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ABSTRACT: We examine the possibility that three hydrogen atoms in one plane
of the cyclopropane dication come together in a concerted “ring-closing”
mechanism to form H3

+, a crucial cation in interstellar gas-phase chemistry.
Ultrafast strong-field ionization followed by disruptive probing measurements
indicates that the formation time of H3

+ is 249 ± 16 fs. This time scale is not
consistent with a concerted mechanism, but rather a process that is preceded by
ring opening. Measurements on propene, an isomer of cyclopropane, reveal the H3

+

formation time to be 225 ± 13 fs, a time scale similar to the H3
+ formation time in cyclopropane. Ab initio molecular dynamics

simulations and the fact that both dications share a common potential energy surface support the ring-opening mechanism. The
reaction mechanism following double ionization of cyclopropane involves ring opening, then H-migration, and roaming of a neutral
H2 molecule, which then abstracts a proton to form H3

+. These results further our understanding of complex interstellar chemical
reactions and gas-phase reaction dynamics relevant to electron ionization mass spectrometry.

1. INTRODUCTION
Our interest in H3

+ forming reactions is related to
astrochemistry. H3

+ acts as an interstellar acid in a proton-
hop reaction and promotes the formation of water and other
small molecules in interstellar space, crucial molecules to
initiate star formation.1,2 The gas-phase reactivity of this
compound is enhanced by the fact that it is triatomic, leaving a
third body to carry away the excess energy. As H3

+ is one of the
most abundant triatomic cations in the universe, it is important
to understand its formation from various organic molecules
upon double ionization because of similarities to its formation
as a result of H2 + H2

+ collisions.3,4 Furthermore, small organic
molecules have been found to be a minor, but additional
source of H3

+ in the interstellar medium.5

Ultrafast dissociative ionization methods allow researchers
to explore the mechanism of formation of fragment ions,
including H3

+, by irradiating molecules with powerful femto-
second laser pulses.6−8 It must be noted that the unimolecular
reaction that leads to H3

+ formation requires the breaking of
three bonds and formation of three new H−H bonds, which
often involves significant deformation of the molecular
geometry. Therefore, studying the mechanism of H3

+ formation
from ionized hydrocarbons deepens our understanding of such
complex ultrafast molecular dynamics and inspires approaches
to control them.9−12

H3
+ has been observed from the fragmentation of doubly

ionized molecules.7,8,13−16 The H3+ formation reaction in
ethane involves hydrogen migration, and theory indicates a
transition state in which H2 is attached to the remainig
dication.14,15 Another mechanism, known as roaming, is
observed in alcohols and other small organic molecules. In
this mechanism, upon double ionization, two hydrogen atoms

combine to form H2 which then undergoes roaming in
proximity to the dication before eventually abstracting a proton
to form.7,8,17−19

The dissociative double photoionization of cyclopropane has
been examined previously in the 25−35 eV photon range.20 In
that study, which included ab initio calculations at the level
CASSCF/CASPT2 theory and cc-pVTZ basis-set, the double
ionization potential was calculated to be 31.28 eV, and the
appearance energy for the following doubly charged species
was determined to be C3H2

2+ (34.0 eV), C3H3
2+ (35.0 eV),

C3H4
2+ (30.5 eV), and C3H5

2+ (33.0 eV). It was found that
several dissociation channels appeared below the double
ionization potential, indicating that Jahn−Teller distortion
led to symmetry breaking. The extent of ring deformation and
H-evaporation populates different dication states, which act as
gateway states for different dissociation channels. Ring opening
was associated with C3H4

2+ and ring closing was associated
with C3H5

2+. Furthermore, Oghbaie et al. proposed a novel
ring-closing mechanism for the formation of H3

+ that preserves
the D3h symmetry upon double ionization and involves the
simultaneous dissociation of three C−H bonds,20 as shown in
Figure 1. We were intrigued by their proposal of a new H3

+

formation mechanism and embarked on the present study.
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2. METHODS
The experimental methodology used here to track multiple
reaction pathways following ultrafast ionization, has been
described in detail elsewhere.22 In short, a Ti:sapphire laser
producing 35 fs pulses with a central wavelength of 800 nm
was used as the ionization source. The pulses were compressed
using the multiphoton intrapulse interference phase scan
method,23 which measures and compresses the pulses using a
pulse shaper. The laser pulses were focused inside a Wiley−
McLaren time-of-flight (TOF) mass spectrometer via a
concave gold-coated mirror. Each pulse was split into a strong
pump (5.5 × 1014 W/cm2), which causes tunnel ionization,
and a weak probe (9.5 × 1013 W/cm2), which disrupts product
formation. The laser intensities were calibrated by measuring
the ratio between Ar+ and Ar2+ ions.24

Given the ionization potentials of cyclopropane and propene
(9.90 and 9.73 eV, respectively),25 the intensity of the pump
yielded Keldysh parameters of 0.39 for both compounds,26

indicating that ionization occurs within an optical cycle via
tunnel ionization. The cyclopropane and propene gases were
introduced to the TOF chamber via an effusive beam through
a needle valve. The static pressure inside the vacuum chamber
during data acquisition was maintained at 7 × 10−6 Torr. The
baseline vacuum pressure was 9 × 10−8 Torr, and when the
needle valve was closed, the pressure returned to baseline
within seconds, ensuring fast sample refresh. The ion signals
were digitized using an oscilloscope (LeCroy WaveRunner
610Zi, 1 GHz). For H3

+ time-resolved data, a −125 V bias in
the X direction was applied by using a pair of plates located
before the field-free region of the TOF to avoid saturation of
peaks with relatively large m/z ratios. The TOF was configured
to measure positive ions, therefore, only cationic peaks are
shown in the mass spectra.

To gain further insight into the mechanistic details of H3
+

formation in cyclopropane, we conducted ab initio molecular
dynamics (AIMD) using the GPU-accelerated electronic
structure package TeraChem.27−29 All trajectories were carried
out using B3LYP/aug-cc-pVDZ with a velocity Verlet
integrator with a time step of 0.5 fs and integrated for up to
750 fs. A total of 500 trajectories were computed for each
molecule. For all trajectories, the initial position and
momentum were sampled from the neutral ground state
Wigner distribution using the aforementioned level of theory.
Trajectories were initiated on the dication ground state
potential energy surface (PES), assuming vertical excitation
of the neutral. All trajectories and molecular geometries were
visualized using Avogadro.30,31 Using TeraChem, the geo-
metries (both minima and transition states) for the potential
energy curve were calculated using B3LYP/aug-cc-pVDZ. The
single-point energies were determined using CCSD(T)/aug-
cc-pVDZ implemented in GAMESS.32−34 We found good
agreement (differences <0.25 eV) between the energies
calculated by both methods.

3. RESULTS AND DISCUSSION
The experimental strong-field ionization (SFI) mass spectra of
cyclopropane and propene are shown in Figure 2. We found

both SFI spectra to be very similar. The peak at m/z 15
corresponds to CH3

+ in both compounds, which suggests that
hydrogen migration occurs in cyclopropane. In fact, the CH3

+

yield is greater for cyclopropane. In addition, we observe that
for the dication fragments, loss of two hydrogens occurs with
greater probability than loss of individual hydrogen atoms.
This likely implies that loss of neutral H2 from both
compounds is favored over loss of individual hydrogen atoms.

We compare the SFI spectrum obtained with that obtained
by Oghbaie et al.20 to ensure similar internal energies, allowing
us to evaluate if the formation of H3

+ follows their suggested
ring-closing mechanism. This determination is done by
matching the abundance of “thermometer ions”.35 The SFI
spectrum of cyclopropane is in very close agreement with the
single 35 eV photoionization of cyclopropane, as determined
by the similar relative ion yields for all m/z values.20 This
indicates that the SFI process leads to a vertical ionization
energy similar to that of the 35 eV photoionization. Further
evidence of the internal energy acquired by the molecules
during SFI comes from the observation of H3

+ and C3H3
2+,

which have appearance energies of 32.5 and 35.0 eV,
respectively.20

The H3
+ ion appears as a doublet in the TOF spectrum as a

result of the Coulomb repulsion between H3
+ and the

counterion. The forward and backward ejections along the
TOF lead to different times of arrival, which can be used to
determine the kinetic energy release (KER) of this fragment
(Figure S1). The H3

+ doublet was integrated as a function of
the delay between the pump and probe pulses. The time-
resolved dynamics of H3

+ from cyclopropane and propene is
shown in Figure 3. The positive feature at zero delay between
pump and probe pulses is caused by the increased intensity of
the time-overlapped pulses, which causes a greater ion yield as
their intensities sum when overlapped in time. The depletion
that follows is caused by the probe pulse disrupting the
formation of H3

+ by shifting the branching ratio to a different
reaction pathway. By tracking the decay and recovery, we can
determine the time scale of formation for all ions in the mass

Figure 1. Proposed ring-closing mechanism, where three hydrogens
come together on the same plane of doubly ionized cyclopropane.
Jmol software was used to make this figure.21

Figure 2. SFI mass spectra of cyclopropane (blue) and propene (red).
The single pulse intensity for ionization was 5.5 × 1014 W/cm2. Each
spectrum was normalized by dividing the amplitude by the sum of all
peak areas. The left inset shows a zoomed-in region of the spectra
where the H3

+ is observed. The inset on the right shows the CH3
+ and

C3Hn
2+ fragments.
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spectrum, including H3
+. The entire experimental transient can

be fit to the function
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For the abovementioned equation, a, b, and c are the
amplitude factors, τi is a time constant defining a decay (τdecay)
or rise (τrise) of the signal, t is a specific pump−probe delay,
and s is a parameter related to the full width at half max
(fwhm) of the pulse duration by

= ·s2 ln 2FWHM (3)

The specific fitting parameters used can be found in the
Supporting Information.

The time scale of formation of H3
+ is obtained by fitting the

experimental data using eq 2 and are found to be τ = 249 ± 16
fs and τ = 225 ± 13 fs for cyclopropane and propene,
respectively.

To gain insight into the reaction mechanism, we performed
AIMD trajectories on the dication states of cyclopropane and
propene. In Figure 4, we show a representative trajectory for
cyclopropane where ring-opening occurs within the first 29 fs.
This is followed by H migration, the formation of neutral H2,
which roams near the dication, and finally the abstraction of a
proton to form H3

+ (see Video S1).

We find that some reaction pathways that lead to the
formation of H3

+ for both molecules share the same
intermediates and transition states (Figure 5 and Video S1).
For both molecules, the dication minimum is identical (Figure
5) with equal positive charge densities on both carbon ends
(Figure S2). From 500 AIMD trajectories for each compound,
10 and 9 trajectories for cyclopropane and propene,
respectively, resulted in H3

+ formation. All 500 trajectories
for cyclopropane showed ring opening occurring within 30 fs
of double ionization. The average time scale of the trajectories
forming H3

+ was 281 and 271 fs for cyclopropane and propene,
respectively. These values are in close agreement with our
experimental measurements.

The similarities in H3
+ formation time scales support the

ring-opening mechanism in cyclopropane. Moreover, these
time scales show that the slightly longer H3

+ formation time for
cyclopropane is partially due to the time for ring opening.

We find the relatively long time scale of the H3
+ formation

and the AIMD trajectories to be inconsistent with the ring-
closing mechanism proposed by Oghbaie et al.20 One would
expect the ring-closing mechanism, which involves the
concerted coalescence of three hydrogen atoms on the same
plane of cyclopropane, to occur in a single kinetic step on a
time scale of a few hydrogen-puckering vibrational periods (the
symmetric ν3 mode, 851 cm−1, B3LYP/aug-cc-pVDZ, ∼39 fs
period). Thus, we propose that the dominant mechanism of
H3

+ formation is the ring-opening mechanism. This is
additionally supported by the SFI spectrum, as well as the
photoionization spectrum,20 which show a 4−6 times greater
yield for C3H4

2+ fragment (associated with ring opening) than
C3H5

2+ fragment (associated with ring closing). Also, the
similarity found in the KER analysis of the H3

+ peaks for both
compounds provides further evidence for the ring-opening
mechanism (Figure S1).

Having identified the ring-opening mechanism identified,
high-level quantum chemical calculations were used to quantify
the associated energetics. Several intermediate structures
common to cyclopropane and propene are observed prior to
the formation of H3

+ as seen in Figure 5. We found that the
density functional theory PES used in the AIMD trajectories is
in very good agreement with the energies computed at the
CCSD(T) level (Figure 5). The positive charges on both

Figure 3. Time-resolved fitted H3
+ ion formation from (a)

cyclopropane and (b) propene based on the pump−probe delay is
shown in figure. The circles correspond to experimental data. The
blue and red lines indicate the exponential fit corresponding to eq 2.

Figure 4. AIMD trajectory of H3
+ formation via hydrogen migration

and H2 roaming. Snapshots were taken from the cyclopropane
trajectory shown in Video S1. The trajectory was calculated by using
B3LYP/aug-cc-pVDZ.
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carbon ends pull electron density away from the secondary
carbon, weakening its C−H bonds (Figure S2). This is a key
step prior to hydrogen migration and formation of H2. The
excess energy following double ionization provides the driving
force, which allows for bond cleavage and rearrangements.

In all observed trajectories in which H3
+ was formed, we

noticed that after hydrogen migration, neutral H2 roamed near
the dication before abstracting a proton (see supplementary
Video S1 for a representative trajectory of H3

+ formation from
cyclopropane and propene). Overall, our experimental and
theoretical work provides compelling evidence that ring-
opening occurs after the double ionization of cyclopropane.
It remains to be explored if SFI with a laser pulse duration
shorter than the 20 fs associated with Jahn−Teller distortion
can cause ultrafast excitation to a different electronic state of
the dication that will result in the ring-closing mechanism of
H3

+ formation.

4. CONCLUSIONS
We determined the dominant mechanism of H3

+ formation
from doubly ionized cyclopropane to be ring opening, followed
by hydrogen migration, formation of neutral H2, roaming, and
proton abstraction to form H3

+. This conclusion is supported by
experimental ultrafast dynamics, ab initio molecular dynamics,
and ab initio electronic structure calculations. The exper-
imental H3

+ formation time scale from cyclopropane is 249 fs
and provides compelling evidence for the proposed ring-
opening mechanism, rather than the ring-closing mechanism
previously suggested in the literature. Furthermore, doubly
ionized propene was observed to form H3

+ in 225 fs, a time
scale close to the formation of H3

+ from cyclopropane. The
findings presented in this study contribute to our under-
standing of gas-phase chemistry and complex dynamics
following the ionization of organic molecules leading to H3

+.
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