
Ground state:

- ultra-flat double well along torsional coordinate
- torsional barrier < 0.01 eV (MRCI and CAS)
- minima around 20-25 deg. at the MRCI level, lower angle at the CASSCF level
(lack of dynamical correlation) and comprised between 8 and 30 deg. in the literature
- ZPE tends to strongly decrease the torsional angle at 0K

    => No ethylidene-like minimum (CH3CH+)
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The ethylene cation C2H4+ is, with the isoelectronic neutral vinyl C2H3, the simplest organic π radical system: one electron populates a unique unique π orbital in the ground state electronic configuration. This system 
thus offers an opportunity to study in detail the complex electronic and vibronic dynamics in a prototype π radical. We present a combined electronic structure/photochemical dynamics study that investigates 
the non-adiabatic effects in ethylene cation C2H4+ after photoexcitation to its three first excited states. Emphasis is given on the role of the torsional coordinate which is associated to strong vibronic 
couplings. This study raises questions concerning the dynamics of highly electronically frustrated radicals and the influence of low-lying conical intersections on vibrational energy redistribution.
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- initial state D1:
SA3-CAS(11,8)

55 x 2 initial cond.
 

- initial state D2:
SA3-CAS(11,8)

45 x 2 initial cond.

- initial state D3:
SA4-CAS(11,7)

12 x 2 initial cond.

yield was recorded by setting detection windows in the elec-
tron time-of-flight spectrum after each field pulse of negative
polarity. The spectrum with the best resolution was obtained
by collecting the electron signal in the second window. The
linewidth of the narrowest lines amounted to !FWHM
!0.09 cm"1.

The wave number calibration of the overview spectra
was achieved by simultaneously recording optogalvanic
spectra of neon and making reference to tabulated transition
wave numbers.38 In the high-resolution measurements, the
VUV wave number was calibrated with an accuracy of better
than 0.015 cm"1 using the procedure described in Ref. 39.

III. ELECTRONIC STRUCTURE
AND MOLECULAR SYMMETRY

Ethylene in its vibronic ground state is a planar near-
prolate asymmetric top of D2h point group symmetry. The
a-inertial axis coincides with the CvC-bond, the b-axis lies
in the molecular plane and the c-axis perpendicular to it.
Following common practice,6 the a , b , and c axes are iden-
tified with the z , y , and x axes, respectively.

The most important molecular orbitals are displayed
schematically in Fig. 1 which also qualitatively depicts their
dependence on the torsional angle. The highest occupied mo-
lecular orbital "HOMO# is the 1b3u $-type orbital that is
responsible for the double bond character of the CvC bond.
Ionization from this orbital gives rise to the X̃# 2B3u (2B3 in
D2) ground electronic state of the ethylene radical cation. If
the two CH2 moieties of the molecule are twisted against
each other by a torsional angle %, the molecular point group
symmetry is lowered to D2 until the torsional angle reaches
90° at which point the CH2 moieties lie perpendicular to

each other and the molecule assumes a configuration of D2d
point group symmetry. With increasing torsional angle the
energy of the 1b3u orbital is raised, whereas the energy of
the 1b2g orbital "the lowest unoccupied molecular orbital,
LUMO# is lowered. These orbitals form a degenerate pair of
orbitals of e symmetry at the perpendicular configuration.
The same holds true for the 1b2u and 1b3g orbitals which
also become degenerate at a twisting angle of 90°.

In the electronic ground state of neutral ethylene, the
perpendicular geometry corresponds to a saddle point on the
potential energy surface, giving rise to a large torsional bar-
rier of about 21 000 cm"1.40 In the cation, the E state which
is the ground state at the perpendicular geometry is unstable
with respect to Jahn–Teller distortion along the torsional
coordinate.6,7,24 Upon twisting, orbitals of the same symme-
try (b3 or b2 in D2) mix. This effect is especially pro-
nounced for the b3 orbitals which lie close in energy. The
mixing of these orbitals results in a net stabilization at
slightly twisted geometries and leads to the occurrence of a
double-minimum potential along the torsional coordinate in
the cationic ground state.6,22 Depending on the depth of these
minima, the molecular symmetry "MS# group is D2h(M ) if
the energy splittings resulting from the tunneling motion are
observable at the resolution of the experiment or D2(M ) if it
is not.41 The effects of tunneling through the large barrier at
the perpendicular geometry, the height of which was esti-
mated to be between 10 000 and 12 000 cm"1,15,24,32 are not
expected to be observable at the experimental resolution
achieved in the present study. Hence, we restrict our discus-
sion to the large-amplitude tunneling motion through the po-
tential barrier at the planar geometry within the D2h(M ) and
D2(M ) MS groups.

FIG. 1. Schematic representation of the most important molecular orbitals of the ethylene radical cation in terms of a linear combination of atomic orbitals.
The correlation and symmetry labels in the suitable symmetry groups D2h , D2 , D2d and in a semi-united atom basis are given for torsional angles between
0 and 90 degrees. !! and &! denote the quantum numbers of the orbital angular momentum and its projection on the molecular axis in the semi-united atom
basis. The dominant electronic configurations of the first three electronic states of the cation are depicted on the left of the figure. The arrows indicate the
relative orientation of the electron spins.
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corresponding initial diabatic states:

+1σ*

+2 cores

Relaxed PESs of ground state D0, σπ states D1, D2, D3, and ππ* state D4 along 
torsion calculated at the MRCI level of theory.

For each initial state: 2 sets of Wigner distributions generated from planar (neutral, P0) and twisted (cationic, P+) geometries (optimized at the MP2/6-311** level).
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Dynamics: initial state D1

 <τ0>  = 9 deg.    ;  <τ+>   = 20 deg.
 <E0>  = 4.1 eV   ;  <E+>   = 4.6 eV
<t1/20> = 78 fs     ;  <t1/2+> = 43 fs

- Same asymptotes
- Faster relaxation for twisted distribution (45%)
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angle τ as functions of time, total energy and initial torsional angle τi, with 
contours interpolated from population transfers. D1/D0 transitions are 
dominated by near planar geometries for both populations. Twisted 
spawning events only occur for initially twisted geometries (τ>45 deg.) in 
the high energy range (app. 6 eV) of the twisted distribution P+.
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- As in neutral ethylene, D1/D0 (S1/S0) population transfer occurs in a 
broader range compared to D2/D1 (S2/S1).
- D1/D0 spawning events associated to planar a1 are closer to the 
MECI geometry than those of structure a2. The latter can however 
imply significant population transfer at high RMSD.
- D1/D0 and D2/D1 transitions associated to MECI b are “tight” (near 
geometry) and involves the most important population transfer.

- On the left the system spawns to the ground state (black) via the CI 
at 0 deg (3 times), no more living trajectory on D1 after 60 fs. We 
notice 1 short H migration event.
- On the right the initial wavepacket spawns twice on the ground state 
via the CI at 90 deg. and then disappears after 50 fs. Then its 2 D0 
children "back-spawn" to D1 (3 times, cyan) via the same CI at 90 deg 
that is encounters twice each complete CH2 rotation. The D1 back-
spawned children rapidly loose the torsional excitation then spawn to 
D0 (grey) and we can observe other later back-spawn events from 
this 2nd generation of D0 wavepackets.

Time evolution of the populations 

Distributions of spawning geometries

Population transfers

Typical D1-D0 trajectories involving CIs at τ=0 deg. and at τ=90 deg

What have we learned?
- No dissociation occurs from the excited states, nor any migration event over a thousand of trajectories.
- The main CI involved in the relaxation to the ground state is located near the H migration TS, and leads to 
prompt H migration events.
- Torsion is involved in the opening of a nonadiabatic relaxation pathway that allows a more rapid transition to 
the ground state. Besides, the decay through the Jahn-Teller CI at τ = 90° provokes strong excitation of the 
torsional mode, and ultimately hindered rotation with a lifetime comparable of the vibration energy 
redistribution (~0.5 ps).
- Revisiting the changes of the H/H2 ratio measured in the vibrationally-mediated photodissociation experiments 
(cf. figure), the threshold in favor of H loss observed at an energy of 4.1 eV may be a signature of the opening of 
the torsional channel on the B state. The excitation of the torsional mode could then either directly favor the H 
loss channel with a lower C-H dissociation energy at this geometry or indirectly by delaying the energy 
randomization over the other vibrational modes.
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Table 1: (Left) Average values of the initial torsional angle τi, the internal energy U, and the 
excited state lifetime for each initial excited state D1, D2 and D3 and Wigner populations P0 and 
P+. (Right) Corresponding population transfers associated to each minimum energy conical 
intersections (MECIs).  

We now turn the discussion on the 
different CIs probed during the dynamical 
trajectories. Table 2 contains the 
population transfers associated to the 
minimum energy conical intersections 
(MECIs) optimized from the collection of 
spawning events.15 An energy diagram is 
represented on Figure 3, which 
summarizes the important points during 
the photodynamics, i.e. the Franck-
Condon points and the MECIs, along with 
their geometries. All energies have been 
calculated at the SA-CASSCF levels used 
during the dynamics and at the XMS-
CASPT2 level of theory,16 which include 
an explicit treatment of the dynamical 
correlation in the electronic wavefunction. 
Two D1/D0 MECIs, a1 and a2, and one 
for each D2/D1 and D3/D2 transitions 
constitute the planar relaxation channel. 
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Figure 3: (Top) Geometries of the different MECIs optimized from the spawning events at the 
SA4-CASPT2(7,8) level of theory. (Bottom) Energy diagram of important points during the 
photodynamics of ethylene cation. FC0 and FC+ are Franck-Condon points for the two 
corresponding Wigner distributions. D1/D0, D2/D1 and D3/D2 are MECIs connecting the indicated 
adiabatic states. The two groups of MECIs a and b are differentiated by their torsional angles τ. 

Distribution of the spawning events characterized by their torsional angle τ as 
functions of time, total energy and initial torsional angle τi, with contours 
interpolated from population transfers.

Population transfers as a function of the RMSD from MECI geometries.
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Average values of the initial torsional angle τi, the internal energy U, 
and the excited state lifetime for each initial excited state D1, D2 and 
D3 and Wigner populations P0 and P+. (Right) Corresponding 
population transfers associated to each minimum energy conical 
intersections (MECIs).

The dominant electronic configurations of the first three electronic states of the ethylene 
radical cation and the different active spaces used in this study (left) ; a schematic 
representation of the most important molecular orbitals in terms of a linear combination 
of atomic orbitals (right).

It seems that no dissociation events will occur from the first excited state.  
The energy threshold observed in the H/H+H2 ratio (AGS experimental 
results, cf. fig.) could then be attributed to the opening of the torsional 
relaxation channel if the torsional relaxation pathway deposits the system 
in a particular region of the ground state PES that promotes H loss 
instead of H2 loss (the latter requires ethylidene isomerization).

Role of torsional excitation in photodissociation
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Dynamics: initial state D1

 <τ0>  = 9 deg.    ;  <τ+>   = 20 deg.
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<t1/20> = 78 fs     ;  <t1/2+> = 43 fs
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- Faster relaxation for twisted distribution (45%)
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Distributions of spawning geometries characterized by their torsional 
angle τ as functions of time, total energy and initial torsional angle τi, with 
contours interpolated from population transfers. D1/D0 transitions are 
dominated by near planar geometries for both populations. Twisted 
spawning events only occur for initially twisted geometries (τ>45 deg.) in 
the high energy range (app. 6 eV) of the twisted distribution P+.
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Typical D1-D0 trajectories involving CIs at τ=0 deg. (left) and at τ=90 deg.

- On the left the system spawns to the ground state (black) via the CI at 0 deg (3 times), no more living 
trajectory on D1 after 60 fs. We notice 1 short H migration event.

- On the right the initial wavepacket spawns twice on the ground state via the CI at 90 deg and then 
disappears after 50 fs. Then its 2 D0 children "back-spawn" to D1 (3 times, cyan) via the same CI at 90 
deg that is encounters twice each complete CH2 rotation. The D1 back-spawned children rapidly loose 
the torsional excitation then spawn to D0 (grey) and we can observe other later back-spawn events from 
this 2nd generation of D0 wavepackets. After 100-150 fs the population transfers become insignificant 
(less than 10%), while the first back-spawn event involves more than 80% back to D1. Hence, it can take 
more than 100 fs to completely relax on the ground state while 10 fs via the planar CI.

C2H4+ → C2H2+ + H2	
 2.62 eV	
(1)
C2H4+ → C2H3+ + H	
 2.70 eV	
(2)


