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Abstract

Photoelectron-photoion (PEPICO) and photoion-photoion (PIPICO) coincidence measurements,
coupled with a few-cycle intense laser field, were employed to investigate strong field
ionization/dissociation dynamics of vinyl bromide (C,H3Br). The angular streaking technique was
used to map the recoil-frame angle-dependent ionization rates to identify ionizing orbitals.
Dissociative single ionization was mainly attributed to ionizing the lower lying molecular orbitals,
suggesting that direct ionization dominates with few-cycle pulses. Three dissociative double
ionization channels, both prompt and delayed fragmentation, were identified. Theoretical
analysis using time-dependent configuration interaction with complex absorbing potential (TDCI-
CAP) and high-level electronic structure methods was performed to elucidate the underlying
ionization and dissociation mechanisms.

Introduction

Strong-field ionization (SFI) is a significant tool that allows access to singly and multiply charged
molecular ions while enabling real-time probing of coupled electronic and nuclear dynamics. The
multiple ionization/dissociation pathways after SFI offer extremely rich dynamical information
on various important topics such as nonadiabatic transitions, charge migrations, and coherent
control. The employment of coincidence measurement techniques, such as 3D velocity map
imaging (VMI)¥ 2 and cold target recoil ion momentum spectroscopy (COLTRIMS)3, has made it
possible to study channel-resolved ionization/dissociation dynamics by kinematically-complete
measurements of all ionic fragments and electrons. One potential complication arising from SFI
is the strong coupling between ionization and excitation process: a pathway could include both
ionization and post-ionization excitation of ions. This complicates the already complex strong
field multi-electron dynamics and requires careful investigation. A good example of such coupling
is the pulse duration-dependent dissociation dynamics in methane* >.
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A few approaches have been established to disentangle the ionization/dissociation dynamics: (1)
The channel-resolved above-threshold ionization (CRATI) approach, in which the ATI comb is
measured in coincidence with each fragmentation channel to identify the dominant ionization
orbitals based on energetics® 7; and (2) Angular streaking®'° and other related approaches that
probe the orbital-dependent asymmetry of SFI' 12, In angular streaking, the angle-dependent
ionization rate was mapped in the molecular/recoil frame, which can be used to compare with
the calculated angle-dependent ionization rate from different orbitals. This method requires the
ions to be dissociativel® 13 and has shown the strong coupling between ionization and excitation.
For example, in CHsl*, it was found that a significant amount of CHs* dissociation is produced
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through first ionizing the HOMO orbital to yield ground state cation and then additional excitation
to the dissociative excited state cation!®, Although these techniques are powerful in
disentangling the complex dynamics, strategies that suppress ionization—excitation coupling at
the outset are highly desirable, as certain systems may not be suitable to study with existing
methods. One potential solution is to employ ultrashort few-cycle pulses (<5 fs), which can ionize
systems but do not allow extended interaction and thus reduce laser-driven coupling between
cationic states. Here in this work, we will employ this method to initiate strong field ionization of
vinyl bromide. We show that the dissociative states are indeed mainly arising from direct
ionization. We further explore the dissociative double ionization pathways and show that both
singlet and triplet dicationic states are populated through direct strong field double ionization.

Vinyl bromide (C;H3Br) is a prototypical halogenated ethylene with a relatively simple structure,
but it has attracted much attention due to its complex dynamics. Previous experimental studies,
supported by theoretical calculations, have explored the vibrational spectra of vinyl bromide
cation (CaHsBr?) in its ground (X), first excited (A), and second excited (B) electronic states using
the mass-analyzed threshold ionization (MATI) method with a combination of nanosecond
vacuum ultraviolet (VUV) and UV light sources!*’. In strong-field ionization, different
conclusions were drawn on which cationic states primarily contribute to C—Br bond breaking in
producing the vinyl cation. In an earlier femtosecond XUV transient absorption measurement,
the A state was suggested'® °. However, a later study indicated that the B state may be the main
state leading to C-Br bond dissociation?®. These observations motivate a more direct
experimental characterization of the ionization process initiated by an intense laser field. While
angular distributions of ion fragments from intense-field dissociative ionization have been
measured?? 22, and their photodissociation and ionization dynamics have been extensively
investigated® 18 20, 23,24 'no molecular/recoil-frame photoelectron angular distribution (RFPAD)
measurements under strong-field ionization have been reported to our knowledge. Most
importantly, the theoretical prediction of electronic coherence and the presence of ultrafast
charge oscillations in the excited states of vinyl bromide cation serve as key motivations to
investigate the dynamics in vinyl bromide cation and dication??.

Here, we combine coincidence measurements with the angular streaking technique to
investigate dissociative single and double-ionization pathways and to obtain the angle-
dependent ionization rate of vinyl bromide. Specifically, our results indicate that ionization from
the HOMO-2 and HOMO-3 orbitals primarily contributes to the dissociative single-ionization
channel. Our photoion-photoion coincidence (PIPICO) map reveals a metastable state in the CH3*
+ CBr* channel, as well as prompt dissociation in CHs* + CBr* and C;Hs* + Br* channels. High-level
calculations were performed to rationalize the dynamics associated with the different ionization
pathways.

Experimental methods

A detailed description of our experimental setup has been documented previously’2°. Briefly, a
few-cycle infrared (IR) pulse was generated using a two-stage amplified Ti: Sapphire laser (KM
Labs Red Dragon, 780 nm center wavelength and 1 mJ pulse energy) operating at a 1 kHz
repetition rate. The Ti: Sapphire laser system initially produced a 30 fs pulse, which was sent
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through a 1 m long argon-filled hollow-core fiber (ICON, Imperial College London) to obtain a
frequency-broadened spectrum via self-phase modulation. The 30 fs pulse duration was
measured by the frequency-resolved optical gating (FROG) method. Further compression of the
ultrashort pulse to generate few-cycle pulses was achieved with seven pairs of chirped mirrors
(Ultrafast Innovations, PC70), which compensated the positive group velocity dispersion (GVD)
acquired during propagation through the fiber and various optics. A BK7 wedge was used to fine-
tune any residual GVD, and a dispersion scan (D-Scan)?® technique was employed to characterize
the few-cycle pulse, which was measured to be approximately 5 fs?’ 28, A broadband quarter
wave plate was inserted to produce elliptically polarized few-cycle laser pulse with an ellipticity
of approximately 0.9. The compressed pulses were then directed into our home-built VMI
spectrometer. The VMI detector consisted of two microchannel plates (MCP) in a chevron
configuration and a phosphor screen (Photonis, APD). The beam was focused by a concave mirror
onto the molecular beam to generate different photofragments with an estimated laser intensity
of ~2 x 10 W/cm?. Vinyl bromide sample (98%, Sigma-Aldrich) was introduced into the VMI
source chamber through a 20 um diameter nozzle and was skimmed once before entering the
VMI main chamber, in which the beam is intercepted by the laser beam. The produced
photofragments were velocity-focused onto the detector, where the PIPICO measurements were
performed by digitizing the time-of-flight signal from the MCPs using a high-speed digitizer. For
the RFPAD measurements, a photoelectron-photoion coincidence 3D VMI setup with two
detectors?® was employed to measure complete momentum distributions of both ions and
electrons in coincidence. This system has been previously described in detail'®. The RFPAD was
obtained by plotting the photoelectron angular distribution (PAD) against a selected ion
momentum direction fixed within the polarization plane.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Theoretical methods

The development version of the Gaussian software package3® was used for all optimization,
frequency, TD-DFT, EPT, and EOMCC-IP calculations. OpenMolICAS was used for CASSCF and
CASPT2 calculations. lonization potentials and fragmentation pathways for C;HsBr*, and C;H3Br?*
were calculated at three levels of theory: B3LYP31:32/6-311++G(3d,2p)33, CCSD/cc-pVTZ3% 35, and
CBS-QB33%3%, The optimized geometries and harmonic vibrational frequencies were used to
calculate the adiabatic enthalpy differences at 0 K for the potential energy surface for dissociative
double ionization in Figure 7. The transition states associated with the dissociation of C;H3Br?* to
produce CHs* + CBr* and C,Hs* + Br* were verified to have a single imaginary vibrational frequency
along the reaction coordinate of interest, and IRC calculations confirmed the identity of the
reactants and products*°. Energies for vertical double ionization and excitation were obtained by
adding the vertical electronic energy difference for ionization and excitation to the enthalpy of
the neutral ground state. Excitation energies of the vinyl bromide cation and dication were
calculated with CASSCF*!, CASPT2%2, and EOM-IP-CCSD*? using the cc-pVTZ basis set.

Open Access Article. Published on 27 April 2026. Downloaded on 4/28/2026 1:29:49 AM.
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Angle-dependent strong field ionization yields were calculated by time-dependent configuration
interaction with complex absorbing potential (TDCI-CAP)** 4>, Simulations were performed with
the aug-cc-pVTZ basis set plus a large set of diffuse functions on each atom (five s functions
(exponents of 0.0256, 0.0128, 0.0064, 0.0032 and 0.0016), four p functions (exponents of 0.0256,
0.0128, 0.0064 and 0.0032), five d functions (exponents of 0.0512, 0.0256, 0.0128, 0.0064 and
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0.0032) and three f functions (exponents of 0.0256, 0.0128 and 0.0064)).#¢ The atomic complex
absorbing potentials rise from 0 to 10 hartree as a sin? function, starting at 3.5x the van der Waals
radius and reaching a maximum at 9.5x the van der Waals radius. The molecular absorbing
potential is the minimum value of the atomic absorbing potentials. All TDCI simulations were
performed using the geometry of the neutral ground state. Angle-dependent strong field
ionizations were calculated using a static electric field polarized in the direction of interest; the
field is gradually ramped up from zero to a maximum value of Enax and then held constant. Emax
is chosen so that the norm? of the wavefunction decreases to about 0.3 by the end of the 19 fs
propagation in the direction of greatest ionization.

Results and Discussion
1. Computed lonization Potentials

We first calculated the single and double ionization potentials because such data were not
systematically available previously. The computed vertical and adiabatic ionization potentials
(IPs) are summarized in Table 1. The single and double IPs were obtained using the B3LYP/6-
311++G(3d,2p), CCSD/cc-pVTZ, and CBS-QB3 methods. For each process, the three levels of
theory agree to within 0.5 eV. The calculated single IPs range from 9.6 to 10.0 eV. The CBS-QB3
adiabatic IP of 9.85 eV agrees very well with the experimental value of 9.8171+0.0006 eV
obtained by mass-analyzed threshold ionization (MATI) spectroscopy.’® Double ionization can
yield singlet and triplet dications. The calculated values for vertical ionization range from 27.02
to 27.6 eV. For the triplet, the adiabatic IP is 0.2 lower than the vertical IP, but the difference is
0.95 to 1.1 eV for the singlet dication because of a large change in geometry (see below).

Table 1. Vertical and adiabatic ionization potentials for vinyl bromide monocation and dication.

lonization Potentials (eV) B3LYP/6-311++G(3d,2p) | CCSD/cc-pVTZ CBS-QB3
C,H3Br* DO Vertical 9.73 9.80 10.04
C,H3Br* DO Adiabatic 9.58 9.63 9.85
C,H3Br?* SO Vertical 27.25 27.02 27.31
C,H3Br?* SO Adiabatic 26.16 26.08 26.36
C,H3Br?* TO Vertical 27.19 27.08 27.65
C,H3Br?* TO Adiabatic 26.98 26.87 27.42

2. Recoil frame photoelectron angular distribution (RFPAD) of dissociative single
ionization

The ion time-of-flight (TOF) spectrum of SFI of vinyl bromide is shown in Fig. 1. From the
spectrum, we see that beside the parent ion (C;H3Br*), the vinyl cation (C;Hs*) is the dominant
ion, which arises from dissociative single ionization. This channel has the lowest dissociation
energy (see supplemental table for the energetics of various channels). Calculations were first
carried out to identify the states that lead to the dissociation of the parent ion to C;H3*+Br. The
vertical and adiabatic ionization enthalpies for the ground state and first four excited states of
vinyl bromide cation (D0-D4) were computed using DFT and TD-DFT with the B3LYP/aug-cc-pVTZ
level of theory (Table 2). Each of these five cationic states is well described by a single reference,
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in which ionization arises by removal of an electron primarily from a single molecular orbital.
Molecular orbitals HOMO to HOMO-4 are shown in Fig. 2. HOMO and HOMO-1 contain nodes in
the C-Br bond, and removal of an electron leads to a shorter and stronger bond. HOMO-2 is &t
bonding, and HOMO-3 is ¢ bonding in the C-Br region. Removal of an electron from these orbitals
leads to C-Br bond elongation and little to no barrier to dissociation. MRCI calculations by
Yamaguchi et al.l” showed that there is a barrier of only 0.2 - 0.3 eV to dissociation from the
equilibrium geometry of the D2 state. Since RFPAD probes ionization for dissociative pathways,
the measured signal is expected to be dominated by the contributions from HOMO-2 and HOMO-
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E Figure 1: Time-of-flight spectrum of strong field ionization of vinyl bromide (C,H3Br) by few-cycle
g intense laser pulses. The inset is zoom in around the TOF of CH5*.
k]
c
B
2
g
£

8 3. This suggests C,Hs* is likely
Cation Vertical T I e ey | Pproduced through ionizing

C2H3Br* DO 9.751 9.580 | Bound HOMO-2 (D2) and HOMO-3

C2HsBr* D1 10.659 10.614 | Bound (D3). But other pathways are

" , — also possible: ionizing the

C2oH3Br+ D2 12.487 12.124 D!ssoc!at!ve HOMO and HOMO-1 orbitals to

C2oH3Br+ D3 12.689 12.024 | Dissociative produce DO and D1 cationic

C2oHsBr+ D4 14.839 14.258 | Bound states and then absorbing

additional photons to reach D2
and D3 states. The D3 state is
indeed strongly dipole-coupled
to DO*’. Can the employed few-
cycle pulses suppress such pathways? To answer this question, we carried out an angular
streaking measurement. The recoil momenta of C;Hs* ions and coincident electrons from the
dissociative single ionization process were measured, and the RFPAD were produced (Fig. 3a).
This was done by rotating the momentum vector of each C,Hs* ion to point upward, followed by

Table 2. Vertical and adiabatic energies (in eV) of the
cationic states of vinyl bromide calculated at B3LYP/aug-
cc-pVTZ level.
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RNS% &

HOMO HOMO-1 HOMO-2 HOMO-3 HOMO-4
(-7.268 V) (-8.066 V) (-9.858 &V) (-10.229 V) (-12.317 V)

Figure 2: Relevant molecular orbitals of C;HsBr and their energies.

rotating the coincident electron’s momentum vector by the same angle. The image contains
50,000 events. By integrating the electron counts radially at different angles, we obtained the
angle-dependent ionization rate for the dissociative channel (Fig. 3b). The technique requires the
molecules to dissociate promptly, and thus the rotational motion does not scramble the initial
orientation of the molecules (the axial recoil approximation). With the angular streaking
principle: the momentum of an emitted electron is rotated ~90 degrees from the initial electric
field direction due to the vector potential, we can identify the initial site of ionization. The angle-
dependent ionization yield (Fig. 3b) shows a dominant peak from the C,Hs side, while the Br side
has a smaller peak. Such a clear angle dependence also confirms that the dissociation is largely
prompt.

TDCI simulations of the angular dependence of strong field ionization of vinyl bromide were
carried out, and the results are shown in Fig. 4. The overall angular dependence is dominated by
the HOMO ionization, which shows about equal ionization yields from the vinyl side and the

1.00 4 (b)
0.98 4
0.96 -

0.94 4

of e”

0.92 4

RF

0.90 4

Normalized ionization yield

0.88 +

C,H, side Br side

0.86 +

50 100 150 200 250 300 350
Relative angle (8) between C,H," and e” in RF (deg)

Figure 3: (a) Recoil-frame electron momentum distribution for dissociative single ionization of vinyl
bromide leading to the production of C;Hs*and Br. The black arrow indicates that the C;Hs* recoil
momentum is fixed upward while the blue arrow shows rotation direction of the electric field (helicity
of the circularly polarized light) (b) Angle -dependent ionization yield for dissociative single ionization

in vinyl bromide.
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bromine side. This is quite different from what was observed in the experiment. To quantitatively
fit the experimental angular dependence, we first extracted the angular dependence of ionization
from HOMO-2 and HOMO-3 orbitals as the basis functions, which were obtained by averaging
the 3D angle-dependent SFI rates of each orbital about the C-Br bond. We further normalize the
angular dependence using the following equation:

lIonization yield — min (Ionization yield)

Miso = 1% (Ionization yield) — min (Ionization yield)

a. t‘
. E:

e)

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

HOMO HOMO-1
J i —— Total
c) d)

gu.ue

50,04 C2H3

side
f % 0.02

HOMO-2 HOMO-3 opoEE=——

0 50 100 150 200 250 300 350

Relative angle in degrees with respect to C-Br bond
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Figure 4: Simulated ionization rates corresponding to the cationic states that contribute to the
dissociative ionization channels of vinyl bromide. (a)-(d) show the three-dimensional angular
distributions of the calculated strong-field ionization rate associated with the HOMO, HOMO-1,
HOMO-2, and HOMO-3 orbitals, respectively. (e) shows the total ionization rate obtained from
simulation. (f) displays the orientation-averaged ionization rates as a function of angle along the C—
Br bond axis, highlighting contributions from the vinyl (C;Hs) side and the bromine side. The
molecular structure of vinyl bromide defining the C—Br axis is shown as an inset.

This normalized quantity enhances the angle dependence of ionization by removing the isotropic
background, which could arise from partial rotational scrambling in the experiment. We
performed such normalization on both the calculated and measured angular dependence of
ionization yields. The experimentally observed 1;s, is compared to the simulated profiles in Fig.
5. A linear combination of the three calculated curves (the ground state, Excited state 2, and
Excited state 3) was fitted to the experimental angular dependence. This result shows that
HOMO-2 contributes 85% while HOMO-3 contributes ~15% to the total dissociative ionization
yield. The flat peak at the vinyl end reflects the characteristic nodal plane in the n-type molecular
orbital, while the enhancement of ionization at the Br end indicates the additional contribution
of the sigma-type orbital. Adding contributions from HOMO and HOMO-1 ionization does not
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improve the overall fitting. Therefore, we can conclude that with the few-cycle pulse excitation,
the SFI dynamics are limited to direct ionization of molecular orbitals.

1.0 1 - - —— ground state (m)

/; ) Excited state 2 (m)
—— Excited state 3 (o)
* Experiment

o o o
- o @
. 1 L

Normalized ionization yield niso

o
N

0.0 1

0 50 100 150 200 250 300 350
Relative angle in degrees with respect to C-Br bond

Figure 5: Comparison of the experimental angle dependent ionization yield 71;5,(red star markers)
with the simulated ionization yields corresponding to the n-type (blue and orange lines) and o-type
(green line) excited states of the vinyl bromide cation. The experimental data were fitted using 85%
contribution from HOMO-2 and 15% contribution from HOMO-3 (black dashed line).
3. Resolving dissociative double ionization pathways

We now move to discuss the double ionization dynamics of vinyl bromide, and we will focus on
the dissociation pathways. From the TOF spectrum (Fig. 1), intact parent dications were
observed, suggesting stable dications do exist. Photoion-photoion coincidence measurements of
vinyl bromide reveal three dominant dissociation channels following double ionization (Figure 6).
The first channel is C-Br bond breaking, producing C;Hs* + Br* ions with a small TOF extension
(feature 1 in Fig. 6). Three distinct peaks appear in this channel due to bromine isotopes (C;Hs*
+ 79Br*, CHs* + 81Br+ and CoHy*™ + H7°Br*). The compact TOF feature suggests the dication is short-
lived (a few nanoseconds or faster). The second dissociation channel yields CHs* + CBr* fragment
via C=C bond cleavage, also from short-lived dications (feature 2 in Fig. 6). Here, bromine isotopes
produce two separate lines: CHs* + C’°Br* and CHs3* + C®'Br*. A third channel is the diffusive
feature with an extended TOF range (feature 3 in Fig.6). This connects to the prompt channel of
CHs* + CBr*, which suggests it still arises from C=C bond breakage. However, the large TOF ranges
indicate metastable dication states with a lifetime comparable to the TOF of the fragments, which
amounts to a few microseconds. What are the origins of these dissociation channels? To answer
this question, the energetics of key species/states along different dissociation pathways on both
the singlet and triplet potential energy surfaces were computed with high-level electronic
structure methods, and the results are shown in Fig. 7. The relative enthalpies at 0 K were
computed at the CBS-QB3 level. The B3LYP/6-311++G(3d,2p) energies are shown for comparison.
CCSD/cc-pVTZ energies are also listed in Tables S1 - S3 of the Supporting Information. In general,
the energies agree to an average of 0.3 eV, with the CBS-QB3 values being the most reliable.
Vertical double ionization energy to the singlet is 27.31 eV and removes 2 electrons from the ©
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HOMO. This structure rotates 90° about the C-C bond to relax to a structure that is 1.02 eV lower
in energy, which is taken as the reference energy for the other structures on the energy surface.
Vertical double ionization to the triplet requires 27.65 eV and removes one electron from the ©t
HOMO and one electron from a ¢ lone pair on bromine. The triplet dication relaxes to a planar
structure that is 0.31 eV lower. Excited states of the vertically ionized singlet and triplet dications
were also calculated with CASPT2(10,10)/cc-pVTZ. If excited states contribute to any dissociation
pathways, fast internal conversion is expected to take place before the dynamics on the ground
state surfaces.

The two main pathways for fragmentation on both the singlet and triplet surfaces are dissociation
of the C-Br bond and dissociation of the C-C bond, preceded by hydrogen migration. We will first
discuss the C-Br bond breakage channel. On the singlet surface, C-Br dissociation has a barrier of
2.53 eV (TS4) from the adiabatically ionized dication. The products of dissociation are singlet
C,Hs* and singlet Br*. The high barrier suggests the two lowest singlet states (SO and S1) cannot
contribute to the observed C,;Hs*+Br* channel. Only excited singlet states such as S2 can produce
this dissociation channel. However, the barrier for C-Br dissociation on the triplet surface is lower
at 0.85 eV (TS2) from the relaxed triplet vinyl bromide dication. Energetically, excited states such
as T1 have enough energy to produce the dissociation channel. We note a significant energy
difference (~0.71 eV) in the reverse barrier height between the singlet and triplet transition state
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Figure 6: Photoion-photoion coincidence (PIPICO) map of dissociative double/triple ionization of vinyl
bromide with various channels isolated and labeled as insets: (1) the C;Hs* + Br* channel; (2) the
prompt CHs* + CBr* channel; (3) the metastable CHs* + CBr* channel; and (4) the minor dissociative
triple ionization channel CH,* + CBr?*+H.

(TS4 3.38 eV vs. TS2 4.09 eV). This suggests we should be able to identify the actual pathway
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(singlet vs. triplet) if we look at the translational energy release of fragments. Indeed, the
measured translational energy is about 4.5 eV (Figure 8), which is much closer to the reverse
barrier of the triplet transition state. This unambiguously determines that triplet excited states
are the dominant pathway for the observed prompt C-Br bond breaking channel. Singlet excited
states (52 and above) might still contribute, but their higher ionization potentials suggest the
contribution is likely to be low. We can also conclude that the ground triplet state TO is a
significant source of the observed non-dissociative dication since the energy is significantly below
that of both transition states (TS2 and TS3).

Dissociation of the C-C bond proceeds in two steps. First, the hydrogen migrates from the CHBr
group to the CH; group. The barrier (TS1) is only 0.19 eV on the singlet surface because the
hydrogen is already perpendicular to the H,CC framework. The intermediate CH3-CBr dication is
0.54 eV lower than the singlet vinyl bromide dication and still has a strong C-C bond with a length
of 1.36 A. To break this bond requires 1.74 eV (TS6) from the intermediate and leads to singlet
CHs* and singlet CBr*. The latter has a particularly stable electronic structure because it is
isoelectronic with CO. The barrier for hydrogen migration on the triplet surface, 1.75 eV (TS3), is
much higher than on the singlet surface because significant geometric and electronic
rearrangements are needed to reach the intermediate. The intermediate (Inty) has a bent
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Figure 7: Various dissociative double ionization pathways for vinyl bromide. The red and black color
lines represent the triplet and singlets states of the dication, respectively. The bond distance of the
molecular structures is denoted as A. Energies (in eV) are reported at the CBS-QB3 level relative to
the singlet C;HsBr?* minimum, with B3LYP/6-311G++(3d,2p) relative energies given in parentheses.
Excitation energies were calculated at the MS-CASPT2(10,10)/cc-pVTZ level.

structure similar to a triplet carbene. Dissociation of the C-C bond has a barrier of 1.87 eV (TS5)
and leads to singlet CHs* and triplet CBr*. The latter is 2.18 eV higher than singlet CBr*, in line
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with the high singlet-triplet gap in the isoelectronic CO. The two high barriers and the fact that
even the most energetic dication triplet state (T4) lies below the transition state (TS5), effectively
rule out the participation of the triplet surface in the C-C bond-breaking channel observed in the
experiment. How about the singlet states? The excited singlet state S2 has enough energy to
produce the prompt dissociative channel, but its yield is low due to its high ionization energy.
Therefore, it is not likely to be the main source of the prompt C-C breaking channel. This leaves
us just SO and S1 states to consider. Interestingly, the energies of these states are very close to
that of the transition state (TS6): one is 0.27 eV above, and one is 0.18 eV below. We can estimate
the lifetime of the S1 state using the microcanonical transition state theory. We calculated the
sum of state and density of state using the Beyer-Swinehart algorithm*8. The vibrational
frequencies of the intermediate (Int;) and the transition state (TS6) are listed in the supplemental
information (See tables S6-57). The small barrier for hydrogen migration (TS1) should not alter
the overall rate, and thus, we focus on the rate constant for Int; dissociation. The calculated
lifetime is 120 picoseconds at an excess energy of 0.27 eV for S1, which suggests this will show
up in the PIPICO spectrum as prompt dissociation. In principle, because the SO state lies below
the transition state, no reaction can take place. However, because the Franck-Condon region
from the neutral vinyl bromide has a finite width, the energy of the SO should have a distribution
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Figure 8: lon momentum distributions and corresponding translational energy release (TER) spectra
for the major dissociation channels: (a) CH3* momentum distribution (b) total TER for the CHs* + CBr*
channel, with a peak around 3.5 eV (c) C;H3* momentum distribution (d) total TER for C;Hs* + Br*
channel, with a peak at approximately 4.5 eV. Momentum calibration was performed using the
known total TER distribution of the CHs;* + I* channel from the dissociative double ionization of



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6cp00500d

Open Access Article. Published on 27 April 2026. Downloaded on 4/28/2026 1:29:49 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Physical Chemistry Chemical Physics

Page 12 of 17

View Article Online
DOI: 10.1039/D6CP00500D

reflecting the width of the ground vibrational state. Because the energy is so close to that of the
transition state, the rate constant can vary dramatically with small energy differences. However,
the calculation showed that even at the lowest excess energy, the computed rate constant
exceeds 4.08 x 107 s1, which corresponds to a lifetime of ~25 ns. This lifetime is still too fast to
be considered as metastable dications as observed in the experiment (measured lifetime: a few
us). A potential mechanism is a slow intersystem crossing (ISC) that converts triplet TO and T1
into singlet states. Energetically, both states can dissociate promptly on the singlet surface to the
CHs*+CBr* channel. However, if the intersystem crossing is slow, it becomes the rate-limiting step
and dictates the lifetime of the dissociation channel. We note that such a mechanism is also
consistent with the absence of metastability in the C;H3*+Br* channel, because neither TO nor T1
has enough energy on the singlet surface to overcome the dissociation barrier (TS4). To the best
of our knowledge, there have been no reports on the timescale of intersystem crossing in vinyl
bromide dication. Modeling such dynamics is beyond the scope of this work and will be explored
in a future publication.

Conclusion

The current study combines PIPICO measurements with recoil-frame photoelectron angular
distributions and high-level electronic structure calculations to investigate the strong field
ionization/dissociation dynamics of vinyl bromide. We showed that few-cycle pulses can suppress
post-ionization excitation in vinyl bromide and thus simplify interpretations. Our results revealed
that dissociative single ionization arises mainly from ionizing the HOMO-2 orbital. Detailed
investigation into the dissociation pathways of vinyl bromide dications identifies contributions
from both triplet and singlet states as well as ground and excited states. Furthermore,
calculations showed that vinyl bromide dictations dissociate promptly on both the singlet and
the triplet surfaces. We suggest that a slow intersystem crossing might be able to explain the
observed metastability of dications that dissociate via hydrogen migration.
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