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Abstract

The threshold photoelectron spectra (TPES) of the two vicinal isomers of the 1,2-C,H,FCIl molecule have been
investigated in the 9-24 eV energy range using synchrotron radiation. Eight (for the cis-isomer) or nine (for the
trans-isomer) bands have been observed and the corresponding ionization energies have been determined. The
spectroscopic assignments are based on high level quantum chemical ab initio calculations for both isomers.
Most of the observed spectral features could be interpreted. For both species the first three TPES bands exhibit a
rich vibrational structure. Vibrational energies were determined and assignments were also supported by
quantum chemical calculations of vibrational wavenumbers for these three ionic states of both isomers.

Keywords : synchrotron radiation ; threshold photoelectron spectroscopy ; quantum chemical calculations ;
autoionization ; vibrational structure ; electronic excitation ; 1,2-C,H,FCl

1. Introduction

We reported recently on the threshold photoelectron spectrum (TPES) of the geminal 1,1-C,H,FCl
isomer measured using synchrotron radiation between 9.0 eV and 24.5 eV photon energy [1]. A detailed analysis
of this spectrum was presented. The assignments were supported by quantum chemical calculations. In an earlier
paper devoted to the three C,H,FCl isomers, Tornow et al/ [2] described the respective Hel (21.22 eV/ 58.4 nm)
and Nel (16.67-16.87 eV/74.37-73.58 nm) photoelectron spectra. The successive ionization energies were
interpreted with the help of MNDO calculations. Assignments of the observed vibrational structures were
proposed.

The aim of the present paper is to complete our previous work by reporting and analyzing the TPES of
both cis- and trans- 1,2-C,H,FCI isomers in the 9.0-24.0 eV spectral region using synchrotron radiation. High
level ab initio quantum chemical calculations will support our analyses and assignments.

2. Experimental
2.1. Experimental setup

The experimental setup used in this work has already been described in detail previously [3]. Only the
most salient features will be reported here.

Synchrotron radiation available from the BESSY facility (Berlin, Germany) was dispersed at the 3 m-
NIM-2 beam line. This 3 m-NIM monochromator is positioned at a bending magnet front end. It is equipped
with an Al/MgF,-grating with 600 lines per mm. The entrance and exit slits were adjusted between 100 um and
200 ym.

For the TPES experiments the light beam is focused into an ion chamber, in the focussing plane of a
tandem electron spectrometer consisting of two 180° electrostatic deflectors. This electron energy analyzer
works at constant energy resolution, i.e., at constant pass energy PE = E|,.

The samples of both cis- and trans-1,2-C,H,FCl were prepared in the laboratory as described earlier [2].
99.9% gas chromatographic purity was reached after two passages for the trans-isomer. The cis-isomer needed a
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third passage to obtain the same purity. The boiling points are -4°C and 16°C respectively [2].

2.2. Data handling and error estimation

As will be mentioned in the next sections, weak sharp peaks and diffuse structures are often
superimposed on a strong continuum. To make the characterization of these features easier a continuum
subtraction procedure has been applied. This method has already been used successfully in previous spectral
analyses [4, 5]. For this purpose, the experimental curve is severely smoothed to simulate the underlying
continuum which is then subtracted from the original spectrum. The smoothing procedure consists in filtering the
experimental curve by fast Fourier transform (FFT). The weak features emerge from a remaining strongly
attenuated background. The resulting diagram will be called A-plot in the forthcoming sections. This procedure
is free from spurious structure generation. It is verified that the reverse operation consisting in the summation of
the smoothed curve and the A-plot restores the original signal. Carbonneau [6] and Marmet [7] carefully

established the validity of the method many years ago. Moreover, a detailed description of this data processing
has been provided in a recent paper [1].

The wavelength calibration of the 3 m-NIM monochromator has been performed using the Ar
absorption spectrum between the 2p,,, and the *P,,, ionic states. The accuracy of this calibration is better than
2meV. In the measurements between 9 eV and 24 eV photon energy, the TPES spectrum has been recorded with
energy intervals of about 10 meV. The error on the energy position of a feature is estimated to be 6 meV. In the
TPES spectra recorded between 9.5 eV and 14 eV an energy increment of 2 meV has been adopted. The error on
the energy position of a feature is estimated to be of the order of 3 meV. This estimation is confirmed by the
reproducibility of energy positions measured in different spectra recorded over several measurement sessions.

Figure 1. (a) TPES of cis-1,2-C,H,FCl in the 9.8-24.5 eV photon energy range and Hel-PES normalized to the
vertical ionizing transition in the X*A” state. Vertical bars indicate vertical ionization energies, (b) TPES of cis-
1,2-C,H,FClin the 9.8-14.5 eV photon energy range recorded with PE = 1.5 V and 2 meV increments.
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3. Experimental results
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3.1. The cis-1,2-C,H,FC1 TPES

Figure 1(a) shows the TPE spectrum of cis-1,2-C,H,FCl recorded over a wide photon energy range, i.e.,
from 9.5 eV to 24.5 eV, and with 10 meV energy increments.

The upper limit was restricted by the grating transmission function as shown by the increase of the
noise level from 23 eV upward.

Eight well-defined bands are observed and their vertical ionization energies are listed in table 1. A
strong and broad band is detected at about 11.6 eV. This feature was not observed in the Hel-PES [2].

For comparison, the Hel-PES [2] is reproduced in the same figure, normalized to the intensity of the
vertical transition in the first TPES band. The vertical ionization energies determined in the TPE spectrum are
listed in table 1 together with the Hel- and Nel-PES results [2].

The TPES measured with increments of 2 meV between 9.7 eV and 14.7 eV is displayed in figure 1(b).
The adiabatic (IE,) and vertical (IE,.,) ionization energies related to the first three bands are listed in table 1.

Figure 2. (a) TPES of trans-1,2-C;H,FCl in the 9.8-24.5 eV photon energy range and Hel-PES as normalized to
the vertical ionizing transition in the X*A" state. Vertical bars indicate vertical ionization energies, (b) TPES of
trans- 1,2-C,H>FCl in the 9.7-14.5 eV photon energy range recorded with PE = 1.5 V and 2 meV increments.
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~ Differences between the Hel-PES and the TPES have to be pointed out. Compared to the intensity of
the X*A”-band of the ionic ground state at 10.086 eV, the relative intensities of the PES-bands related to the
ionic excited states are modified by resonant autoionization in the TPES. A very long vibrational progression in
the X*A” ground ionic state of cis-1,2-C,H,FCl shows up very clearly and exhibits a maximum intensity at about
11.6 eV. A considerable difference between the 1,1- [1] and the cis-1,2-isomers is the much less regular pattern
of the vibrational intensity distribution observed between 10.6 ¢V and 11.8 eV in the latter spectrum.
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3.2. The trans-1,2-C,H,FC1 TPES

The TPES of the trans-1,2-C,H,FCl observed between 9.7 eV and 24.5 eV is displayed in figure 2(a)
together with the Hel-PES measured by Tornow et al [2].

Beside the narrow but very strong band at about 12 eV a series of seven weak bands are observed up to
21 eV photon energy. Above this energy a very weak band is observed at about 23.4 eV. Most of these bands
seem to be structureless. The energy position of the maxima, corresponding to the IE,., values, are listed in table
1.

A better resolved TPES between 9.7 eV and 14.7 eV, with energy increments of 2 meV, is displayed in
figure 2(b). The first three bands show sharp and fairly extended vibrational progressions. As already pointed out
for the two other isomers, i.e. 1,1-C,H,FCI [1] and cis-1,2-C,H,FCl, an extended very irregularly structured
region is observed between 10.6 eV and 12.0 eV in the TPES whereas it is absent in the Hel-PES. The IE,4 and
IE, . ionization energy values are listed in table 1 for the first three bands.

Table 1. Adiabatic and vertical ionization energies (eV) measured by Hel-PES, Nel-PES [2] and by TPES using
synchrotron radiation for cis- and trans- 1,2-C,H,FCL

Cis-1,2-C,H,FCl

Tornow et al [2] This work

Hel* Nel® TPES®

[Ey [Eyer [Eyq [Eyer TEage TE yertbe

9.87 10.02 9.87 10.03 9.896 10.086
11.87 11.87 11.87 11.87 11.920 11.920
13.06 1324 1299 1325 12.904 13.245

13.84 1402 13.81 1405 — 14.02

— 1520 1493 1520 — 15.15
— — — — (16.14)°

— — — — — (16.38)°
17.12¢ — 17.06
18.26% — 18.16

— — — 20.03

Trans-1,2-C,H,FCl

Tornow et al [2] This work

Hel® Nel* TPES®

IEad IEven [Ead [Even IEad° IEverlb’C
9.88 10.05 986 1005 9.876  10.086
1205 1205 12.02 1202 12.038  12.038
13.17 1340 1333 1350 13.036  13.302
1426 — 1420 — 14.22
1498 — 1509 — (14.52)f
— — — — 14.95
— — — — (15.95)
— — — — (16.35)f
17.16% — 17.12
18.16° — 18.05
— — 20.18

— 23.39

? Uncertainty + 0.02 eV [2].
® Uncertainty + 0.006 eV, see section 2.2.
¢ Uncertainty + 0.003 eV, see section 2.2.
¢ Misprinted in table 1 in [2] where 16.61 eV and 17.30 eV were listed.
¢ See figure S3 and section 5.1.1.
" See figure S4 and section 5.1.2.
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4. Ab initio calculations: methods and results
4.1. Computational tools

All the calculations were performed with the Gaussian 09 program [8]. The basis set used for all the
calculations is aug-cc-pVDZ [9] containing polarization as well as diffuse functions.

The geometry optimization has been performed at the CCSD (FC) [10, 11] and M06-2X(DFT) [12]
levels. The molecular orbital configuration of the cis- and trans-1,2-C,H,FCl in the Cy; symmetry group is
described by

LS(CLY, 25(C1Y’, 1s(B)’, 1s(CLY%, 1s(C2)%, 2p,  (C1)°

(12 (22') (3a')* (4a") (5a')> (1a") (62') (7a’)* (3a’)’
(22" (9a')* (32" : X'A’,

where the 1a' and 2a' are the first outer-valence shell orbitals. Vertical ionization energies of eight cationic states
have been calculated at the CASSCF [13-15] level with the state average option, i.e. CAS(5,8) (2a", 9a/,
3a'7/10a', 11a', 12a', 4a", 13a") and CAS(9,8) (7a', 8a', 2a", 9a', 3a'7/10a', 4a", 11a'). The geometry optimization

of the B excited state was performed at the TDDFT level [16] using the M06-2X functional. As is usual for
wavenumber values, a weight factor was applied and chosen to be the same as for B3LYP/ 6-31+G** (0.96) as
given by Irikura ez al [17]. These authors determined such scaling factors for a number of methods and basis sets
but no scaling factor is available for the methods/basis set used in the present work. Thus the scaling factor for
B3LYP/6-31+G** was chosen because the method provides rather similar geometrical and energy results as
MO06-2X and that, in the work by Irikura, the associated basis set was the closest to the one used in this work
(with diffuse and polarization functions).

4.2. Results of the calculations

The results of the geometry optimization of the neutral ¥?A’ ground state and of the cationic ground

X 2A”and first two excited states A“A’ and B A” are presented in table S1 (see supplementary data, available
at stacks.iop.org/JPB/47/175101/mmedia) for both isomers according to the atomic numbering shown in the
same table. Two different calculation levels are considered. In the literature, the calculation level which is
considered as the most accurate is CCSD (FC), but the M06-2X is also recognized as a very good functional
[10]. The two methods belong to different calculation frameworks: a wavefunction- or a density functional-
approach, respectively. Since the electronic correlation is not parameterized in the first case, it provides results
that are supposed to be less dependent on the nature of the molecular systems considered. The optimized
geometries obtained by the present calculations on the X*A’ ground state of cis- and trans-1,2-C,H,FCl can be
compared with those of the fairly recent theoretical work of Puzzarini et a/ [18].

The vibrational wavenumbers calculated for the X'A’neutral ground state of cis- and frans-1,2-
C,H,FCl are listed in table 2 and are compared with infrared and Raman spectroscopic data reported by Craig et
al [19]. These experimental values have been remeasured and confirmed more recently for vy, vs and v +vy with
high accuracy by infrared laser spectroscopy [20].

The vibrational modes characterizing the cis-1,2-C,H,FCF cationic ground state X*A” and the first
two excited states A*A’ and B*A” of the molecular ion are represented in figure S1 (see supplementary data,
available at stacks.iop.org/JPB/47/175101/mmedia). For the latter two states only those normal modes differing
from the ionic ground state are shown. Essentially, the v; and v, normal modes become more localized in the
AZA’(ﬁgure S1b) and BA” (figure Slc) excited states. In the B*A” state this is also the case for the vio and vy;
modes. It has to be observed that in the latter state the C16-C1 internuclear distance becomes very large (dashed
line in figure Slc).

The vibrational motions in the trans-1,2-C,H,FCI1" cationic ground state XA are represented in figure
S2a. In the A2A’ first excited state vs and vg are inverted as well as vj, and v;; as shown in figure S2b, whereas

v, v, and v;; become essentially local modes. In the B*A”excited state the v, and v, are nearly local modes
(figure S2c).
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Table 2. Wavenumbers (cm™) related to the vibrational normal modes of cis- and trans-1,2-C,H>FCl in their
ground X'A’'state and of cis- and trans-1,2-C.H,FCI" in their ground X*A" and two first excited

A®A' and B*A" states calculated at the M0G6-2X level. The wavenumbers are corrected using the recommended
scaling factor of 0.96 (see text).

Cis-1,2-C,H,FCl
State XA XA APAT BPAY
Vibr.N.M.
a’ Symm® Theor Exp. [19]

12 3150 3114 3104 3127 3168
12 3129 3102 3089 3030 3083
V3 1691 1661 1540 1632 2178
V4 1298 1335 1346 1242 1338
Vs 1203 1231 1262 1179 1232
Vg 1044 1062 1086 998 1024
vy 786 812 875 668 687
Vg 641 656 658 558 391
Vo 184 205 208 139 169
a” Symm

V1o 890 857 908 907 849
1281 753 735 737 637 492
V12 437 442 304 409 321

Trans-1,2-C,H,FCl

a’ Symm

121 3121 3103 3111 3104 3186
12 3112 3094 3100 2916 3104
V3 1676 1647 1544 1610 2072
V4 1261 1296 1262 1273 1263
Vs 1177 1218 1245 2111 1241
Vs 1121 1127 1203 1041 1124
vy 847 876 953 656 629
Vg 436 447 449 409 307
Vo 263 270 264 224 230
a” Symm

V1o 388 388 900 930 389
128 800 784 804 668 585
Vo 258 270 190 252 196

*The respective vibrational motions of the neutral X A’ and cation X'A” ground state are very similar and are represented in figure S la.
The modified v; and v, modes in the first excited AZA’ ionic state and v, v, and v;; in the second excited 824~ ionic state are drawn in
figure S1b and S1c successively.
® The respective vibrational motions of the neutral X*A’and cation X A ground state are very similar and are represented in figure S2a. The
modified vs,vsv; and v;; modes in the first excited A2A’ionic state and v;,v,,vs and v, in the second excited B24” ionic state are drawn in
figure S2b and S2c.

Table 2 lists the scaled theoretical wavenumbers of the twelve vibrational modes for both the cis- and
trans-cation.

The vertical ionization energies (IE,.) of the cis- and trans-1,2-C,H,FCI calculated at two CASSCF
levels and at the TDDTF level are listed in table S2, together with their corresponding MO main configurations.
Several ionization energies are described by doubly excited (ionization/excitation) configurations. Vertical and
adiabatic (IE,q) ionization energies were also determined at the CCSD (FC) and M06-2X level for the ground
and first excited states of the cation. They are mentioned in table S2 (see supplementary data, available at
stacks.iop.org/JPB/47/175101/mmedia).
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5. Discussion
5.1. The threshold photoelectron spectra (TPES) between 9.5 eV and 24.5 eV

5.1.1. The cis-1,2-C,H,FCl isomer (see figures 1(a) and S3). All the calculation levels agree to assign the first
three PES bands, displayed in figure 1(a) (see also table 1 for the experimental values of the adiabatic and
vertical ionization energies), to the ionization from the 3a", 9a' and 2a" MO successively (see table S2). The

corresponding ionic states are therefore £°A”, A”A’ and B?A”respectively.

The different calculation levels provide a lowest IE,. value between 9.84-10.85 eV (see table S2)
which has to be compared with the experimental IE,.= 10.086+0.003 eV. The experimental adiabatic IE,q =
9.896+0.003 eV agrees well with the calculated values of 9.69 eV (CCSD) and 9.75 eV (M06-2X).

The first excited state of the ion is assigned to the ionization of the 9a' MO. IE,. energy values of
11.49-12.36 eV are provided by the different calculations. These theoretical values have to be compared with the
corresponding experimental IE,.= 11.920+0.003 eV, which corresponds also in this case to the adiabatic
ionization energy.

The second excited state of the cis-1,2-C2H,FCI" molecular ion is observed at IE,;= 12.904+0.003 eV
and IE,.= 13.245+0.003 eV. The vertical ionization energy value has to be compared with 12.85-13.83 eV
obtained at different calculation levels (see table S2).

The bands observed above 14 eV in the Hel-, Nel-PES and the TPES appear as broad smooth continua
with no or almost no vibrational structure, as confirmed by the subtraction procedure applied to the 14-18 eV
energy range (figure S3) (see supplementary data, available at stacks.iop.org/JPB/47/175101/mmedia). The
vertical ionization energies are listed in table 1.

In the apparent gap between 15.8 eV and 16.8 eV the A-plot in figure S3 suggests the likely presence
of two overlapping bands embedded in the background of the TPES. Their IE,.; would be measured at 16.14 eV
and 16.38 eV successively. We discuss their interpretation and assignment in the following, based on our ab
initio calculation results.

As far as simple ionization (one-electron) processes are concerned, the CAS(5,8) calculations lead to
only the first three ionic states (X?A”, A*A’ and B?A”). The ionization energies associated with the removal of
one electron from the 8a' and 7a' orbitals are provided by the CAS(9,8) calculations (see table S2). The TDDFT
calculations lead additionally to the (6a')" ionization energy. Only TDDFT provides quantitative agreement with
the experimental IE,o values of 14.02 eV ((8a')") and 15.15 eV ((7a)") (see table S2). The (6a')" ionization
energy calculated at 16.42 eV at the TDDFT level might therefore correspond to one of the two experimental
values of 16.14+0.02eV and 16.38+0.02 eV.

Concerning the doubly excited states, the analysis of the detailed theoretical data provided in table S2
leads us to the following conclusions. The TDDFT, CAS(5,8) and CAS(9,8) methods agree that the state with the
main configuration ... (6a')* (7a')* (8a')* (2a")* (9a')* (4a")' appears first, around 16eV, while the ,..(6a")* (7a')*
(8a')* (2a")* (9a")* (10a')' state lies around 17 eV. The first state might correspond to one of the two ionization
energies detected in the 16.1-16.5 eV range. We assign the band around 17 eV to the second of these doubly
excited states.

Tornow [20] and Kaufel [21] investigated the ionization and dissociation of cis-1,2-C,H,FCl by
photoionization mass spectrometry using synchrotron radiation between 9-20 eV and dissociative
electroionization [22]. They showed that about 95% of the total ionization at 20 eV appears already as parent and
fragment ions below 17.40 eV. The lowest appearance energy (AE) is measured at 12.76 eV for the C,H,F". This
fragment represents 45% of the total ionization at 20 eV photon energy whereas the intensity of the molecular
ion is 14% at the same energy. This AE is significantly below the IE,y (B*A”) = 12.958 eV (see table 1).
Dissociative autoionization is likely involved in the C,H,F" dissociation channel. In the 13.34-14.63 eV region

corresponding to the B*A”—C?A’ ionic states, most of the other halogenated fragment ions are generated.

5.1.2. The trans-1,2-C,H,FCl isomer (see figures 2(a) and S4). The TPES of the trans-1,2-C,H,FCI is
presented in figure 2(a) in the 9.5-24.5 eV photon energy range. The comparison is made with the Hel-PES
reported earlier [1]. The adiabatic and vertical ionization energies measured in these two spectra are listed in
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table 1. As observed in figure 2(b), only the first three TPES bands clearly exhibit vibrational structure.

In agreement with all calculation levels the first three PES bands are assigned to the ionization from the
3a". 9a' and 2a" MO successively leading respectively to the X*A”, A*A’ and B*A” ionic states.

The different calculations provide the first IE,. values between 10.00-10.97 eV (see table S2). The
vertical value calculated at the CCSD and MO06-2X levels compare well with the experimental
IE e = 10.086 £0.003 eV. The experimental adiabatic [E.o(X?A” /trans-1,2-CoHoFC1) =9.876+0.003 eV is well
accounted for by the calculations, that is, 9.67 eV (CCSD) and 9.73 eV (M06-2X).

Figure 3. A-plot of the TPES of cis-1,2-C,H,FCl on expanded energy scales: (a) 9.8-10.8 eV, (b) 11.8-12.6 eV
and (c) 12.8-13.8 eV. Vertical bars indicate vibrational progressions.
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The comparison of the calculation results for the cis- and frans-isomers (table S2, figures S3 and S4)
(see supplementary data, available at stacks.iop.org/JPB/47/175101/mmedia) shows that the ionization energies
of the different states (one-electron ionization and satellite states) are very similar, with the exception that the
state corresponding to ionization from the 7a' orbital did not appear in the CAS(9,8) results. Accordingly, and
relying on the fact that TDDFT is closer to the experimental values than the CAS values, we propose similar
assignments for the trans-isomer.

The fourth and fifth photoelectron bands are assigned successively to the removal of one electron from
the 8a' (IEye= 14.22 eV), and from the 7a' (IE,.= 14.95 eV) orbitals. The sixth and seventh bands (experimental
IEo= 15.95 and 16.35 eV) are respectively assigned to a satellite state (removal of one electron from 3 a"
together with 3 a" —4a" excitation) and to one-electron ionization from the 6a' orbital. The TDDFT predictions
are, respectively, 16.16 and 16.43 eV. The eighth band (experimental IE,.= 17.12 eV) is also assigned to a
satellite state (ionization from 3a" and 3a" — 10a' excitation) (IE,.= 16.76 ¢V in TDDFT).

One point to address here is the observation of a shoulder in the fourth band around 14.5 eV, which
clearly appears as a separate band in the A-plot (figure S4) (see supplementary data, available at
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stacks.iop.org/JPB/47/175101/mmedia). This does not correspond to any theoretically predicted electronic state
of the cation. We propose as a possible explanation that the upper part of the potential energy hypersurface of the

C*A’ state is populated by autoionization.

At higher photon energy three weak PES bands are observed with decreasing intensity. They are
characterized by maxima at 18.05 eV, 20.18 eV and 23.39 eV successively.

Starting with the € I\ state, almost all TPES bands appear as continua. Tornow [20] and Kaufel [21]
investigated the ionization and dissociation of frans-1,2-C,H,FCI by photoionization mass spectrometry using
synchrotron radiation between 9 eV and 20 eV and dissociative electro-ionization [22]. As for the two other
isomers, these authors [20-22] show that more than 97% of the total ionization at 20 eV arises as parent and
fragment ions below 17.40 eV. The lowest onset energy (AE) is measured at 12.74 eV for the C,H,F" fragment
representing 47% of the total ionization at 20 eV whereas the intensity of the molecular ion is 12% at the same
energy. This AE is significantly below the IE. (B*A”)=13.036eV (see table 1) so that dissociative
autoionization in the C,H,F" dissociation channel is probable. In the 13.37-14.7 eV region corresponding to the

B*A"—C?A’ ionic states, most of the other halogenated fragment ions are generated.

For both isomers, only TPEPICO experiments could provide a more detailed view and a quantitative
insight of the dissociation dynamics.

5.2. The TPES between 9.5-14.5 eV

5.2.1. The cis-1,2-C,H,FCl isomer

5.2.1.1. The X°A" TPES band (see figures 1(b) and 3(a)). The TPES of theX?A”band of cis-1,2-C,H,FCl is
shown in figure 1(b) between threshold and 10.8 eV photon energy as recorded with 2 meV increments. The
pattern and shape of the X*A” band in the TPES of cis-1,2-C,H,FCl is quite different from that of the X°4"
observed in 1,1-C,H,FCI [1].

To enhance the weak structures in this first band, the subtraction method has been applied (see section
2.2) (figure 3(a)). Their energy positions are listed in table 3.

The main vibrational structure starts at [E,q = 9.896+0.003 eV. This IE has to be compared to the values
determined by Hel- and Nel-PES, i.e. 9.870+£0.010 eV [2], and by mass spectrometric photoionization using
synchrotron radiation (9.89 eV) [20, 21]. The energy of 10.086+0.003 eV corresponds to the vertical ionization
energy and can be compared with 10.02 eV and 10.03 eV measured by Hel-PES and Nel-PES respectively [2]
(see table 1).

The major progression in theX>A” ground state of 1,2-C,H,FCI" corresponds to a vibrational energy
hewo = 189+3 meV (1524+24cm™). The experimental wavenumber can be compared unambiguously with that
predicted by ab initio calculations at ws; =1540 cm™ (see table 2). The v3 normal mode corresponds to the C = C
stretching motion with H-C bending (see figure S la). This is compatible with the dominant 7 character of the 3a"
MO.

About midway between the peaks of the major progression a weaker signal is observed at an average
energy of 106+4 meV (856 £32 cm™) (see table 3). This value can be compared with w; = 875 cm™ predicted by
the present calculations. This wavenumber is assigned to v; and corresponds mainly to CH bending (see figure S
la).

Weak signals are measured in this band at very reproducible intervals of 82+2 meV (661 + 16 cm™) (see
table 3). Only v = 1 and 2 are observed. Also in this case, the experimental value could be compared with the
wavenumber calculated at 658 cm™ and corresponding to vg i.e. a complex vibrational motion affecting all angles
(see figure Sla).

Finally, very weak additional progressions of 4-7 vibrational quanta could be observed between the
major peaks. The corresponding energy spacing is 2143 meV (169 + 24 cm™). This vibrational energy compares
well with the predicted wavenumber at 208 cm’ for vy (see table 2 and figure S1a).
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5.2.1.2. The photon energy region between the X and A bands (see figure 4). Whereas in the 10.6-11.8 eV
photon energy range no photoelectron signal is detected by Hel-PES (see figure 1(a)), a strong TPES signal is
observed. Its intensity is even higher between 11.4eV and 11.8 eV than that observed for the X?A” band. It
displays a rather complex structured pattern. The A-plot of the TPES has been reproduced in figure 4(a) between
10.6 eV and 11.8 eV, together with the A-plot of the low resolution vacuum UV PAS (figure 4(b)) [2]. The high
degree of correlation between the two types of spectra is very convincing as also shown in table S3 (see
supplementary data, available at stacks.iop.org/JPB/47/175101/mmedia). The interpretation and assignments of
the structure in the vacuum UV photoabsorption spectrum (PAS) are included in figure 4(b) and table S3. This
part of the PAS was assigned to the electronic and vibrational excitation of np, nd and ns Rydberg series. They
all converge to the X %A’ cationic state [2].

Figure 4. A-plot of the (a) TPES and (b) the PAS of cis-1,2-C,H,FCl in the 10.6-11.8 eV photon energy region.
Vertical bars in the latter spectrum indicate the energy positions of identified Rydberg states [2].
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The strong correlation suggests that the identified Rydberg states autoionize resonantly giving rise to
'zero kinetic energy' (ZEKE) photoelectrons. The analysis of the structures starting at 10.734 eV reveals a regular
spacing of about 120£8 meV (968+64 cm™). These structures could likely correspond to highly excited
vibrational levels of the ionic ground state accessed through autoionization. It is possible that they correspond to
the higher excitation of the v; normal mode, with a slight propensity to decreased energy spacing due to
anharmonicity.

5.2.1.3. The A°A’and the B?A’ TPES bands (see figures 1(b), 3(b) and (c)). The photon energy region of 11.8-
12.6 eV is shown in figure 1(b) on an expanded energy scale. It shows a fairly strong band exhibiting also sharp
but weak structures with IEad(AzA’-cis-l,2—C2H2FC1) =11.920£0.003 eV.

The resulting A-plot (see section 2.2) for the region between 11.96 eV and 12.60 eV is displayed in
figure 3(b). The positions in energy of these features are listed in table 4 together with earlier Hel- and Nel-PES
data reported by Tornow et al [2].
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Table 3. Energy positions (eV) of the structures observed in the Hel-, Nel- PES and TPES of the XA state of
cis-1,2-C,H,FCI'. Assignments and experimental vibrational energies/wavenumbers (eV cm™) are listed.
Conversion 1 eV = 8065.545 cm™ [24].

X?A” Band structure
Hel* Nel* TPES®

This
[2] 2] work Assignments Normal modes

9.894 9.894 9.896  IE. (0,0) ®3=189+3 meV
— 9.917 9918 o 1524 +24 cm™!
— 9.943 9.938 2w
— — 9.962 3y @7=106+4 meV
— 9.982 9.980  duolyg 856+32 cm™!

9.997 10.004 10.002  Swolv,
— 10.020 10.022 6wy wg=82+2 meV
10.070  10.048 10.062  8uo/2ug 661+ 16 cm™
— 10.082 10.086  vs
— 10.110 10.110 V3+IJ9/21/7 wo= 21+3 meV
— — 10.128  vs+2w, 169 +24 cm™

— 10.141 10.144 na
— — 10.168 v3+ugl/

l/3+4l/9
— 10.185 10.180 v3+5Suy
10.190 — 10.198 v3+uvy

— 10.212 10.220  v3+7w
10257 10239 10.246 v3+2vs/
v3+ 8o

— 10.266 10.267 v3+9u
— 10.287 10.278  2us

— 10.312 10.300 2v3+ 1y
— — 10.316 2u3+2v0
— 10.373 10360 2v3+14
10.385  10.396 10380  2vs3+us

10443 — 10.445 2u3+ 2v7
— 10.456 10.464 3u3
10.539 — 10.530 3u3+ 3v9
— — 10.578 33+ 17
10.617 — — na

“Estimated uncertainty: +0.010 eV
"Estimated uncertainty: £0.003 meV (see section 2.2).

The A*A’ TPES band shows a very short progression, compatible with the ionization from a non-
bonding molecular orbital, with 155+4 meV (1250+32 cm™) spacing. Compared to the results of the ab initio
calculations presented in this work, this wavenumber corresponds to the v, vibrational mode predicted at 1242
cm™ (see table 2). This vibration involves the in-plane CH bending (see figure S la). Combinations with v, and
vs characterized by 85+ 4 meV (685+32 cm™) and 6443 meV (516 + 24 cm™) respectively are also observed.
These wavenumbers compare with those predicted at 668 cm™ and 558 cm™ respectively (see table 2).

The B?A” ionic state extends from 12.9 eV to 13.7 eV. The IE,4(B>A"-cis-1,2-C,H,FCl) is measured at
12.904+0.003 eV. The maximum intensity is observed at IE,.,= 13.245 eV, in agreement with the Hel-(13.244

eV) results [2]. Contrarily to the TPES of 1,1-C,H,FCl, the B*A” band exhibits a well defined and extended
vibrational structure (see figure 3(c)). The energy positions of the features are listed in table 5.

The progression observed in figure 3(c) exhibits numerous asymmetric peaks broadened at the high
energy side. The observed regular progression displays an average energy of hcw = 55+4 meV (444 + 32 cm™)
compatible with the predicted value for vg at 391 cm’ corresponding to a complex in-plane deformation (see
figure Sla).
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Table 4. Energy positions (eV) and assignments of the, structures observed in the Hel-, Nel-PES and TPES of

the A*A' band of the cis-1,2-C.H,FCI" cation.

A%A’ Band structure

Hel*  Nel* TPES®

[2] [2] This work  Assignments
11.901 11910 11.920 IE.4 (0,0)
— 11.977 11984 vy

— 12.009 12.000 vg

12.054 12.084 12.074 In

12.147 12.140 12.134 Vs + g
12249 12233  12.230 2uy

— 12.286  12.294 2us+ug

“Estimated uncertainties £0.010 eV [2].
“Estimated uncertainties £0.003 eV (see section 2.2).

Table 5. Energy positions (eV) and assignments of the structures observed in the TPES of the B’A" band of the

cis-1,2-C,H,FCI" cation. Conversion 1 eV = 8065.545 cm™ [24].

B?A” Band structure

TPES*  Assignments Normal modes
12.904 IE.4 (0,0) wg=55+4 meV
12.958 g 444+32 cm™!
12970 na

13.010  2ug

13.042 na

13.068  3ug

13.082 na

13.094  315+0.026

13.106 na

13.130  4ug

13.140 na

13.154  4p5+0.024

13.188  5uq

13.204 na

13.212  5u5+0.024

13.226 na

13.242 6wy

13.296  7Tug

13.304 na

13.352  8ug

13.366 na

13.404  9ug

13.430  915+0.026

13458  10ug

13.512  1lwg

13.570  12u4

13.622 1314

13.672 14wy

Uncertainty estimated at +£0.003 eV.
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Figure 5. A-plot of the TPES of trans-1,2-C,H>FCI on expanded energy scales: (a) 9.5-10.8 eV, (b) 11.9-12.8
eV and (c) 13.0-14.0 eV. Vertical bars indicate vibrational progressions.
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5.2.2. The trans-1,2-C,H,FCl isomer.

5.2.2.1. The X?A" TPES band (see figures 2(b) and 5(a)). The TPES of theX 2A”band of trans-1,2-C,H,FCl is
shown in figure 2(b) between 9.7 eV and 10.8 eV photon energy. Its pattern is quite different and more complex
than that of the corresponding band in the two other isomers (see [1] and section 5.2.1.1 in the present work).

The A-plot is shown in figure 5(a). The energy positions are listed in table 6 and compared with
previous measurements [2].

The strongest vibrational structure starts at IE,q = 9.876+0.003 eV. It has to be compared to the value
obtained by Hel- and Nel-PES, i.e. at 9.88+0.010 ¢V and 9.86+0.010 eV [2] respectively. A weak signal
observed at 9.820 eV (at 9.814 eV in Nel-PES) is assigned to a hot band. The neutral vibration involved could be
the vs mode with ez = 450cm™ estimated in this work and observed at 447 cm™ by infrared spectroscopy [19].
An IE,y = 9.86eV has been measured by mass spectrometric photoionization using synchrotron radiation [21,
22]. The energy of 10.086+0.003 eV corresponds to the vertical ionization energy and has to be compared with
10.05 eV measured by Hel-PES and Nel-PES respectively [2].

The major progression observed in the X*A” ground state of trans-1,2-C,H,FCI" is characterized by a
vibrational energy hcwo = 187+6 meV (1508+50 cm™). Ab initio calculations predict ws; = 1544 cm™ (see table 2)
corresponding to the C=C stretching motion with H-C bending (see figure S2a).

The pattern of the decreasing signal intensity observed between 9.87 eV and 10.2 eV consists of a
regular progression with an average spacing of 57+2 meV (459+16 cm™) (see table 6). This value should
correspond to wg = 449 cm’' predicted by the present calculations and corresponding to the CX (X = F and Cl)
bending (see figure S2a). As shown in table 6, a number of structures could not be assigned. However, a few of
these show regular intervals of 210-220 meV. These might be very tentatively assigned to 4vg (in parentheses in
table 6).
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Table 6. Energy positions (eV) of the structures observed in the Hel-, Nel-PES and TPES of the X*A” state of
trans-1,2-C,H,FCI'. Assignments and experimental vibrational energy/wavenumbers (eV/iem™) are listed.
Conversion 1 eV = 8065.545 cm’™ [24].

X?A” Band structure
Hel*  Nel* TPES®

This
[2] [2] work Assignments  Normal modes
9.88 9.873 9.876 IE.4 (0,0) w3=187+6 meV
— 9.930 9934 g 1508 +48 cm™
— 9.991 9.996 2ug —
— 10.032 10.036 v4lvs wy/
ws=160+2 meV
10.04 10062 10070  us 1290+ 16 cm™
— — 10.094  na (dug)
— 10.116 10.126 V3 +Ug wg=57+2 meV
— — 10.158  na 459+16 cm™
— 10.184 10.184  wv3+213
— — 10.189 na

— — 10.228 V3 +Uslus
1024 10244 10254 23

— — 10.278  na (v3+4vg)
— 10.300 10312 2u3+ug

— — 10.344 na
— 10.356 10366 2u3+2u4
— — 10.378 na

— 10.393 10414 2v542v4/205
1042 10424 10438  3u;
— 10450 10464 na

(21/3 + 41/8)
— — 10.502 31./3 +ug
— — 10.532  na

1056 — 10.564  3u3+2ug
— — 10.592 31./3 +l/4/l/5
— 10.61 10.620 4w,

— 10.678 4y +ug

“Estimated uncertainty: £0.010 eV
“Estimated uncertainty: £0.003 meV (see section 2.2)

In this band weak signals are measured at reproducible intervals of 160+2meV (1290+16 cm™) (see
table 6). This experimental value is compatible with two wavenumbers calculated at 1245 cm™ and 1203 cm™
corresponding to v4and vs respectively, and associated with CH-bending motions (see figure S2a and S2b).

5.2.2.2. The photon energy region between the X and A bands (figure 6). As already observed for the 1,1- [1]
and the cis-1,2-C,H,FCl (see section 5.2.1.2 in this work) isomers, a strong TPE signal has been detected
between 10.4 eV and11.8 eV. It displays an erratic pattern as enhanced by the A-plot of this energy range (see

figure 6(a)).

The corresponding A-plot of the low resolution vacuum UV PAS of trans-1,2-C,H,FCl [2] has been
reproduced in figure 6(b) in the same energy range. The TPES intensity distribution reproduces very well the
PAS. This strong correlation is confirmed by the energy positions listed in table S4 (see supplementary data,
available at stacks.iop.org/JPB/47/175101/mmedia).

This observation suggests that resonant autoionization of excited Rydberg states produces threshold
photoelectrons. This process populates the upper part of the potential hypersurface of the X?A” cationic state.
However, the vibrationally resolved constant ion state (CIS) spectroscopy of the two most intense vibrational
levels in the X>A” jonic states (at 10.070 eV and at 10.254 eV) clearly show that several Rydberg states involved
in TPE production also autoionize by producing non-zero photoelectrons.
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Figure 6. A-plot of the (a) TPES and (b) the PAS of rrans-1,2-
C,H,FCl in the 10.4-11.8 eV photon energy region. Vertical bars in
the latter spectrum indicate the energy positions of identified
Rydberg states [2].
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5.2.2.3. The A°A'and the B°A’ TPES bands (see figures 2(b), 5(b) and (c)). The photon energy region of 12.0-
12.8 eV, displayed in figure 2(b) on an expanded energy scale, shows a strong band exhibiting narrow and sharp
structures. The adiabatic ionization energy of this band is observed at 12.038 + 0.003 eV.

The corresponding A-plot is displayed in figure 5(b). The energies of these features are listed in table 7
together with earlier data [2].

The A2A’ TPES band shows a short progression with 128+6meV (1032+48 cm™) spacing. This energy
corresponds to the v vibrational mode whose wavenumber is predicted at 1041 cm™ involving the in-plane CH
bending (see figure S4). Combined excitations are observed with v; and vy, with wavenumbers of 90+5 meV
(725+40 cm™) and 23+3 meV (185+24 cm™) respectively. These values are compatible with the predicted
wavenumbers at 656 cm™ and 224 cm™ respectively. The shoulder at 12.004+0.003 eV has to be assigned to a
hot band corresponding to the excitation of v, in the neutral molecule. The measured wavenumber of 275 cm™ is
in good agreement with the infrared value of 270 cm™ [19].

The B?A” jonic state extends from 13 eV to 14 eV. The IE,q is observed at 13.036+0.003 eV and its
maximum intensity occurs at IE,.= 13.302+0.003 eV in agreement with the Hel- (13.309 eV) results [2]. As in
the TPES of cis-1,2-C,H,FCl, the 324~ band exhibits a well-defined and extended vibrational structure (see
figure 5(c)). The energy position of the features is listed in table 8.

The observed long regular progression corresponds to the excitation of a single vibrational mode with
an average energy of hcow = 45+2 meV (36116 cm™), which is compatible with the value of 307 cm™ predicted
for vg corresponding to a C=C-H angle deformation and a C-Cl stretching vibrational motion (see table 2 and
figure S2a). This value is also in good agreement with the earlier value of 46+4 meV (367+32 cm’™") reported by
Tornow et al [2]. Though this progression has been observed up to v = 18, no anharmonicity could be detected.
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Table 7. Energy positions (eV) and assignments of the structures observed in the Hel-, Nel-PES and TPES of the

A*A' band of the trans-1,1-C,H,FCI" cation.

A®A’ Band structure

Hel*  Nel* TPES®

[2] [2] This work  Assignments
12.027 12.037 12.038 IE.4 (0,0)
— 12.054 12.066 Vo

— 12.069 12.088 2vg

— 12.084 12.103 3ug

— 12.119  12.124 vy

— 12.168 12.170 Vs
12.196 — 12.194 Vg + o
— — 12.226 Vg + 29
12.233  12.243 12.234 Vg + 3o
— 12.260 Vg + U7
— 12.306  12.302 2vg
12.328 — 12.324 2u6+ o
— — 12.356 21/6+2l/9
— 12.366  12.366 2v6+ 3v0
— — 12.392 2uve+v7
— 12.408 12.420 3vg

— 12.488 12.450 3ve+ro
12.526  12.508 12.522 na

— 12.548 12.550 4y

— — 12.572 dve+ug
12.637 — 12.648 dvg+u7
— — 12.742 na

— — 12.786 na

“Estimated uncertainty: £0.010 eV
"Estimated uncertainty: £0.003 meV (see section 2.2).

Table 8. Energy positions (eV) and assignments of the structures observed in the TPES of the B2A” band of the
trans-1,2-C.H,FCI cation. Conversion 1 eV = 8065.545 cm™ [24].

B*A” Band structure

Nel* TPES® Assignments  Normal modes
13.033  13.036 IE. (0,0) from Nel-PES
13081 13.080 wvg wg=46+4 meV
13.128  13.126  2u3 367+32cm™
13.175 13.172  3ug from TPES
13221 13214 4pg wg=45+2 meV
13267 13.260 5ug 36116 cm™
13.309 13.302 6wy

13.356  13.348  7Tug

13.403  13.390 8ug

13.451 13434  9ug

13.494 13478 10wy

13.539 13526 1lug

13.584 13570 1214

13.629 13.614 13u4

13.673  13.656 14wy

13.726  13.698 1514

13.765 13.744 16wy

13.802  13.794 17ug

13.852  13.840 18u4

“Estimated uncertainty: +0.010 eV
°Estimated uncertainty: £0.003 meV (see section 2.2).
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6. Conclusions

The TPES of the two 1,2-C,H,FCl isomers have been measured using synchrotron radiation. Eight (for
the cis-isomer) and nine (for the trans-isomer) photoelectron bands have been detected between the lowest
adiabatic ionization energy and 24 eV photon energy. The description and assignment of most of these bands
were supported by quantum chemical calculations. Besides singly ionized states, doubly excited configurations
were assigned.

After the investigation of the 1,1- [1] and the 1,2-C,H,FCl isomers presented in this work, we now
summarize and compare the main features of their TPES. The overall pattern of the spectra is quite similar for
the three compounds. Between the ground state and the first excited state of the molecular ion they all exhibit a
strong TPE contribution which is ascribed to resonant autoionization of Rydberg states.

Table 9. Summary of the dominant characteristics (vibrational normal modes, their wavenumber and ionization
energies) related to the first three ionic states of the three C,H,FCl isomers.

Isomer 1,1- 1,2-Cis- 1,2-Trans-
State\wi

X'A"a)  13=1656cm™  p3=166lcm™ 13=1647 cm™!
v;=700em™  »=1335cm™! pg=1127 cm™!

vg =656 cm™! vg =447 cm™!
X’A7b)  13=1476cm™  13=1524cm™ 13=1508 cm™!
1 10.024 eV 9.896 eV 9.876 eV
AA’b)  1y=492cem™ 14=1250cm™! 1g=1032cm™!
IE.q 12.245 eV 11.920eV 12.038 eV
Bar b)  Continuum vg=444 cm™! vs=361cm™!
IE.q (12.9eV) 12.958 eV 13.036 eV

For the 1,1-C2H2FCIl isomer see Nielsen JR and Albright JC 1957 J. Chem. Phys. 26 1566 and for the 1,2-cis- and 1,2-trans-C2H2FC1
isomers see [19].
°For the 1,1-C2H2FCl+ data see [1].

Only the three lowest energy bands show quite large differences. The first two bands show a rich and
extensive vibrational structure. The third band of the 1,1-isomer is continuous whereas it displays a dense
structure for both 1,2-isomers. For each of these bands, vibrational wavenumbers were measured and compared
to our quantum chemical results, with generally a good correlation. Table 9 summarizes the most salient features
observed and measured in the TPES of the three compounds. The wavenumber characterizing selected vibrations
as observed in the ground state of the neutral molecules has been added. The wavenumber associated with the
C=C stretching (v;) is quite constant for the three neutral isomers. Contrarily, the 1,1-molecular ion shows quite
large differences with respect to its 1,2-isomers.

The IE, of the X*A” ground state of the molecular ion corresponds to ionization from the 3a" (7-
character) MO and is the highest for the 1,1-isomer. For all three compounds, the major vibrational progression
has been assigned to v; corresponding mainly to C=C stretching and C-H bending. The 1,1-isomer shows the
lowest wavenumber.

The first excited state corresponding to ionization from the 9a' MO exhibits the largest differences

between the three isomers. The A%A’ band shows a fairly extended vibrational progression in the 1,1-isomer,
whereas it appears strong and short in the two other compounds. Quite different wavenumbers are measured. In
the former the CH, in-plane rocking and C-F and C-Cl stretching (v;) is the most strongly excited vibration. In
the two latter isomers the CH in-plane bending is excited in both cases. The difference between the excitation of
v, or vg is likely related to the geometry of the two species.

The second excited state B°A” corresponds to ionization from the 2a" MO, leading to a continuous,
structureless band for the 1,1-isomer. Contrarily, for the 1,2-species a single very long vibrational progression of
vg is observed corresponding in both cases to a combination of C-Cl stretching with the HC=CHF frame
deformation.
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