and (c) the neutral ground state. 
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Fig. 3: Variation in β with eKE for various features in the CuF2
− photoelectron spectrum. Each point for a 

given feature represents a particular photon energy. The closed circles refer to features dominated by 
changes in the bending quantum number. Open circles refer to features in which there is no change in 

bending quantum number. The solid lines serve as a guide to the eye (see text for details). 
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Fig. 4: Branching ratios for spectral features involving an increase in bending quantum number. Each data 
point is recorded at a particular photon energy. The solid lines serve as a guide to the eye (see text for 

details). 
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