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Ultrafast molecular dynamics in ionized 1− and
2−propanol: From simple fragmentation to complex iso-
merization and roaming mechanisms

Debadarshini Mishra,∗a Juan Reino-González,b Razib Obaid,a Aaron C. LaForge,a Sergio Díaz-
Tendero,b,c,d Fernando Martín,b,c,e, f and Nora Berraha

Upon photoexcitation, molecules can undergo numerous complex processes, such as isomerization
and roaming, leading to changes in the molecular and electronic structure. Here, we report on the
time-resolved ultrafast nuclear dynamics, initiated by laser ionization, in the two structural isomers, 1-
and 2-propanol, using a combination of pump-probe spectroscopy and coincident Coulomb explosion
imaging. Our measurements, paired with quantum chemistry calculations, identify the mechanisms
for the observed two- and three-body dissociation channels for both isomers. In particular, the
fragmentation channel of 2-propanol associated with the loss of CH3 shows possible evidence of
methyl roaming. Moreover, the electronic structure of this roaming methyl fragment could be
responsible for the enhanced ionization also observed for this channel. Finally, comparison with
similar studies done on ethanol and acetonitrile helps to establish a correlation between the length
of the alkyl chain and the likelihood of hydrogen migration.

1 Introduction
Laser-induced ionization of molecules can lead to changes in their
molecular structures and, by extension, their chemical proper-
ties via different types of characteristic isomerization processes
such as single and double hydrogen migration1,2, rotation about
a bond3 and tautomerization4. In general, isomerization is a uni-
versal phenomenon which is important to the fields of biochem-
istry and pharmacology, and has a wide variety of technological
applications, specifically in the context of molecular motors and
re-writable optical memories5. In particular, hydrogen migration
involves the ultrafast motion of one or more hydrogen atoms ac-
companied by a chemical bond rearrangement and is often ob-
served in numerous systems, ranging from small hydrocarbons6

and organic molecules2 to large biomolecules like proteins and
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peptides7. The reported timescale for such fast nuclear dynamics
varies from a few femtoseconds in acetylene6 to several hundred
femtoseconds in acetonitrile1 and ethanol2. More generally, mi-
gration of other groups such as hydroxyl has been observed in
ionized amino acids8.

Additionally, some molecules upon photoexcitation may un-
dergo dissociation through alternate pathways which involve
roaming fragments9,10. In such cases, instead of completely dis-
sociating from the parent molecule along the minimum energy
path, a nearly dissociated fragment may remain weakly bound
and participate in long-range interactions with the remaining
moiety. Subsequently, this roaming fragment may additionally
extract other atoms from the remaining moiety, as has been ob-
served in the case of formaldehyde11,12 and alcohols of varying
primary carbon chain lengths13,14. Since the ‘roaming hydrogen
atom’ mechanism was proposed to explain the abnormal rota-
tional and vibrational energy of the dissociation photoproducts of
formaldehyde, not only have roaming signatures been observed in
many carbonyl compounds like acetone and acetaldehyde15–17,
but different types of roaming reactions involving excited elec-
tronic states18,19 and isomerization reactions20–22 have also been
proposed and observed.

In order to understand the underlying molecular dynamics that
govern such light-induced ultrafast processes, a systematic study
is necessary. This can ideally be achieved by using coincident mo-
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mentum imaging23, which allows for a kinematically complete
measurement of the fragments produced in ionized molecules.
In combination with Coulomb explosion imaging (CEI)24, this
scheme has been used as a tool to identify isomers3, to study
the geometry of molecules25 and even to map the presence of
conical intersections26. In order to study the time-resolved CEI
of the molecules in real time, a laser pump-probe scheme is im-
plemented. The pump pulse initiates a molecular wave packet
onto an excited electronic state whose propagation is interrogated
by the probe pulse arriving at variable time delays. This intense
probe pulse further ionizes the molecule to a highly charged state
and thereby, induces a violent Coulomb explosion. The measured
correlated momenta of the photoions provides information on
the fragmentation and isomerization dynamics of the molecule
on the excited electronic state. Pump-probe experiments have
been successfully used to study rotational, vibrational and elec-
tronic dynamics in a wide variety of systems ranging from simple
molecules to complex nanosystems and bulk solids.27.

In this work, we study the time-resolved, photo-induced frag-
mentation dynamics including hydrogen migration in the two-
and three-body breakup channels of the two structural isomers,
1- and 2-propanol. Additionally, we compare the isomerization
dynamics previously studied in ethanol2 and acetonitrile1 with
that of the propanol isomers to understand the effect of increas-
ing carbon chain length on hydrogen migration. We also observe
experimental indications of methyl roaming17,28 in the fragmen-
tation channel of 2-propanol, which is supported by state-of-the-
art molecular dynamics simulations. The simulations show that
the roaming CH3 remains trapped in the electrostatic potential of
the remaining moiety before complete fragmentation.

2 Methods

2.1 Experiment

The experimental setup is identical to the one described in a pre-
vious publication2. Briefly, the 790 nm, 35 fs pulses generated
from a Ti:sapphire laser, with a repetition rate of 10 kHz, were
focused into a hollow core fibre filled with Ar to generate 9 fs
pulses with a central wavelength of 730 nm. These pulses were
then split into pump and probe arms, where the probe arm is
time-delayed with respect to the pump. Subsequently, the pulses
were spatially overlapped and focused to a peak intensity of 2.29
× 1015 W/cm2 and a spot size ∼ 11 µm inside the COLTRIMS29,
onto an orthogonally propagating molecular jet of the gas phase
sample (1-propanol, 2-propanol). Upon ionization of the sample,
the ionic fragments were directed to a position-sensitive detector
using a static, homogeneous electric field. The three-dimensional
momentum distributions of the charged fragments were then re-
constructed using their time of arrival at the detector and their
two-dimensional position information.

2.2 Theory

Ionization induced by a strong IR pump pulse as is used in the
current experiment proceeds through both multi-photon absorp-
tion and tunneling and cannot be described with the existing the-
oretical tools. Hence, there is no way to know the amount of

excitation energy in the remaining molecular cation or the popu-
lations of its ground and excited electronic states. Therefore, fol-
lowing previous work2,8,30–33, we will assume that, irrespective
of the electronic excited states of the cation that are populated,
their decay into the nuclear degrees of freedom associated with
the ground electronic state (e.g., through conical intersections)
occurs within the first few tens of fs. This is indeed the case for
most molecular cations with a size comparable to propanol that
have similar floppy structures. Hence, this theoretical description
will only be appropriate to describe the fragmentation dynamics
occurring beyond 100 fs.

Under these assumptions, ab initio molecular dynamics (AIMD)
simulations were performed starting with the Frank-Condon
geometry (optimized ground-state geometry of the neutral
molecule) with a certain amount of internal energy randomly dis-
tributed among the nuclear degrees of freedom. The internal en-
ergies used here are 10 and 15 eV. These energy values were cho-
sen because (i) they are comparable to those found or estimated
in other molecules ionized by strong IR fields with similar pulse
energies, (ii) they were successfully used to describe a similar ex-
periment with ethanol2, and (iii) they represent the minimum
amount of energy that the system must have for all fragmenta-
tion channels to appear within 1 ps (our propagation time). For
the case of singly ionized 2-propanol, calculations were also per-
formed with an internal energy of 5 eV.

Quantum chemistry calculations were carried out using the
density functional theory (DFT), in particular the B3LYP func-
tional34,35 in combination with the 6-31++G(d,p) basis set. This
method was employed both in the exploration of the potential
energy surface (PES) and in the AIMD simulations. In the PES
exploration, critical points in the relevant pathways were located,
thus allowing computation of the ionization potentials and dis-
sociation energies for the relevant channels. Further exploration
of the potential energy surface has been carried out by scanning
bond distances allowing the rest of the variables to be optimized
(relaxed scan). Using the geometry of each point in the scan, the
energy of the electronic excited states have been computed using
the Time-Dependent DFT formalism (TDDFT)36–38. AIMD simu-
lations were carried out using the Atom-centered Density Matrix
Propagation method (ADMP),39–42 imposing a timestep of 0.1 fs
and up to 1 ps. The dynamics are run in the electronic ground
state for both cationic and dicationic states with 600 trajectories
for each energy value and charge state. All the simulations have
been carried out with the Gaussian16 program43. The combi-
nation of AIMD with PES exploration has been used with suc-
cess in the past to study the fragmentation dynamics of ionized
molecules of different nature2,8,30,31,44,45.

3 Results
In general, the laser pump pulse can initiate various types of dy-
namics in a molecule which can result in the formation of dif-
ferent ionic fragments depending on the molecular geometry and
its potential energy surfaces. Due to the position of the −OH
group on one of the terminal carbon atoms in 1-propanol (see
Fig. 1 (d)), cleavage of either of the two C−C bonds gives
rise to two unique double-ion coincidence channels: C2H +

5 +
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Fig. 1 (a), (e) Potential energy curves showing the ground and excited cationic and dicationic states of 1-propanol along the C−C bonds indicated in
the ball-and-stick models shown in (d) and (h), respectively. Purple arrows, representing multiphoton absorption induced by the pump pulse, indicate
population of electronically excited states. Red curly arrows indicate relaxation to the ground state of the cation, with energy transfer to vibrational
modes. Kinetic energy release as a function of the time delay between the pump and probe pulses for the double coincidence fragmentation channels
(b) C2H

+
5 + CH2OH

+ and (f) CH +
3 + C2H4OH

+ of 1-propanol. (c), (g) Comparison between the projection of experimentally obtained dynamic
KER signal intensities and theoretical yields using Eexc = 10 eV for the corresponding channels.
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Fig. 2 (a) Potential energy curves of the ground and excited cationic
and dicationic states of 2-propanol along the C−C bond shown in the
(d). Purple arrows, representing multiphoton absorption induced by the
pump pulse, indicate population of electronically excited states. Red
curly arrows indicate relaxation to the ground state of the cation, with
energy transfer to vibrational modes. (b) Delay-dependent KER for the
fragmentation channel CH +

3 + CHOHCH +
3 . (c) Comparison between

the projection of experimentally obtained dynamic KER signal intensity
and theoretical yield using Eexc = 10 eV for the fragmentation channel.

CH2OH+ or CH +
3 + C2H4OH+. The experimentally obtained

delay-dependent kinetic energy release (KER) of these two frag-
mentation channels are shown in Fig. 1 (b) and (f) and the corre-
sponding potential energy diagrams, along the C−C bonds high-
lighted in (d) and (h), are shown in (a) and (e), respectively.
The black and orange curves are the ground cationic and dica-
tionic states, while the blue and green curves are the excited
cationic and excited dicationic states, respectively. The poten-
tial energy curves explain the two types of distributions seen in
the KER plots. The time-independent (static) distribution, indi-
cated as 1, centered around ∼ 5 eV in both Fig. 1 (b) and (f) is
observed due to the direct promotion of the molecule to the di-
cation state by the pump pulse. The time-dependent (dynamic)
band, indicated by 2, shows a decrease in the KER as a function of
pump-probe time delay. This band, which originates at 5 eV and
reaches its asymptotic limit at ∼ 1 eV, shows the dynamics that
the molecule undergoes upon excitation to the ground or excited
cationic states by the pump pulse. The probe pulse subsequently
excites the molecule to the ground dicationic state which results
in the typical Coulomb explosion (CE) behavior as the ionic frag-
ments repel each other along the 1/R Coulomb potential curve.
Fig. 1 (c) and (g) show the projection (cyan dots) of the dynamic
band from the respective KER signal intensities (Fig. 1 (b) and
(f)) onto the time delay axis. Additionally, the moving average
of the projection signal is given by black dashed line. The fitting
procedure for the extraction of solely the dynamic band from the
KER plot is discussed in detail in the Discussion section. The the-
oretically obtained delay-dependent yield (red line) for the cor-
responding channels are plotted in the same figure. As can be
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Fig. 4 KER as a function of the time delay between the pump and probe pulses for the triple coincidence channels showing direct fragmentation,
(a) CH +

3 + CH +
3 + CHOH+, and single hydrogen migration (d) CH +

3 + H2O
+ + C2H

+
3 in 2-propanol, respectively. (c) Schematic of the

fragmentation and hydrogen migration dynamics evolving from doubly ionized 2-propanol. (b), (e) Comparison between the experimentally obtained
dynamic KER signal intensity along with the theoretical yields using Eexc = 10 eV for the two triple coincidence channels.

seen, in general, there is qualitative agreement between theory
and experiment, although, in some cases, theory predicts slightly
faster fragmentation times compared to experiment. A possible
explanation is that the excitation energy used in these calcula-
tions (10-15 eV) may be somewhat overestimated.

In contrast to 1-propanol, the central location of the −OH

group results in the same photo-products upon cleavage of either
of the two C−C bonds. Strictly speaking, for neutral 2-propanol,
the C−H bond (on the central carbon) breaks the symmetry and
points towards one of the methyl groups. However, the energy re-
quired to move the central H atom from one side of the molecule
to the other is much smaller than the amount of energy available
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Table 1 Comparison between the calculated and measured relative
branching ratios for channels leading to the breakup of the singly ionized
molecule into two fragments, which are detected as double ion coinci-
dences.

1-propanol Experimental Yield 5 eV 10 eV 15 eV

C2H +
5 + CH3O+ 93.77 82.68 80.69

CH +
3 + C2H4OH+ 6.23 17.32 19.31

2-propanol Experimental Yield 5 eV 10 eV 15 eV

CH +
3 + C2H5O+ 99.91 98.2 86.12 67.39

H+ + C3H7O+ 0.09 1.7 13.88 32.61

in the system. Therefore, the effect on the dynamics is expected
to be negligible. Similar to Fig. 1, Fig. 2 (a) and (b) show the
potential energy diagram and the delay-dependent KER for the
fragmentation channel CH +

3 + C2H4OH+ of 2-propanol. Here,
three distinct features are observed in the the KER plot for this
channel, marked as distributions 1, 2 and 3 in Fig. 2 (b). 1 and
3 are similar to the time-independent and -dependent features
observed for 1-propanol (Fig. 1) and can be explained using the
same mechanisms. 2 is indistinguishable from 3 up to 200 fs, af-
ter which it appears as a separate time-independent distribution
centered around 3 eV. This KER distribution is unique to the frag-
mentation of 2-propanol and will be discussed in more detail in
the next section. Additionally, for completeness, Table 1 shows a
comparison between the calculated and measured relative yields
for the two-body fragmentation channels shown in Figs. 1 and 2.
These channels have been unambiguously identified in the coin-
cidence maps and in the calculations. As can be seen, the agree-
ment for the relative yields is reasonable for all initial internal
energies considered in the calculations.

Furthermore, triple ionization of the molecule by the pump
and probe pulses can result in three-body breakup channels
which may reveal new fragmentation mechanisms induced in the
molecule or may shed more light on subsequent fragmentation
of the previously observed two-body channels. Figs. 3 and 4 show
the delay-dependent KER plots for the observed triple coincidence
channels for 1- and 2-propanol along with their potential energy
diagrams. In this case, both the isomers show similar dynamics,
each undergoing either fragmentation or hydrogen migration. Di-
rect breakup of both C−C bonds in 1-propanol gives rise to the
fragmentation channel CH +

2 + CH +
3 + CH3O+. Similarly, in

2-propanol, both C−C bonds fragment giving rise to CH +
3 +

CH +
3 + CH2O+. Besides fragmentation, there is evidence of

single hydrogen migration (SHM) in the three body channels.
H2O+ is detected in coincidence with the CH +

3 and C2H +
3 ions,

thereby forming kinematically complete channels in both 1- and
2-propanol. However, the low yield of the SHM channels com-
pared to the three-body fragmentations indicates that hydrogen
migration is not very probable in both propanol isomers.
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Fig. 5 (a) Decomposition of the measured CH +
3 + C2H5O

+ KER
(black line) into the KER gained by the two fragments in the singly-
charged 2-propanol molecule, i.e., before the probe step (blue line), and
the KER resulting from Coulomb explosion after the probe step (red
line). (b) Calculated KER as a function of the pump-probe delay for
some trajectories associated with the CH +

3 + C2H5O
+ channel of 2-

propanol.

4 Discussion
To understand the time dependence of the measured KER spec-
tra, we will focus on the double-coincidence spectrum shown in
Fig. 2. The experimentally measured KER results from two contri-
butions: (i) the nuclear dynamics occurring in the singly-charged
molecule in between the pump and the probe steps, and (ii) the
nuclear dynamics occurring in the doubly-charged molecule af-
ter the probe step. Our AIMD simulations only give access to
the dynamics associated with (i). In order to make a full com-
parison to the experimental KER, one should, in principle, in-
clude the effect of the probe pulse, which is not possible due
to the computational demand. One can, however, estimate the
KER associated with (ii) by using a sudden approximation, i.e.,
by assuming a perfect projection of the molecular geometry on
the potential energy surface of the doubly charged molecule. In
this approximation, the KER acquired after the probing step is
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cationic 2-propanol after CH3 roaming (d) Spin density difference: δρspin = ρα −ρβ in the singly-charged hydrogen bonded structure.

approximately given by 1/R, where R is the C−C distance be-
tween the two separating fragments at a given time. Fig. 5 (b)
shows the calculated KER as a function of the pump-probe delay
for some of the trajectories associated with the CH +

3 + C2H5O+

channel resulting from the fragmentation and subsequent probing
of singly-ionized 2-propanol. As the estimations of both compo-
nents of the measured KER are only meaningful when the C−C
bond distance stretches significantly, the figure does not include
the results of those trajectories associated with roaming or other
dissociation mechanisms. The temporal evolution of the KER for
all trajectories is quantitatively very similar to that obtained in the
experiment (see Fig. 2 (b)). Furthermore, Fig. 5 (a) shows a typi-
cal trajectory in which Coulomb explosion of the doubly-charged

molecule makes the dominant contribution to the KER. KER con-
tributions from before and after the interaction with the probe
pulse (Coulomb explosion) become comparable only at about 1
ps (of the order of 0.5 eV).

In Fig. 2 (b), distribution 2 is a unique feature since it neither
follows the asymptotic behavior of distribution 3 (Coulomb re-
pulsion) nor the time-independent nature of distribution 1. A
possible explanation is that this distribution is the result of the
pump-excited molecular wave packet evolving along the excited
cationic states which have very strong bonding character below 3
Å (Fig. 2 (a)). Consequently, for small time delays, there is a de-
crease in the KER as the C−C bond elongates but at larger delays,
this bond cannot get stretched beyond 3 Å. Due to this, the probe
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pulse populates the same point in the dicationic surface resulting
in no change in the KER value after ∼ 200 fs. Despite the potential
energy curves for both 1- and 2-propanol cations being identical
along the H3C−C2H5O bond distance, distribution 2 is not ob-
served in the KER spectrum associated with double coincidences
in 1-propanol. This could be due to the lower statistics available
for 1-propanol, but the difference in atomic configurations of the
two isomers is a more likely explanation.

For a better understanding of the KER distribution 2, one must
go beyond the present AIMD simulations and perform explicit cal-
culations of the critical points of the multi-dimensional potential
energy surface, i.e., the local minima and saddle points that deter-
mine the fate of the calculated trajectories. After the pump pulse,
cationic 2-propanol can undergo relaxation via a significant elon-
gation of one of the C−C bonds. As discussed earlier, the methyl
group can not only be directly ejected by the probe pulse but can
also change its position relative to the remaining molecular frag-
ment. Two isomerization pathways involving one of the methyl
groups are shown in the Fig. 6 (a): (i) methyl migration: this
leads to the formation of a new C−O bond, and CH3 is subse-
quently released from the new structure and (ii) methyl roaming:
the methyl fragment moves around forming a hydrogen-bonded
structure before undergoing probe-induced fragmentation. Both
mechanisms shown in Fig. 6 (a) indicate that the CH3 group does
not immediately escape; instead it remains temporally trapped
in the potential generated by the larger CH3CHOH+ fragment.
Fig. 6 (b) shows the electrostatic potential generated by the re-
maining cationic fragment (CH3CHOH+) after cleavage of neu-
tral CH3 in singly-charged 2-propanol. The dark blue color indi-

cates the region of attractive potential which is favorable for CH3
roaming and facilitates the formation of hydrogen bonded struc-
ture shown in Fig. 6 (c). Since neutral CH3 is a radical, with one
unpaired electron in a pz orbital perpendicular to the molecular
plane, it can be easily polarized by the electrostatic potential. As a
result, the methyl group is electrostatically trapped before getting
ejected by the probe pulse.

The molecular dynamics simulations confirm our hypothesis of
methyl roaming in 2-propanol. As an illustration, Fig. 7 shows
the results for a typical trajectory demonstrating methyl roaming,
where the methyl group evolves, approaching the −OH group to
form the hydrogen bonded structure. C−C bond cleavage is ob-
served after approximately 200 fs while the methyl group remains
at a distance of 3 - 4 Å during the propagation time of 1000 fs.
We note from Fig. 2 (a) that a C−C distance of ∼ 3 Å leads to ∼ 3
eV KER of the fragments when projected onto the dicationic state
after the probe pulse. The appearance of methyl roaming strongly
depends on the energy available in the system; at 10 eV and 15
eV internal energy, it is very rare, but at 5 eV methyl roaming is
seen in about 7.5 % of the trajectories. A similar roaming mech-
anism is not possible in 1-propanol due to its different atomic
configuration. In summary, distribution 2 in 2-propanol indicates
a possible methyl roaming mechanism, wherein the trapping of
CH3 in the electrostatic potential leads to an unchanging distance
between the fragments with time, thereby giving rise to a con-
stant KER. However, further experimental and theoretical work is
needed to explicitly assign this feature to methyl roaming. For in-
stance, previous experiments have observed similar methyl roam-
ing mechanisms in the photodissociation of acetaldehyde, which
was inferred from the formation of vibrationally hot CH4 due to
a hydrogen atom abstraction by the roaming CH3

17,28. These re-
sults were then confirmed by ab-initio calculations46 as well as
quasi-classical trajectory calculations using a global potential en-
ergy surface for acetaldehyde47.

An important aspect of studying these molecular dynamics is
to resolve the ultrafast timescales on which such processes oc-
cur. In order to obtain quantitative temporal information from
the time-dependent KER band of different channels, a 2D global
fitting method is used1. The KER vs time delay spectra for all
the reported channels is fit using two independent Gaussian func-
tions at each recorded delay step. One Gaussian is used to fit
the static band centered around 4.8 eV for the two-body coin-
cidence channels (around 14 eV for the three-body coincidence
channels). The mean position, amplitude and width of this Gaus-
sian are constrained in order to model the relatively constant po-
sition and intensity of the static KER bands. The second Gaussian
is used to model the dynamic KER distribution. Subtraction of
the time-independent Gaussian fit from the KER vs. time delay
spectrum isolates the time-dependent distribution which is then
projected onto the delay axis. Afterwards, the data is fit to a sat-
urating exponential of the form 1− e−(∆t−t0)/τ in order to obtain
the exponential time constant τ and time offset t0. In Fig. 8, (a)
- (c) show the experimental delay-dependent KER for the two-
body fragmentation channels of 1- and 2-propanol. Fig. 8 (d) -
(f) show the isolated time-dependent distribution obtained from
subtraction of the static Gaussian fit from the experimental data,
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Fig. 8 Fitting and projection of the delay-dependent KER for three different fragmentation channels of 1- and 2-propanol. Experimentally obtained
KER vs time delay spectra for (a) CH +

3 + CH3O
+ and (b) CH +

3 + C2H5O
+ of 1-propanol and (c) CH +

3 + C2H5O
+ of 2-propanol, respectively.

(d) - (f) the time-dependent KER spectra obtained from the subtraction of the Gaussian fit of the static KER band from the experimental data. (g)
- (i) the projection of the time-dependent KER onto the delay axis (blue circles) along with their fits to a saturating exponential function (red line).

and (g) - (i) show the projection of the dynamic distribution and
their fits to a saturating exponential. The values of τ and t0 for all
the channels of 1- and 2-propanol are given in Tables 2 and 3 re-
spectively. Interestingly, of all the coincidence channels analyzed,
only the two-body fragmentation channel C2H +

5 + CH3O+ of
1-propanol shows a strong enhancement in intensity at small de-
lays, with the peak occurring at around 50 fs. For comparison,
the temporal resolution of our experiment is ∼ 13 fs. We do not
have a complete understanding of what causes this enhancement
effect but it can possibly be attributed to some kind of enhanced
ionization (EI) for this particular channel at small time delays.

In addition to the unique distribution 2 indicating possible
methyl roaming in the fragmentation channel CH +

3 + C2H5O+

of 2-propanol, evidence of EI identified by an increase in the ion-
ization yield is also observed. To better quantify the EI, Fig. 9 (b)
shows the projection of the dynamic part of the KER signal inside
the red dashed box from Fig. 9 (a), onto the time delay axis. The
dashed box spans from 200 fs to 1000 fs on the delay axis and
from 0.5 eV to 4.0 eV on the KER axis. The experimental data
points (grey dots) in Fig. 9 (b) are used to generate a moving

average (red line) which shows an increase in the signal inten-
sity between 200 fs and 450 fs, indicating EI. This phenomenon
has been observed in various hydrocarbons like ethylene, acety-
lene and 1,3-butadiene48,49 where unexpectedly high molecular
charge states are observed when the internuclear distance reaches
a critical value. As the bond gets stretched in the presence of
an external laser field, there may exist regions in the molecular
potential where the tunneling barriers become lower and/or nar-
rower than at equilibrium geometry. This can result in a more
efficient ionization pathway for the electrons to tunnel out. In
the case of 2-propanol, it is possible that at some critical internu-
clear separation between the two carbon atoms and in the pres-
ence of the electric field of the probe pulse, electrons are more
readily ejected leading to an increase in the yield of this dou-
ble coincidence channel. More precisely, from a plot of the spin
density difference (ρα −ρβ , see Fig. 6(d)) for the geometry corre-
sponding to the hydrogen bonded structure (the more favorable
one in methyl roaming), one can observe that the unpaired elec-
tron of the methyl group appears quite delocalized with one lobe
pointing outwards in the direction perpendicular to the molecular
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Fig. 9 (a) Delay-dependent KER for the fragmentation channel CH +
3 +

CHOHCH +
3 of 2-propanol. (b) Projection of KER signal inside the red-

dashed box, shown in (a), onto the delay axis shows increase in ionization
yield indicating enhanced ionization. See text for more details.

Table 2 Time constant and time shift of double and triple coincidence
channels observed for 1-propanol

Channel τ (fs) t0 (fs)

CH +
3 + C2H4OH+ (Fragmentation) 152 ± 64 37 ± 30

C2H +
5 + CH2OH+ (Fragmentation) 671 ± 338 73 ± 70

CH +
2 + CH +

3 + CH2OH+ (Fragmentation) 219 ± 73 33 ± 29
CH +

3 + H2O+ + C2H +
3 (SHM) 289 ± 187 56 ± 58

Table 3 Time constant and time shift of double and triple coincidence
channels observed for 2-propanol

Channel τ (fs) t0 (fs)

CH +
3 + C2H4OH+ (Fragmentation) 210 ± 13 8 ± 6

CH +
3 + CH +

3 + CHOH+ (Fragmentation) 728 ± 310 35 ± 33
CH +

3 + H2O+ + C2H +
3 (SHM) 321 ± 94 29 ± 28

plane. This electronic distribution of the unpaired electron of the
roaming CH3 fragment could also be responsible for the enhanced
ionization observed in 2-propanol.

Single and double hydrogen migration, though ubiquitous, are
complicated molecular processes that are not completely under-
stood. Similar experiments to study hydrogen migration con-
ducted on ethanol2 and acetonitrile1 reveal stark differences in

the molecular dynamics initiated by laser ionization. Comparison
with the propanol isomers shows that factors such as the length
of the carbon chain have a strong impact on the likelihood of hy-
drogen migration. Reported yields for double ion coincidences
in ethanol2 show that the double hydrogen migration (DHM)
channel has the highest yield, followed by SHM and direct frag-
mentation of the C−C bond. Similarly, in acetonitrile1, hydrogen
migration leads to formation of very stable linear and ring iso-
mers upon laser excitation, most of which are more stable than
its canonical cationic structure. This results in SHM being the
most likely process, closely followed by DHM. However, in the
propanol isomers, no hydrogen migration is observed in the two-
body fragmentation channels, and only weakly observed in the
three-body channels. These findings indicate, surprisingly, that
the viability of intramolecular hydrogen migration decreases as
the carbon chain length increases, even though the number of hy-
drogen atoms available for migration increases. Our results show
similar trends to a recent study of primary alcohols in a strong
laser field, where it was observed that the probability of H +

3 for-
mation, via a roaming neutral H2, decreases as the carbon chain
length increases from methanol to the propanol isomers13. The
authors indicate that molecular structural features such as the
prevalence of α-hydrogen atoms affect the pathways and thus the
probability of H +

3 formation.

5 Conclusion
Using a combination of coincident Coulomb explosion imaging
and pump-probe spectroscopy, we have investigated the ultrafast
molecular dynamics in ionized 1- and 2-propanol induced by pho-
toexcitation. Ab-initio molecular dynamics calculations and ex-
ploration of several potential energy surfaces, employing density
functional theory, have been used to provide deeper insights into
the underlying mechanisms. The major channels identified in the
double and triple ion-coincidences for both isomers indicate that
a direct C−C bond fragmentation is the most dominant channel.
Additionally, we see a clear indication of enhanced ionization for
the double coincidence channel of 2-propanol, but see no sign of
such a process occurring in 1-propanol. Similarly, methyl roaming
is observed in 2-propanol, but not in 1-propanol. Although roam-
ing of radicals has been reported in the past, the role of ionization
and excitation of the parent molecule is not fully understood. Ex-
cited state dynamics play a major role in determining the outcome
of an ionization process; however, it is difficult to computationally
access such states. On the experimental side, highly differential
measurements involving detection of photoelectrons and multiple
ions in coincidence using COLTRIMS allows for a more quantita-
tive determination of the excited states involved in the different
fragmentation channels, including channels that show roaming
dynamics. Therefore, further experimental and theoretical work
in other molecular systems where methyl radicals are likely to be
produced is desirable.

For both isomers, hydrogen migration is found to occur only in
the case of triple ionization and with very low yield. Our work, in
combination with previous work on ethanol2 and acetonitrile1,
sheds light on the strong effect of an increase in carbon chain
length on the likelihood of hydrogen migration. The results indi-
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cate that as the alkyl chain length increases along with the overall
number of hydrogen atoms in the molecule, the hydrogen migra-
tion process becomes less likely. In particular, while double hydro-
gen migration is the most dominant channel observed in ethanol,
this process is absent in both the propanol isomers.
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