
 
 

Vibrational and electronic excitations in fluorinated
ethene cations from the ground up
Harvey, Jonelle; Hemberger, Patrick; Bodi, Andras; Tuckett, Richard

DOI:
10.1063/1.4795428

License:
Other (please specify with Rights Statement)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
Harvey, J, Hemberger, P, Bodi, A & Tuckett, RP 2013, 'Vibrational and electronic excitations in fluorinated
ethene cations from the ground up', Journal of Chemical Physics, vol. 138, no. 12, 124301.
https://doi.org/10.1063/1.4795428

Link to publication on Research at Birmingham portal

Publisher Rights Statement:
Eligibility for repository : checked 27/06/2014

Vibrational and electronic excitations in fluorinated ethene cations from the ground up. Jonelle Harvey 1, Patrick Hemberger 2, Andras Bodi
2, and Richard P. Tuckett 1. The Journal of Chemical Physics 2013 138:12
http://dx.doi.org/10.1063/1.4795428

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 01. Feb. 2019

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by University of Birmingham Research Portal

https://core.ac.uk/display/185480014?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1063/1.4795428
https://research.birmingham.ac.uk/portal/en/publications/vibrational-and-electronic-excitations-in-fluorinated-ethene-cations-from-the-ground-up(71d0f15e-1b15-4905-9c1c-5d4231978de0).html


Vibrational and electronic excitations in fluorinated ethene cations from the ground up
Jonelle Harvey, Patrick Hemberger, Andras Bodi, and Richard P. Tuckett 

 
Citation: The Journal of Chemical Physics 138, 124301 (2013); doi: 10.1063/1.4795428 
View online: http://dx.doi.org/10.1063/1.4795428 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/138/12?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Communication: A vibrational study of propargyl cation using the vacuum ultraviolet laser velocity-map imaging
photoelectron method 
J. Chem. Phys. 137, 161101 (2012); 10.1063/1.4764306 
 
Conformationally selective photodissociation dynamics of propanal cation 
J. Chem. Phys. 134, 054313 (2011); 10.1063/1.3540659 
 
A study of the ground and excited states of Al 3 and Al 3  . II. Computational analysis of the 488 nm anion
photoelectron spectrum and a reconsideration of the Al 3 bond dissociation energy 
J. Chem. Phys. 130, 024304 (2009); 10.1063/1.3008056 
 
Combined vacuum ultraviolet laser and synchrotron pulsed field ionization study of C H 2 Br Cl 
J. Chem. Phys. 126, 184304 (2007); 10.1063/1.2730829 
 
Mass analyzed threshold ionization spectroscopy of 5-methylindole and 3-methylindole cations and the methyl
substitution effect 
J. Chem. Phys. 120, 5057 (2004); 10.1063/1.1647057 

 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

147.188.224.230 On: Thu, 26 Jun 2014 14:49:17

http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1548820253/x01/AIP-PT/JCP_ArticleDL_051414/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=Jonelle+Harvey&option1=author
http://scitation.aip.org/search?value1=Patrick+Hemberger&option1=author
http://scitation.aip.org/search?value1=Andras+Bodi&option1=author
http://scitation.aip.org/search?value1=Richard+P.+Tuckett&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.4795428
http://scitation.aip.org/content/aip/journal/jcp/138/12?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/137/16/10.1063/1.4764306?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/137/16/10.1063/1.4764306?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/134/5/10.1063/1.3540659?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/130/2/10.1063/1.3008056?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/130/2/10.1063/1.3008056?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/126/18/10.1063/1.2730829?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/120/11/10.1063/1.1647057?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/120/11/10.1063/1.1647057?ver=pdfcov


THE JOURNAL OF CHEMICAL PHYSICS 138, 124301 (2013)

Vibrational and electronic excitations in fluorinated ethene cations
from the ground up

Jonelle Harvey,1 Patrick Hemberger,2,a) Andras Bodi,2 and Richard P. Tuckett1,a)

1School of Chemistry, University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom
2Molecular Dynamics Group, Swiss Light Source, Paul Scherrer Institut, Villigen CH 5232, Switzerland

(Received 24 December 2012; accepted 28 February 2013; published online 22 March 2013)

Valence threshold photoelectron spectra of four fluorinated ethenes; C2H3F, 1,1-C2H2F2, C2HF3, and
C2F4 were recorded at the Swiss Light Source with 0.002 eV resolution. The adiabatic ionization en-
ergies were found to be 10.364 ± 0.007, 10.303 ± 0.005, 10.138 ± 0.007, and 10.110 ± 0.009 eV,
respectively. The electronic ground state of each cation shows well-resolved multi-component vibra-
tional progressions, the dominant transitions being in the C=C stretching mode. Density functional
theory based Franck–Condon simulations are used to model the vibrational structure and assign the
spectra, sometimes revising previous assignments. An additional vibrational progression in the first
photoelectron band of 1,1-C2H2F2 indicates that the ground electronic state of the molecular ion is
no longer planar. It is shown that ab initio vibrational frequencies together with the observed vibra-
tional spacings do not always suffice to assign the spectra. In addition to symmetry rules governing
the transitions, it is often essential to consider the associated Franck–Condon factors explicitly. Ion-
ization to higher lying excited valence electronic states were also recorded by threshold ionization
up to 23 eV photon energy. Equation-of-motion coupled cluster with single and double substitu-
tions for ionization potential (EOM-IP-CCSD/cc-pVTZ) calculations confirmed historic electronic
state assignments, and untangled the ever more congested spectra with increasing F-substitution.
Previous attempts at illuminating the intriguing dissociative photoionization mechanism of fluori-
nated ethenes are reconsidered in view of new computational and experimental results. We show
how non-statistical F-atom loss from C2H3F+ is decoupled from the ground state dissociation dy-
namics in the energy range of its C̃ state. Both the statistical and the non-statistical dissociation
processes are mediated by a plethora of conical intersections. © 2013 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4795428]

I. INTRODUCTION

The perfluoro effect, i.e., π orbital destabilization with
respect to σ orbitals, is observed when substituting hydro-
gen atoms with fluorine atoms in the series of molecules
ranging from ethene to tetrafluoroethene.1, 2 The earliest com-
prehensive study of the ionization properties of fluorinated
ethene molecules was reported by Sell and Kuppermann,3

who studied the photoelectron angular distributions in the
ground and excited state bands of the HeI photoelectron spec-
tra (PES) of C2H4−nFn (n = 0–4) molecules. The HeII PES
have been recorded and interpreted, among others, by Bieri
et al.1 with many body Green’s function calculations. The
Franck–Condon factors for the vibrational progressions in the
ground state PES bands of C2H3F, 1,1-C2H2F2, and C2HF3

were calculated by Takeshita,4 based on Hartree–Fock ge-
ometries and force constant matrices. However, he did not
attempt to compare the theoretical spectra with experiment.
High resolution HeI PES and slightly lower resolution thresh-
old photoelectron spectra (TPES) of C2H3F and 1,1-C2H2F2

have been reported recently by Locht et al.5, 6 along with
ab initio calculations. The latest HeII photoelectron spectrum

a)Authors to whom correspondence should be addressed. Electronic
addresses: patrick.hemberger@psi.ch and r.p.tuckett@bham.ac.uk.

of C2HF3 was recorded by Bieri et al.1 in 1981, but neither a
high resolution HeI PES nor a TPES has been reported since.
The TPES of C2F4, recorded by Jarvis et al.,7 significantly
improved upon the resolution of the early work by Sell and
Kuppermann.3 Lately, the HeI PES of C2F4 has been studied
by Eden et al.,8 with an even higher resolution and signal-to-
noise ratio.

We recently studied the dissociative photoionization dy-
namics of the four aforementioned fluoroethenes.9 The first
dissociative photoionization channel opens up in a Franck–
Condon gap above the electronic ground state X̃. We also
found that F-atom loss is initially a statistical process in three
of the four molecular ions, the exception being tetrafluo-
roethene. It then turns into a largely non-statistical process at
higher energies. We based this conclusion predominantly on
the correlation of the F-loss fragment ion signal with features
of the TPES, indicating isolated state behaviour, in agreement
with previous observations.10–13 However, we also found that
the internal energy distribution of the F-loss daughter ion
C2F3

+ from C2F4
+ can be modelled assuming a purely sta-

tistical dissociation on the Ã electronic state of the parent
ion,9 contrary to previous reports which invoked impulsive
processes.7

In this work, we report the high resolution TPES of
the first photoelectron band of these four molecules, i.e.,

0021-9606/2013/138(12)/124301/12/$30.00 © 2013 American Institute of Physics138, 124301-1
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ionization to the ground electronic state of the cation. Ex-
cited vibrational states are observed with particular clarity and
Franck–Condon simulations are employed to assign vibra-
tional progressions. This method has successfully been em-
ployed in the study of the photoelectron spectra of small sys-
tems, e.g., vinyl alcohol14 and much larger molecules such as
ovalene, C32H14,14 as well as for interstellar carbenes15 and
diradicals.16 The simulations are based upon density func-
tional theory (DFT) geometries and Hessians of the neu-
tral molecule and the cation. This goes beyond the cursory
assignment based on vibrational spacings and calculated fre-
quencies. Not only do Franck–Condon factors include sym-
metry considerations per se, they also indicate the relative in-
tensities and the band profile based on the predicted geometry
change. This can be vitally important in resolving ambiguities
for modes with similar frequencies, or for near degenerate vi-
brational states. Franck–Condon fits based on DFT force con-
stants are also used to study the parent ion geometries with
respect to the in silico geometry optimization results. Of par-
ticular interest is any loss in planarity of the molecule upon
ionization. If the CS symmetry is conserved and the geometry
change is small, only totally symmetric vibrational transitions
are allowed in photoionization. However, if the cation be-
comes non-planar, other vibrational transitions can also gain
intensity and become observable. This is indeed the case for
C2H4

+, where the ground state ion tunnels through the bar-
rier of planarity to a torsional (dihedral) angle of 29.2◦.17 In
this instance, odd quanta of the non-symmetric twist-assisted
mode v4 are given intensity due to vibronic coupling between
the X̃ and Ã cation electronic states.18 Ab initio calculations
suggest that all four molecules remain planar upon ioniza-
tion, but when Franck–Condon factors are considered, loss of
planarity is discovered for 1,1-C2H2F2 as a result of ioniza-
tion from the C=C double bond. The successful application
of fitting the ground state band with the Franck–Condon in-
tensities and apparent similarities between the PES1, 3, 5, 6 and
TPES of this work indicates that no autoionization effects are
seen. Locht et al.5, 6 reported a large intensity ratio for the ex-
cited vs. ground electronic state bands in the TPES, whereas
we find that the ground state bands have comparable intensi-
ties to the first excited state band in the TPES. This could be
due to disparities between how the photon flux is accounted
for.

With increasing F-substitution, the excited states be-
come more indiscernible in the TPES. This spectral con-
gestion may lead one to assume that electronically excited
state assignments are fraught with dangers. However, Koop-
mans’ theorem holds and our coupled-cluster assignments
agree very well with earlier Hartree–Fock calculations.1 Two
further aspects of the electronically excited states are also
touched on. First, we tentatively assign vibrational struc-
tures observed in the TPES of excited states. Second, the
nature and role of the excited states with regard to the vari-
ous dissociation pathways has been probed. Specifically, we
try to explain the mechanism of non-statistical F-loss in the
C̃ state band in the monofluoroethene cation observed in
a previous study,9 and aided by quantum chemical calcula-
tions, generalize it to other members of the fluorinated ethene
series.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental

Experiments were performed on the vacuum ultraviolet
(VUV) beamline of the Swiss Light Source (SLS) at the Paul
Scherrer Institut in Villigen, Switzerland. The synchrotron
radiation is dispersed by a grazing-incidence plane-grating
monochromator with 600 and 1200 mm−1 gratings. The ul-
timate resolving power of the monochromator is 10 000, i.e.,
1 meV at 10 eV. Higher harmonic orders of the monochro-
matic radiation are suppressed with a compact rare gas filter
operating at a pressure of 10 mbar.19 The photon energy is
calibrated in the first and second order against argon and neon
autoionizing states.

The resident imaging photoelectron photoion coinci-
dence (iPEPICO) spectrometer combines a Wiley–McLaren
time-of-flight (TOF) mass spectrometer20 and a velocity map
imaging electron spectrometer. The pure sample was in-
troduced into the chamber through an effusive source at
room temperature, with typical pressures in the experimen-
tal chamber being 2–4 × 10−6 mbar during measurement.
The sample is ionized by the incident monochromatic VUV
radiation. The photoelectrons are extracted by a continu-
ous field and velocity map imaged onto a position sensi-
tive delay line anode (Roentdek DLD40) with a kinetic en-
ergy resolution of 1 meV at threshold. Electrons with non-
zero kinetic energy, the “hot” electrons, have a velocity vec-
tor that is oriented along the flight tube axis and also ar-
rive at the centre of the detector along with the threshold
electrons. The hot electron contamination of the thresh-
old signal is removed by a subtraction process.21 The
resulting spectra were flux normalized using a sodium sali-
cylate coated pyrex window with a photomultiplier tube. The
ground electronic state spectrum of C2F4

+ was recorded at
20 V cm−1 and at 120 V cm−1 extraction fields. Based on
a previous study of Ar, N2, and CH3I,22 the threshold photo-
electron peak positions could be expected to be Stark shifted23

by 5 meV to lower energy when applying the higher field. In
the same study,22 field effects were found not to play a role in
off-resonance threshold photoionization, which suggests that
autoionization can compete effectively with field ionization
in the absence of long-lived Rydberg states. In C2F4

+, the
TPES peak positions did not shift measurably as a function
of the field strength, indicating fast autoionization and neu-
tral decay channels for high-n Rydberg states. Thus, the con-
stant extraction field of 120 V cm−1 does not affect the TPES
peak positions significantly in this polyatomic molecule. The
error for both the adiabatic (AIE) and vertical (VIE) ioniza-
tion energies were determined by taking the half width at half
maximum of a Gaussian function fitted to the experimental
spectrum.

B. Computational methods

Density functional theory (B3LYP/6-311++G(d,p)) cal-
culations were performed using the GAUSSIAN 03 suite of
programs to obtain the geometry and vibrational frequen-
cies of the ground state neutral, as well as of the ground
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state cation.24 The Franck–Condon factors for photoioniza-
tion to different vibrational levels of the electronic ground
state of the cations were calculated using the program “FC-
fit v2.8.8.”25 The first stage uses the optimized geometries for
the neutral and cation, together with the ab initio force con-
stant matrices, to calculate a stick spectrum, which helped to
assign the peaks in the TPES. In the second stage, the rel-
ative intensities of the vibrational peaks in the major pro-
gression, the C=C stretching mode, are fitted by fine-tuning
the cation geometry, followed by subsequent fitting of the
intensities of the weaker progressions.25 Finally, the stick
spectrum is convoluted with a Gaussian function to simu-
late the rotational envelope and compare with experiment.
Table S1 of the supplementary material26 gives the struc-
ture and three sets of geometries for the four molecules un-
der study. First, the B3LYP geometry of the neutral; second,
the initial B3LYP geometry of the cation; and third, the fi-
nal geometry of the cation obtained in the Franck–Condon fit.
Vertical ionization energies were calculated at the G3B327 de-
rived neutral geometries using equation-of-motion coupled-
cluster for ionized states (EOM-IP-CCSD/cc-pVTZ) with
the Q-Chem 3.2 program28 (Table S2 of the supplementary
material).26

III. RESULTS AND DISCUSSION

A. Ground electronic state of the cations

1. Monofluoroethene

The TPES of C2H3F and the simulated stick and convo-
luted spectra are shown in Figure 1(a). The HOMO (highest
occupied molecular orbital) of the CS symmetry neutral is the
C=C π bonding orbital (2a′′)2, and the cation ground state
has the term symbol X̃ 2A′′. The geometry obtained from FC-
fit shows that planarity is conserved upon ionization to the
ground electronic state of the cation, however, the C=C bond
length increases significantly from 1.320 to 1.409 Å, and the
C–F bond length decreases from 1.354 to 1.274 Å. Remov-
ing an electron from the HOMO, of bonding character be-
tween the carbon atoms, leads to an increase in C=C bond
length, whereas the C–F bond length decreases, because the
HOMO has antibonding character between the carbon and flu-
orine atoms (see also the schematic structure at the bottom of
Figure 4).

Our ground state TPES is in agreement with the lower
resolution TPES recorded by Locht et al.5 and it matches
very well with the higher resolution HeI PES of the same

FIG. 1. The first TPES band of (a) C2H3F, (b) 1,1-C2H2F2, (c) C2HF3 and (d) C2F4 is shown with the Franck–Condon stick (blue stick) simulations and
convoluted curve (blue curves). Reassignments of vibrational modes are indicated by square brackets.
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authors. The AIE is found to be 10.364 ± 0.007 eV and
the VIE is 10.556 ± 0.007 eV, both in excellent agree-
ment with previously reported values5 of 10.363 ± 0.004
and 10.558 ± 0.004 eV, respectively. The ab initio fre-
quencies together with observed frequencies and peak posi-
tions are given in Tables S3 and S4 of the supplementary
material.26

The hot band at 10.304 eV most likely corresponds to ν9
′′

= 1, i.e., to the CHF=CH2 wagging mode, calculated to be
484 cm−1, comparing exactly with the experimental value of
0.062 eV or 484 cm−1. We also note that the ν9

′′ vibrational
mode has a′ symmetry and is totally symmetric. Similar to
the work of Locht et al.,5 we identify the major progression
to be the ν4 C=C stretching mode, with up to four quanta
observed. The vibrational wavenumbers, symmetries, and de-
scriptions of the modes Franck–Condon active upon ioniza-
tion are given in Figure 2 and peak positions and assignments
are shown in Figure 1(a). The harmonic frequency for this
mode is determined by fitting the vibrational transitions (ν4

= 0–4) to a Morse potential thereby accounting for the an-
harmonicity, using the well-known29 approximation E(v+1)
− E(v) = hv0 − [(v+1) (hv0)2/2De] where hv0 is the harmonic
vibrational frequency and De is the dissociation energy.9 The
ν4 harmonic frequency of 1552 cm−1 (Figure 2) is in excellent
agreement with the B3LYP prediction of 1561 cm−1. Discrep-
ancies in the energies between the simulated and the experi-
mental spectra towards higher eV are due to anharmonicity

which is disregarded in the harmonic model of FCfit. The an-
harmonicity constant, xe, is determined to be 0.00514.

Aside from the ν4 progression, some of our assignments
of the remaining weak and complex progressions differ from
those of Locht et al.5, 6 We agree with the assignment of the
first peak to high energy of the origin band at 10.422 eV to
be ν9 of a′ symmetry. However, the second peak at 10.468 eV
is 0.102 eV (823 cm−1) higher than the origin band, whilst
the next member in the progression at 10.662 eV has a dif-
ference of 0.106 eV (855 cm−1) from the 1ν4 peak. The av-
erage of the two values is 839 cm−1. We assign this peak
to two quanta of the a′′ symmetry ν12 mode, calculated at
389 cm−1. Indeed, the intensities of 2ν12 are well reproduced
in the Franck–Condon simulation. Note that even-quanta
transitions of non-totally symmetric modes are allowed, as
a′′ × a′′ = a′. Locht et al.5 assign this progression as one
quantum of the ν8 mode. This mode has the correct a′ sym-
metry to be observed in odd quanta, but its calculated value at
981 cm−1 is significantly higher than the measured 839 cm−1

level spacing. The Franck–Condon simulation places this
mode at a somewhat higher energy. We reassign all peaks
previously attributed by Locht et al.5 as (nν4 + ν8) to (nν4

+ 2ν12).
The next nearest peak towards the ν4 = 1 transition at

10.523 eV has been assigned by Locht et al.5 to the ν7 mode,
a Ha–C=C scissor (where Ha is the hydrogen cis to the flu-
orine, see Table S1 of the supplementary material).26 The

FIG. 2. Franck–Condon active vibrational modes of C2H3F, 1,1-C2H2F2, C2HF3, and C2F4 upon ionization. aB3LYP/6–311++G(d,p) harmonic frequencies.
bHarmonic frequencies derived by Morse-fitting of the vibrational progressions (see text). cFrequencies corresponding to the 1 ← 0 transition as observed in
the TPES.
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Franck–Condon simulation indicates that both ν6, a H–C–F
scissor and ν7 contribute to the peak in the experimental spec-
trum. B3LYP calculates both vibrations to have a′ symmetry
with vibrational wavenumbers of 1320 and 1242 cm−1, re-
spectively, to be compared with our experimental value of
0.157 eV or 1266 cm−1. Comparison of the stick and the
convoluted spectra suggests that ν6 and ν7 are indeed both
blended in the peak at 10.523 eV. There was some ambigu-
ity over the assignment of a weak peak at 10.498 eV.5 It is
comprised of two modes, ν8 (a′) with 2ν9 (a′), which are only
9 cm−1 apart with comparable Franck–Condon factors. In this
instance, we can say with a degree of certainty that the as-
signment is not simply a matter of either ν8 or 2ν9, but both
transitions are in fact present.

2. 1,1-Difluoroethene

Figure 1(b) shows the TPES of 1,1-C2H2F2 together
with the simulated stick and convoluted spectra. The (2b1)2

HOMO of the C2v neutral corresponds to a cation ground
state of X̃ 2B1 symmetry. Ab initio calculations show there is
a significant increase in the C=C bond length from 1.317 to
1.412 Å upon ionization, and a smaller decrease in the C–
F bond length from 1.327 to 1.264 Å. The FCfit analy-
sis results in a small twisting of the CF2 group with re-
spect to the CH2 group upon ionization (i.e., the dihedral
angle of F–C=C–H changes from 180◦ to 177◦), thus the
planarity of the molecule is lost in the ground state of the
cation. For clarity, we retain the C2v notation for the vibra-
tional mode symmetries in the cation. Our spectrum agrees
well with both the TPES recorded at lower resolution and
the HeI PES recorded at a comparable resolution by Locht
et al.6 The AIE is 10.303 ± 0.005 eV, and the VIE is 10.496
± 0.005 eV. The major vibrational progression has been as-
signed to the nv2 (n = 0–6) C=C stretching mode of a1 sym-
metry and the peak positions given in Table S5 of the sup-
plementary material26 are in excellent agreement with those
of Locht et al.6 Our value for the harmonic frequency v2

of 1580 cm−1, obtained from Morse fitting of the progres-
sion, is in stunning agreement with the ab initio value of
1579 cm−1. The anharmonicity constant, xe, is determined to
be 0.0046. Three further minor progressions are also iden-
tified and their peak positions are in reasonable agreement
with the HeI study of Locht et al.6 Vibrational assignments
are given in Figure 1(b). For the sake of brevity, the ab initio
frequencies, observed frequencies, and peak positions are
given in Tables S5 and S6 of the supplementary material.26

There are several minor peaks sandwiched in between the
ν2 peaks of the main progression. The first one is observed at
10.348 eV and is best assigned to one quantum of ν10 (a2) by
FCfit. The experimental value of ν10 = 363 cm−1 is in agree-
ment with the ab initio result of 373 cm−1. Locht et al.6 as-
sign this peak to ν9 (b2), for which the calculated value of
417 cm−1 is much higher than the experimental value. It
applies to both assignments, however, that these non-totally
symmetric vibrations should be forbidden. A possible expla-
nation of how ν10 is observed could be linked to the loss of
planar symmetry upon ionization. Herzberg–Teller30 vibronic

coupling between the X̃ 2B1 and Ã 2B2 states of 1,1-C2H2F2
+

which is mediated by the ν10 (a2) twisting vibrational mode
can occur, according to the symmetry requirement

�X̃
e ⊗ �Ã

e ⊃ �v. (1)

This requirement is satisfied here since the coupling of the vi-
bronic symmetry of the X̃ and Ã states, B1 ⊗ B2 = A2, gives
the symmetry of the ν10 vibrational mode. Therefore, the 2B1

and 2B2 ion states are coupled when the molecule twists since
the LUMO energy17 is lowered and the HOMO is raised, and
intensity is given to the ν10 mode upon ionization. As the pre-
dicted torsional angle is only ±3◦, the double-minimum po-
tential energy curve must be very shallow with the ν10 = 0
and 1 levels most likely above the barrier. In contrast, the
non-adiabatic coupling (conical intersection) between the X̃

and Ã states of C2H4
+, which is mediated by the torsional

mode, produces a torsional angle at the minima of the ground
state which is much larger, ±29◦, with a barrier height of
357 cm−1.17 The difference in the extent of coupling and
therefore the amount of twist seen could be due, in part, to
the larger difference in energy31 between the X̃ and Ã states
of 1,1-C2H2F2

+ of 4.31 eV compared with that of C2H4
+ of

2.31 eV.3

The second of these minor peaks at 10.382 eV lies
637 cm−1 above the band origin and is also well reproduced
in the Franck–Condon fitting by the ν12 mode of b1 sym-
metry at 628 cm−1. This is the only mode within 50 cm−1

of the experimental value of 637 cm−1. Populating the F–
C–F scissor ν5 mode of a1 symmetry with a frequency of
583 cm−1 gives a similar fit, but it is slightly lower in en-
ergy than the ν12 mode (see Figure S1 of the supplementary
material).26 The Franck–Condon simulation yields a third mi-
nor peak at 10.397 eV, which corresponds to a shoulder in the
experimental spectrum at 10.394 eV, assigned as two quanta
in the ν10 mode of a2 symmetry (2 × 373 cm−1). The differ-
ence between the band origin and this shoulder is 0.091 eV or
734 cm−1 which is close to the calculated value of 746 cm−1.
This mode becomes allowed under symmetry considerations
even without the breakdown of planarity. Locht et al.6 did not
resolve this doublet and assigned the single peak as 2ν9. Even
if the HeI peak at 10.347 ± 0.004 eV had been correctly as-
signed as ν9 by Locht et al.,6 the 0.042 eV or 338 cm−1 spac-
ing to the 10.389 ± 0.005 eV peak would still mean the latter
is unlikely to be 2ν9 with ν9 = 417 cm−1. We note that both
the ν10 and ν12 modes involve a twisting of the CH2 moiety
which changes the dihedral angle, whereas the ν9 mode con-
sists of a F–CC asymmetric in-plane bend (wagging motion)
between the CH2 and CF2 moieties which does not cause a
change in this angle. When populating the ν9 mode instead
of either ν10 or ν12, the resulting spectrum is not a satisfac-
tory fit to the experimental spectra as the H–C=C angle of
the cation becomes drastically reduced. In addition, the ex-
perimental spectrum cannot be faithfully reproduced when a
planar cation geometry is retained, confirming that the twist
gives rise to the observation of both the ν10 and ν12 modes.

The fourth peak to high energy of the origin band is at
10.420 eV. This is assigned to ν4 (a1) = 1, with this F–C–F
symmetric stretching mode at 948 cm−1, to be compared with
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the ab initio value of 959 cm−1. Finally, there is a partially
resolved shoulder (starting at 10.479 eV) to lower energy of
each peak of the main ν2 (a1) progression. Based on our sim-
ulation, this may correspond to the ν3 (a1) vibrational mode,
observed experimentally at around 1418 cm−1, which can be
compared with the ab initio value of 1428 cm−1. This progres-
sion was not observed by Locht et al.,6 although the peaks in
their ν2 progression do appear to be slightly asymmetric. The
same pattern of peaks due to the vibrational modes ν10, ν12,

2ν10, ν4, and ν3 is repeated for members of the main progres-
sion of nv2 (n = 0–3).

3. Trifluoroethene

Figure 1(c) shows the TPES of C2HF3, the simulated
stick and convoluted spectra together with the vibrational as-
signments. Although some vibrational structure has been ob-
served in the ground-state PE band by others,1, 3 this is the
first high resolution TPES of this molecule reported in the lit-
erature. The (4a′′)2 HOMO of the neutral CS C2HF3 molecule
has C=C π orbital character, and the cation electronic ground
state has the term symbol X̃ 2A′′. Similarly with the previous
fluorinated ethenes, ab initio calculations show an increase in
the C=C bond length from 1.323 to 1.418 Å consistent with
removing an electron from the C=C π orbital, and a decrease
in all C–F bond lengths of ≈0.06 Å. The geometry obtained
from FCfit shows planarity is retained within the ion.

The first photoelectron band, corresponding to the X̃ 2A′′

ground state of C2HF3
+, is comprised of a series of sharp and

well-defined peaks. The AIE and VIE are 10.138 ± 0.007 and
10.544 ± 0.007 eV, respectively. Previous literature values are
scarce with the notable exception of the work by Bieri et al.,1

who reported the AIE as 10.14 eV and the VIE as 10.62 eV,
both in close agreement with our values. The band is dom-
inated by a vibrational progression of nν2 mode (n = 0–5)
which corresponds to the C=C stretching mode. The Morse-
fitted vibrational harmonic frequency of this band is deter-
mined to be 1641 cm−1, which is in close agreement with the
ab initio value of 1649 cm−1. The anharmonicity constant, xe,
is determined to be 0.000781. This assignment is in agreement
with the early angle-resolved photoelectron spectrum of Sell
and Kuppermann3 (Tables S7 and S8 of the supplementary
material).26 There are five other, less intense vibrational pro-
gressions amidst members of the ν2 progression. With the aid
of FCfit, they are assigned to ν9 (C–H in plane rock and CC–F
bend) at 241 cm−1, ν8 (Fa–C1C2 scissor, where Fa is cis to the
hydrogen) at 508 cm−1, ν7 (F–CC scissor and Fb–CC scissor
where Fb is trans to the hydrogen) at 629 cm−1, ν5 (C–H wag)
at 1266 cm−1, and ν4 (F–C2 stretch, H–CC bend and C1–Fa

stretch) at 1654 cm−1. The overall agreement between exper-
iment and fit is excellent. Figure 2 shows the calculated and
experimental vibrational modes which are active upon ion-
ization and their symmetries. All six active modes are of a′

symmetry and satisfy selection rules. Furthermore, just as for
monofluoroethene with CS symmetry, no single quantum of
a′′ vibrational modes are observed, consistent with a planar
cation. Unlike monofluoroethene, however, double quanta of
a′′ modes are not observed in trifluoroethene. The same pat-

tern of peaks due to the vibrational modes ν9, ν8, ν7, ν5, and
ν4 is observed towards higher energy from the main progres-
sion peaks nν2 (n = 0–4).

4. Tetrafluoroethene

C2F4 has the highest symmetry of the four molecules
studied, belonging to the D2h point group. The HOMO of
the neutral is the C=C π bonding orbital, (2b3u)2, and the
cation ground state has the term symbol X̃ 2B3u.1 Using FC-
fit, the ground state geometry of the cation is confirmed to
be planar, and only totally symmetric vibrations in the D2h

point group should be observed in the photoelectron spec-
trum. As previously, there is an increase in the C=C bond
length of 0.096 Å, a decrease in the C–F bond length of
0.056 Å. Overall across the series, the increase in C=C
bond length upon ionization becomes greater with increas-
ing F-substitution, but the decrease in C–F bond length is
reduced, in accordance with the perfluoro effect, i.e., σ molec-
ular orbitals are strongly stabilized by mixing of the ethy-
lene group orbitals with the electronegative F-atom σ orbitals.
By contrast, the mixing and stabilization of the π orbitals
is much smaller and so strong C–F π antibonding character
dominates.2

The first photoelectron band seen in Figure 1(d) is as-
signed to the ground state of C2F4

+, X̃ 2B3u. It is com-
posed of several well-defined vibrational progressions, the
most prominent being the nν1 (n = 0–7), the C=C stretch-
ing mode at 1708 cm−1, in good agreement with the experi-
mental value from the Morse-fitted progression of 1733 cm−1.
The anharmonicity constant, xe, is determined to be 0.00366.
The calculated and experimental frequencies are given in
Figure 2. The AIE and VIE are 10.110 ± 0.009 and 10.535
± 0.009 eV, respectively. Five additional but less intense vi-
brational progressions are observed in between the members
of the ν1 progression. Three have been assigned as ν3, ν2, and
(ν3 + ν2), with experimental frequencies of 468, 847, and
1315 cm−1, respectively (see Figure 1(d)) and, as expected,
all identified modes are of ag symmetry (Tables S9 and S10
of the supplementary material).26

In an earlier lower resolution TPE study by Jarvis et al.,7

only the ν1, ν2, and ν3 modes were observed (note that the
numbering of ν1 and ν2 is reversed in the studies of both Jarvis
et al.7 and Brundle et al.2). Following a subtraction procedure
to allow for the effects of second-order harmonic radiation
delivered from the grating monochromator at the beamline,
Jarvis et al.7 determined the AIE to be 10.0 ± 0.1 eV, and
the vibrational frequencies of these three modes to be 1686,
766, and 371 cm−1, in reasonable agreement with those de-
termined from the present work of 1733, 847, and 468 cm−1,
respectively. The ground state of C2F4

+ was also studied by
HeI photoelectron spectroscopy at a resolution of 0.022 eV by
Eden et al.8 The first and third progressions were also identi-
fied by Eden et al.8 as ν1 (C=C stretch) and ν2 (C=C stretch
and C–F2 symmetric stretch). However, there is disagreement
between the assignment of the second and fourth progression,
which they assign by comparison with the infrared spectrum
of neutral C2F4, as the ν6 mode of b1g symmetry and the ν11
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mode of b3u symmetry using the Herzberg convention.32 In
the Mulliken convention used here, these vibrations are the
ν11 (b3g) CC–F bend and ν5 (b1u) symmetric C–F2 stretch
modes.33 Since there is no change in the molecular symmetry,
odd-quantum transitions are only allowed for totally symmet-
ric modes. Therefore, we dispute the Eden8 assignments to
modes with b3g and b1u symmetry in favour of a combination
band assignment where both modes have ag symmetry. Con-
sequently, we have reassigned these bands to be ν3 and the
combination band (ν3 + ν2), respectively. The average spac-
ing between the second of the two peaks from the main pro-
gression is reported by Eden8 as 0.152 eV or 1225 cm−1 and
assigned to ν11. However, the average difference in our work
between this progression and the corresponding members of
the ν1 progression is 1245 cm−1, but the difference between
the band origin and the first member of this progression at
10.273 eV is 0.163 eV or 1315 cm−1. This second value is
least affected by anharmonicity and is preferred over the av-
erage value. It is also in excellent agreement with the sum of
the experimental values for ν3 + ν2, 1315 cm−1.

Thanks to the enhanced resolution, an additional, previ-
ously unobserved progression has been identified with two
peaks in each member of the main progression with a spac-
ing of 637 and 1008 cm−1 from the band origin. This pro-
gression with members at 10.188 and 10.235 eV is well re-
produced when populating the ν6 mode (C–F2 scissor out
of synchronicity) of b1u symmetry with one and two quanta.
Both the ν6 mode and the other possibility, ν9 of b2u symme-
try, are non-totally symmetric, so should be forbidden tran-
sitions in the absence of a geometry change upon ionization.
Yet by evaluating the actual nuclear wave function overlap,
Franck–Condon simulations show that ν6 is populated with
non-negligible intensity even without a change in symmetry.
Finally, the same pattern of peaks at ν2, ν6, ν3, 2ν6, and (ν2

+ ν3) is repeated for each member of nν1 (n = 0–6).
It appears that with the exception of 1,1-C2H2F2

+, the
rest of the series studied in this paper, C2H3F+, C2HF3

+, and
C2F4

+ remain planar upon ionization in the ground electronic
cation state. The experimental spectra cannot be faithfully re-
produced with a non-planar ion geometry in these latter three
ions. Apparently, the vibronic coupling between the π (C=C)
and π (C–X2) where X = H or F,31 is only measurable in 1,1-
C2H2F2

+, in which a torsional twist is observed.

B. Electronically excited cation states

1. Spectroscopy

EOM-IP-CCSD/cc-pVTZ calculations were undertaken
using Q-Chem 3.228 at the optimized G3B3 neutral geome-
tries to determine accurate vertical ionization energies and as-
sign excited electronic state TPES bands. Excited state wave
functions of the cation are of single determinant character and
the Koopmans’ theorem34 holds. Thus, the EOM-IP-CCSD
assignment agrees exactly with the semi-empirical HAM/3-
based ordering of the cations published 30 years ago by
Bieri et al.1 and, with the exception of the almost degen-
erate Ẽ, F̃ and H̃ , Ĩ electronic states in 1,1-C2H2F2

+ and
C2F4

+, respectively, also with their Green’s function analy-

FIG. 3. Complete valence threshold photoelectron spectra of C2H3F, 1,1-
C2H2F2, C2HF3 and C2F4. The EOM-IP-CCSD/cc-pVTZ computed vertical
ionization energies are shown by the symbols. Different symbols represent
different ion states according to their (approximate, see text) C2v character:
A1 (black triangle), A2 (light circle), B1 (black circle), B2 (light triangle).

sis. Counter-intuitively, electronic excited state assignments
are straightforward for the fluorinated ethene ions with little
static electron correlation, in sharp contrast with the vibra-
tional assignments of the ground state spectra, where we have
found that even the most recent vibrational assignments need
revision.5, 6, 8

Two of the molecules studied, C2H3F and C2HF3, have
CS symmetry, 1,1-C2H2F2 has C2v and C2F4 has D2h sym-
metry. In order to establish trends and trace the evolution
of the electronic ion states in the series, we considered the
Kohn–Sham orbital character symmetries according to their
C2v character, even for the CS molecules, as follows. Or-
bitals without a nodal plane along the C=C axis are classi-
fied as totally symmetric, giving the corresponding ion state
A1 symmetry. Ionization from orbitals with a nodal plane in
the molecular plane but without one perpendicular to it leads
to B1 ion states. Orbitals with a nodal plane perpendicular to
the molecular plane along the C=C axis correspond to B2 ion
states. When both nodal planes are present in orbitals, ion-
ization leads to A2 states. This assignment is shown together
with the overall TPES in Figure 3. The slight destabilization
of the π -type HOMO corresponding to the ground ion state
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and the overall stabilization of the deeper lying orbitals, i.e.,
progressively higher ionization energies corresponding to ex-
cited ion states, with increasing F substitution confirms not
only the perfluoro effect,2 but also the enhanced stabilization
of the fluorine lone pairs. With the exception of this point,
other trends with increasing fluorine substitution are difficult
to establish.

Vibrational progressions have been observed in some ex-
cited states in all four molecules. When vibrational struc-
ture is observed in the excited states, Franck–Condon factors
have to be significant in the bottom of the potential energy
well, and it can be assumed that the geometries of the excited
state ion are comparable to that of the ground neutral state.
Within this approximation, we make only tentative assign-
ments based on the ion ground state calculated frequencies.
A strong well-resolved progression is seen on the H̃ 2A′ state
of C2HF3

+ between 19.4 and 20.3 eV which has not been pre-
viously reported. The observed spacing of ∼847 cm−1 could
be attributed to an asymmetric wagging mode with a Fa–C1Fb

symmetric stretch, or even quanta of a Fa–C1=C2 bending
mode. There is very weak vibrational structure seen between
22.5 and 24.9 eV with a separation of ∼240 cm−1, which
could be attributed to the CHF=CF2 wagging mode. The
strongest vibrational structure in the excited states of C2F4

+

is seen on the Ẽ 2B1g peak at 17.6 eV, also observed in the
HeI spectra of Brundle et al.2 and Eden et al.8 Brundle et al.2

assign the complex structure to two separate progressions, ν2

and ν3. The ν2 mode involving the C=C stretch, makes a more
likely candidate for the major progression where we observe
a vibrational spacing of ∼777 cm−1 rather than the ν11 mode
(calculated at 536 cm−1 in the ground cation state) proposed
by Eden et al.8 The minor progression has an observed vi-
brational spacing of ∼398 cm−1 and we assign it to the ν3

mode, a C=C stretch with symmetric C–F2 scissor, in accor-
dance with Brundle et al.2 A final single vibrational progres-
sion is seen on the peak at 19.1–19.7 eV (ionic states with G̃
2B2g and H̃ 2B3u symmetry) and is assigned to the ν2 mode,
∼777 cm−1, again in accordance with Brundle et al.2

2. Dynamics

The dissociative photoionization dynamics is of both ap-
plied and fundamental interest.35 On the one hand, appearance
energies can be used in thermochemical derivations, but only
if the dissociative photoionization is fast at the thermochem-
ical threshold36 or if the dissociation rates can be measured
and extrapolated to it.37 In addition to new and accurate neu-
tral thermochemistry, such thresholds can also help interpret
the products of ion-molecule bimolecular reactions.38 On the
other hand, understanding the energy flow between different
electronic and nuclear degrees of freedom is of paramount
fundamental interest. A dissociation process in any molecular
system (neutral or charged) is typically considered statistical
if the intermediate state is sufficiently long-lived to allow for
the complete redistribution of internal energy before dissoci-
ation. Such processes are dominated by the ground electronic
state, since its density of states exceed that of any excited
state by orders of magnitude.35 Non-statistical, non-ergodic

processes are characterized by an incomplete sampling of the
energetically allowed phase space of the dissociating species.
The reason can be a fast dissociation process, such as impul-
sive F-loss from CF4

+,39 or Cl-loss from CCl4+.40 Alterna-
tively, an electronically excited ion state can be so long-lived
that it establishes a second dissociation regime, shielded from
access to the ground state dynamics of that surface. This was
shown to be the case in F-atom loss in C2F4

+,9 and probably
applies in CH3-loss from CH3OH+.41 The nature of the non-
statistical fluorine atom loss from singly to triply fluorinated
ethene cations has long been misunderstood.10–13 Contrary
to F-loss from C2F4

+, detailed kinetic energy release stud-
ies have shown that F-loss from C2H3F+ and 1,1-C2H2F2

+

is, in part, an impulsive process.11, 42 The F-loss threshold ion
yield curves were shown to correlate only approximately with
the TPES signal,9 which indicates a complex mechanism with
possible Rydberg-state involvement. In contrast to C2F4

+, the
state which leads unhindered to F-loss is not the first electron-
ically excited state of the parent ion in the other members of
the series. Intermediate Rydberg and ion states facilitate fast
internal conversion and rule out long-lived electronically ex-
cited states. Therefore, non-statistical F-loss channels have to
be fast and impulsive.

In the context of the overall valence TPES and experi-
mental and computational information on excited electronic
state energetics presented herein, it is now possible to stim-
ulate the discussion on the unimolecular dissociation dy-
namics of fluorinated ethenes with respect to our previous
study.9 Out of computational practicality, we only address
the dissociation mechanism of monofluoroethene cations by
EOM-IP-CCSD/cc-pVTZ calculations along the optimized9

cation ground electronic state H-, HF-, and F-loss reaction
paths. That is, the reaction path geometries are optimized
at the B3LYP/6-311++G(d,p) level on the ground cation
state, and vertical excitations are considered to the electron-
ically excited states. Because of the spectral similarity, we
expect an analogous mechanism to apply to the dissocia-
tion dynamics of di- and trifluoroethene cations. By con-
trast, the spectral sparsity of the TPES of tetrafluoroethene
leads to a de-coupling of the Ã ion state from the X̃ ion
state, and to isolated-state behaviour with long-lived Ã state
intermediates.9 By understanding the role of different elec-
tronically excited ion states in the mechanism of the main
dissociative photoionization channels, we will show how and
why F-atom loss assumes a non-statistical character in higher
internal energy states of the parent ions, whereas the HF- and
H-loss channels do not.

a. H-atom loss from C2H3F+. The H-loss reaction en-
ergy curves in the monofluoroethene cation are shown in
Figure 4. The doublet ground ion state is of A′′ symmetry. The
molecular orbital of the missing electron in the dominant elec-
tron configuration of the X̃ − C̃ states of the cation are shown
in the figure, together with that in the ground state ion at an
extended C–F bond length of 2.9 Å. The F atom is pointing
out of the plane towards the reader in the schematic structures.
The ground state of the H-loss fragment ion, CH2=CF+, is
closed shell, i.e., totally symmetric (A′) in CS symmetry, and
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FIG. 4. Reaction curves of the X̃, Ã, B̃ and C̃ excited states of C2H3F+ along
the H-loss coordinate in the ground state ion. Conical intersections (indicated
as funnels) are indicated at R(C–H) ≈ 2.05 Å between the X̃ and Ã states,
and at R(C–H) ≈ 2.1 Å between the B̃ and C̃ states.

the spin density is localized in the 1s orbital of the leaving H
atom in the products. In other words, the X̃ state of the parent
ion correlates adiabatically with the CH2=CF · + H+ disso-
ciation products, but H+ is not observed in the valence pho-
toionization experiments.9 The thermochemical threshold to
H-atom loss is much lower at 13.6 eV.9 In order to determine
the well depth of the Ã state, which can correlate adiabatically
with the H-loss products, we carried out an EOM-IP-CCSD
geometry optimization that yielded a structure with an elon-
gated α-C–H bond length and increased C–C–F bond angle as
well as an adiabatic ionization energy of 13.18 eV. Therefore,
the Ã state of C2H3F+ is bound by ≈400 meV, it adiabatically
correlates with the ground state H-loss products, and is cou-
pled with the X̃ state through the C=C–F bend coordinate.
Fast relaxation through this conical intersection leads to sta-
tistical H-loss with k > 107 s−1 at threshold. Contrary to the
diabatic coupling coordinates in HF and F losses (see later),
the coupling vibrational mode in this case is the C=C–F
bending mode, and not the reaction coordinate. This explains
the discontinuities in the potential energy curves plotted in
Figure 4. In the ground electronic state constrained geome-
try optimizations, electronic state switching occurs at a value
of the reaction coordinate where the new state is more stable
even at the C=C–F bond angle of the old state. Thus, there is
a discontinuity in this bond angle and the curve crossings do
not correspond to a point along the seam of the conical inter-
section. Instead, the seam is only known to be located within
the dashed lines. As also seen in Figure 4, the B̃ and C̃ states
are also coupled by a conical intersection but are distinct from
the X̃ and Ã states. Thus, only the X̃ and Ã states participate
in the H-loss channel with the exit channel being the Ã state.

b. HF loss from C2H3F+. The HF-loss potential energy
curves are shown in Figure 5. After the closed-shell neutral
HF leaves, the spin density is localized in the π -system of the
ethyne fragment ion. The reaction coordinate is taken as the
distance between the midpoints of the C=C and H–F bonds,
and, again, there appears to be a conical intersection at play
at R ≈ 1.5 Å. The potential energy curves cross smoothly,

FIG. 5. Reaction curves of the X̃, Ã, B̃ and C̃ excited states of C2H3F+ along
the HF-loss coordinate. A conical intersection has been located at R(C•C–
H•F) ≈ 1.5 Å.

because the coupling vibrational coordinate is very similar to
the reaction coordinate of choice. However, the X̃ 2A′′ and Ã
2A′ curves are degenerate at the dissociation limit (R 	 2.5 Å,
not shown in Figure 5), as they only differ in the orientation
of the degenerate ethyne π -orbitals from which the electron
is removed to form C2H2

+. As the products are approached,
the (HOMO–1) of the neutral takes a σ -antibonding character
between the fragments, whereas the HOMO corresponds to a
π -antibonding orbital. Thus, at R = 2.0 Å, the A′ state of the
cation with one σ -antibonding electron removed is more sta-
ble than the A′′ state ion (see schematic structures at the dots
in the figure with the corresponding molecular orbitals in the
neutral at the selected reaction coordinate with the HF leav-
ing upwards). The energy difference between the two states is
larger than 0.5 eV when HF is removed by 2.5 Å from C2H2

+,
showing a long range interaction at play. The B̃ 2A′ state of
C2H3F+ correlates with the ground state C2H2 + HF+ prod-
ucts, lying 5 eV above the lower energy X̃ and Ã channels.
The corresponding molecular orbital of the missing electron
has F lone pair character, as shown. On the B̃ state surface, the
transition state to HF loss lies 20 eV above the neutral, and is
even higher for the C̃ and D̃ states which correlate with ex-
cited state products; the D̃ state is not shown in Figure 5. As
was the case for H-atom loss, HF loss in C2H3F+ is related
to the interplay between the X̃ and Ã states. Higher-lying
ion states are de-coupled from the HF-loss channel observed
in dissociative valence photoionization, as they must first re-
lax to the X̃/Ã manifold in order to lose HF in a statistical
fashion.

c. F-atom loss from C2H3F+. The F-loss potential en-
ergy curves, shown in Figure 6, show a different pattern. The
first three ion states, X̃, Ã, and B̃, dissociate to products with
different singly occupied fluorine 2px,y,z orbitals and the same
ground electronic state of the CH2=CH+ ion. At a fluorine–
carbon distance of around R(C–F) = 2.3 Å, the three states
are degenerate and are coupled by the C–F stretch coordinate.
At longer distances, the B̃ state appears to be converging to
the dissociation limit, whereas even at R = 3.3 Å the X̃ and
Ã states are still increasing in energy. This suggests that long
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FIG. 6. Reaction curves of the X̃, Ã, B̃ and C̃ excited states of C2H3F+ along
the F-loss coordinate. Three conical intersections have been found R(C–F)
≈ 1.5 Å between C̃ and B̃, R(C–F) ≈ 1.8 Å between B̃ and C̃ and at R(C–F)
≈ 2.3 Å between the X̃, Ã, and B̃ states leading to degenerate asymptotes.

range interactions are significant at even longer distances than
for HF-loss, as there has to be an X̃/Ã F-loss transition state
at R(C–F) > 3.3 Å. To describe this bond length region re-
liably, the triple-ζ basis set used in these calculations would
need to be augmented with several diffuse functions.

The non-statistical F-loss process arises in the energy
range of the C̃ 2A′′ state. Based on the low energy compo-
nent in the kinetic energy release distribution and ab initio
calculations, the dissociation channel from this C̃ state to the
C2H3

+ (3A′′) + F (2P) products was suggested to play an im-
portant role.5, 12, 13 Roorda et al.13 further established that the
C̃ state has a large negative energy gradient towards the C–F
elongation, and suggested a diabatic pathway in which the C̃

and X̃ states couple through an avoided crossing at R(C–F)
= 2.0 Å with a minimum energy gap of around 0.96 eV. They
proposed that the route to F-atom formation is either via this
diabatic pathway along which the initial momentum in the C–
F stretch is retained, leading to ground state C2H3

+ (1A′) with
a large translational kinetic energy release, or via an adiabatic
pathway along the C̃ state producing electronically excited
triplet C2H3

+ (3A′′) fragment ion with small kinetic energy
release. The fragments of the latter channel, however, corre-
spond to a quartet wave function, meaning that it cannot be the
asymptote of the doublet C̃ state. Indeed, we found that the
4A′′ state crosses the C̃ 2A′′ state at R(C–F) ≈ 2.2 Å (Figure 6).
The rate of intersystem crossing is unlikely to exceed that
of internal conversion to lower lying doublet ion states and
the breakdown diagram9 casts further doubt on the feasibil-
ity of this pathway. The CBS-APNO43 calculated splitting
between the singlet and triplet states of the vinyl cation is
2.10 eV, putting the asymptote to triplet C2H3

+ production at
≈16.1 eV (cf. the 16.6 eV limit in Fig. 6 corresponding to the
triplet energy at the singlet C2H3

+ product geometry, calcu-
lated using EOM-IP-CCSD/cc-pVTZ). In the breakdown dia-
gram of C2H3F+,9 the percentage yield of F-loss production
plateaus at ≈30% in the statistical regime, then rises rapidly
in the photon energy region 15.5–16 eV to a constant level of
≈60% from which the signal decreases above a photon energy
of 17.0 eV. If triplet C2H3

+ production were a viable disso-
ciation path, the F-atom loss signal should increase above its

threshold at 16.1 eV, at which energy it has already reached
its asymptotic value. The absence of such an increase rules
out significant C2H3

+ (3A′′) production.
An alternative mechanism is now offered. As opposed to

the X̃, Ã, and B̃ states, the C̃ state of C2H3F+ converges to
CH2CH + F+, and does not lead to F-loss products. However,
it is just below the onset of this excited A′′ ion state peak in the
threshold photoelectron spectrum9 that the non-statistical and
partly impulsive11 F-loss channel opens up. Figure 6 shows
that the B̃ and C̃ states are coupled at 1.5 Å < R(C–F)
< 1.8 Å. As Roorda et al.13 have shown, the C–F bond length
in the C̃ state minimum is markedly longer than in the ground
state of the ion, thanks to the removal of an electron from
a π -type C–F bonding orbital. Consequently, C̃ state ions
are highly vibrationally excited in the Franck–Condon enve-
lope with large excitation in modes associated with the C–F
stretch. They can lose electronic energy by crossing through
the conical intersections to the B̃ state. If the crossing occurs
at low C–F bond lengths on the bound part of the B̃ sur-
face, the resulting species will decay statistically. However,
at higher C–F bond lengths, the B̃ state also has a repulsive
character that facilitates F-atom loss. The fate of the parent
cation is still not sealed at this point, since fluorine p-orbital
mixing at R(C–F) = 2.3 Å can lead it onto the partially bound
Ã and X̃ states, yielding a longer lived F-loss intermediate
in which redistribution of the excess energy may, to a certain
extent, still be possible. Thus, three different F-loss channels
are proposed in the C̃ state band of the TPES of C2H3F: (i)
statistical F-loss mostly from the X̃ state by a C̃ → B̃ tran-
sition on the bound part of the B̃ state surface through the
first conical intersection, (ii) impulsive F-loss by a C̃ → B̃

transition onto the repulsive part of the B̃ state and subse-
quent direct dissociation, and, as a slight variation of this pro-
cess, (iii) semi-impulsive non-statistical F-loss by a multi-step
C̃ → B̃ → X̃/Ã transition with an intermediate at R(C–F)
≈ 2.3 Å.

This multiple channel F-loss mechanism explains the
proposed bimodal kinetic energy release distribution observed
for C2H3F+ and 1,1-C2F2H2

+,12, 13, 42 as the low kinetic en-
ergy release modus is a result of the statistical dissociation
pathway. Furthermore, direct C̃-state involvement is not nec-
essarily required in threshold photoionization. In the CH3I
study,22 it was proposed that the neutral parent can be ex-
cited to the Rydberg manifold in the initial step. The Rydberg
manifolds belonging to each ion state will have the similar
characteristics to the ion state, and autoionization may also
occur after internal conversion. This explains why the non-
statistical F-loss channel is seen at slightly lower energies
than the actual C̃-state peak in the photoelectron spectrum
of C2H3F+. In the iodomethane study,22 neutral dissociative
states were proposed to connect different Rydberg manifolds
with the corresponding ion states lying approximately 2 eV
apart. In monofluoroethene, such neutral states do not need
to be invoked, since the Rydberg manifolds themselves can
readily interconvert at conical intersections. Such conical in-
tersections may play a significant and, as yet, unrecognized
role in ensuring that most molecules with a sufficiently con-
gested ion spectrum dissociatively photoionize in accordance
with statistical theory.44
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IV. CONCLUSIONS

The ground state TPES of four fluorinated ethenes;
C2H3F, 1,1-C2H2F2, C2HF3, and C2F4 have been recorded
at a higher resolution than previously reported. The ground
state spectra have been simulated and fitted using the Franck–
Condon fitting program, FCfit, to better identify those vibra-
tional modes active upon ionization.25 A number of weak
peaks seen in the ground state band of C2H3F+ have been
reassigned. Even quanta transitions of the ν12 mode are al-
lowed and 2ν12 contributions have been identified. We have
also reassigned vibrational transitions in the ground electronic
state TPES of 1,1-C2H2F2. In addition to the ν2 C=C stretch-
ing mode previously observed by others, we identified the
ν3 mode which gives rise to asymmetry of all of the peaks
in the ν2 progression. The Franck–Condon analysis has also
yielded a surprise result, revealing a small geometry change
upon ionization, the loss of planarity. This led to the as-
signment of a non-symmetric ν10 (a2) mode apparent in odd
quanta. By contrast, Franck–Condon analysis shows that pla-
nar geometries in the monofluoroethene, trifluoroethene, and
tetrafluoroethene ions are retained. The ground state TPES of
C2HF3 has been recorded with significantly improved reso-
lution than in previous studies. The ν9, ν8, ν7, ν5, and ν4

vibrational progressions have been identified in addition to
the ν2 C=C stretching mode previously identified by Sell
and Kuppermann.3 Finally, the vibrational progressions in the
C2F4 ground state TPES have been extensively re-assigned
from the HeI study of Eden et al.8 In addition to the strong
C=C stretching mode nν1 observed previously, we assign
weak progressions to the ν3, ν2, and (ν3 + ν2) vibrational
modes, all with ag symmetry.

Excited state threshold photoelectron spectra are also
reported for the four fluoroethenes up to 23 eV together
with the computed vertical ionization energies. In contrast
to the ground-state vibrational assignments, historical elec-
tronic state assignments have been found to be remarkably
accurate. Based on excited state calculations on C2H3F+ and
new experimental data, we propose a new model for the non-
statistical dissociative photoionization decay mechanism by
F-atom loss as well as the previously observed bimodal F-
loss kinetic energy release distribution. Triplet C2H3

+ frag-
ment ion production by intersystem crossing is ruled out in
the new mechanism, as is the isolated state mechanism pro-
posed for F-loss from C2F4

+ in which the large separation of
the electronic states slows down internal conversion. Instead,
the C̃ 2A′′ state of C2H3F+ acts as a gateway with conical
intersections to bound and dissociative parts of the B̃ state
potential energy surface. Together with H and HF loss, statis-
tical F-atom loss takes place via the X̃ state, whereas diabatic
coupling onto the repulsive part of the B̃ state surface is re-
sponsible for non-statistical, impulsive F-loss.
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