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Abstract

Ultrafast H; and H:},F formation from ethanol is studied using pump-probe spec-
troscopy with an extreme ultraviolet (XUV) free-electron laser. The first pulse creates
a dication, triggering Hs roaming that leads to H;r and H:})F formation, which is dis-
ruptively probed by a second pulse. At photon energies of 28 and 32 eV, the ratio
of Hy to H:})F increases with time delay, while it is flat at a photon energy of 70 eV.
The delay-dependent effect is ascribed to a competition between electron and proton
transfer. High-level quantum chemistry calculations show a flat potential energy sur-
face for Hy formation, indicating that the intermediate state may have a long lifetime.
The ab initio molecular dynamics simulation confirms that, in addition to the direct
emission, a small portion of He undergoes a roaming mechanism that leads to two

competing pathways: electron transfer from Hy to CoH4O%t and proton transfer from

CQH4 02+ to H2 .
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Charge transfer, charge migration, and charge separation between the atomic centers of a
molecule are crucial steps in chemical bond formation and dissociation, and also play an im-
portant role in internal conversion. " When triggered by photoabsorption or particle impact,
the change in the molecular electronic structure induces nuclear motion, which can result in
substantial changes in molecular geometry,® e.g. isomerization®'? and dissociation.'* Addi-
tionally, the ultrafast charge/hole transfer has an important impact on radiation damage in
biological systems, e.g. the DNA mutations induced by proton transfer (PT). To trace the
spatial localization of charge at a given time, it is important to create a localized charge at
a specific position within a molecule. Due to their element specificity, x-rays can be used to
create such a localized hole.?* Therefore, recently developed free-electron-laser (FEL) pump-
probe techniques!™® have opened up promising ways to trace the charge-transfer processes
in space and time with atomic resolution.

A specific topic of interest for recent pump-probe studies with both FELs and table-top
optical lasers is roaming-mediated PT!'%'Y and the “inverse” harpoon mechanism, which
is electron transfer (ET) from the neutral moiety to the dicationic cofragment.?® During
roaming, the molecule dissociates with the fragments transiently moving in each other’s
proximity, albeit at larger internuclear distances, in contrast to directly following the path
predicted by conventional transition-state theory.?\?? Specifically, roaming chemistry has
been observed in neutral hydrogen and hydrogen molecule elimination. 1192122 For example,
roaming-mediated PT was observed in several alcohol dications created by a strong pump
pulse and probed by a weak pulse.!® At the end of the roaming process in the dication,
the charges of the system are separated by so called PT-mediated charge transfer,?® which

4

plays an important role e.g., in biochemistry?* and astrochemistry.?* 2" In a recent study,

1.2 indicated that the charges in a dication can also separate by ET. Theoretical

Gope et a
calculations show that the timescale of PT is typically on the order of tens of femtoseconds,
similar to some electronic decay channels. For example, the simulation by Marsalek et al.

showed that in water, the delocalized hole localizes within approximately 30 fs, and PT to
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a neighboring water molecule proceeds almost immediately.?®

If two ultrafast decay mechanisms with comparable timescales occur in the same system,
there will be a competition between the two channels. 2 Recently, it was found by Richter
et al.?® that PT can close the intermolecular Coulombic decay (ICD)3!' channel in photon-
induced inner-valence ionization of water clusters, which shows strong competition between
PT and electronic decay. The hypothesis about competition between ET and PT in methanol
was mentioned in a study on Hj production and Coulomb explosion of methanol by Livshits

1.32 Recently, direct evidence for an ultrafast competition between ET

et al.’® and Luzon et a
and PT was observed by Gope et al.?® in the dissociative ionization of methanol.

In this work, we present a combined experimental and theoretical study of the competition
between ultrafast ET and PT in the dissociative ionization of ethanol using pump-probe
spectroscopy with an XUV FEL. The experiment was performed for three different photon
energies, 28, 32, and 70 eV, in order to gain a better understanding of the dynamics. As
illustrated in Fig. 1 (a), the ethanol dication is created by the pump pulse, and neutral Hy
is formed by an ultrafast isomerization process.?3

Due to the induced-dipole interaction between the charged and neutral moieties, Hy is
weakly bonded to CoH4O%*" and undergoes a long-range, prolonged roaming. The second
FEL pulse acts as a disruptive probe that can interrupt the roaming process before the
subsequent PT or ET occurs. In other words, if the probe pulse arrives early enough, it
“disrupts” (i.e. dissociates or ionizes) the dicationic (Ho~CyH4O)* precursor, leading to a
depletion of the Hj and Hj channels. For longer time delays, the probe pulse is less likely to
disrupt the roaming, thus, the yield of both Hj and HJ increases until reaching saturation.
H; formation occurs when H, abstracts one proton from either the methyl or the hydroxyl
site, while Hj is formed via ET from H, to the dication. Since the formation can occur
with slightly different time scales, the ratio of Hj to Hi will vary, depending on when the

roaming process is disrupted.

Here, we use ion momentum imaging to identify those Hf and HJ ions that are produced
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Figure 1: (a) Illustration of the competition between proton and electron transfer in Hj
roaming in an ethanol dication. (b) Sketch of the experimental setup. (c) and (d) Position
versus time-of-flight image of the Hy and Hy ions, respectively, produced by photoionization
at 28 eV photon energy.

73 via roaming, by investigating the yields and yield ratios as a function of pump-probe delay.

7 The raw momentum images (displayed as position versus time-of-flight plots) of Hy and Hj
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ions produced after ionization at a photon energy of 28 eV are shown in Fig. 1 (c¢) and (d),
respectively. Two structures are observed for Hj : a nearly isotropic ring, and an intense lo-
calized maximum at the center of the distribution. The ring structure corresponds to HJ ions
with high kinetic energy that originate from the Coulomb explosion of the ethanol dication,
while the signal at the center corresponds to low-energy ions that originate from the disso-
ciative single-ionization of ethanol which is not of further interest for the current discussion.
For H7, we only observe the ring structure which comes from the Coulomb explosion of the
ethanol dication. The (central) photon energy of 28 eV is just below the double ionization
threshold of 28.2 eV.3* Hence, the single-photon double-ionization cross-section is very small
(it is not zero since the FEL pulses have a combined bandwidth and photon energy jitter of
approximately 1%, which just reaches beyond the double ionization threshold). Therefore,
at 28 eV, the ethanol dication is predominantly created by a two-photon double-ionization
mechanism. The photon energies of 32 and 70 eV are high enough to initiate single-photon
double-ionization of ethanol. At 70 eV, the photon energy is high enough to remove an
electron from the oxygen 2s orbital, whose ionization potential (approximately 33.5 eV 3°)
is higher than the double ionization threshold of ethanol. Hence, at 70 eV, the dication
can be created by single-photon inner-valence ionization followed by Auger-Meitner decay.
For reference, the O 2s inner valence ionization and double ionization of ethanol and other
similar alcohol molecules have been studied by Linusson et al.,3* Barillot et al.,3¢ and Lavin
et al.?7

In order to discuss the energetics of Hy and Hj formation, Fig. 2 shows the relative
energy of several relevant points in the potential energy surface (PES) of doubly charged
ethanol. For simplicity, we do not include the complete path to the transition states, only the
relevant intermediate structures along with the entrance and exit channels. When ethanol
is doubly ionized, a minimum is found in the PES at 26.45 eV as shown by path (1) in Fig.
2. It is formed by an Hs molecule weakly bound to CoH,O?T. Due to the induced-dipole

attraction between the neutral Hy and the doubly charged ion, the molecule cannot dissociate
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Figure 2: Relevant points in the potential energy surface of the ethanol dication. The poten-
tial energy was determined by CCSD(T)/aug-cc-pVTZ theory for the geometries optimized
at the B3LYP/6-31++G(d,p) level. Zero-point-energy (ZPE) corrections were made only
for the exit channels. The magnitude of the ZPE corrections is approximately 0.2 eV.

directly if the kinetic energy of Hy is not enough to overcome the potential energy barrier.
Most likely, roaming occurs in this pathway. After roaming, ET or PT can take place from
this intermediate state leading to Hy and Hj formation as shown by paths (3) and (2) in
Fig. 2, respectively. Direct HJ formation is also possible if the kinetic energy of the neutral
H; is high enough to quench roaming or if there is no potential energy barrier as shown by
channel (4) in Fig. 2 and by the dashed-red curve in Fig. 1 (a). Note that Fig. 2 only
includes channels with the most stable structure of CoH4,O". The channel CoH;0T + H;
appears at an energy approximately 5 eV lower than CoH,OF + Hi, thus a higher kinetic
energy release (KER) is expected for the HF formation channel.

The experimentally determined KER distributions of the CoH,O" + H , and CyH3;0™
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Figure 3: (a) Experimental kinetic energy release of the CoH,;OT + Hy channel at 28 eV
photon energy. The vertical lines indicate the predictions from the ab initio calculation (red)
and classical over-the-barrier model (green) for this channel. (b) Experimental kinetic energy
releases of the CoH30™ + HF channel at 28 eV photon energy. The black curves and red
circles are the non-coincidence and coincidence data, respectively, as explained in the text.
The data are normalized at the maxima. The yields of Hf and H from the dication as a
function of delay are shown in (c¢) and (d), respectively. In this plot, the FEL photon energy
is 28 eV. The solid-red curves are exponential fits. (e) Ratio of Hj to Hj at FEL photon
energies of 28, 32, and 70 eV. The red and blue solid lines are fits assuming an exponential
increase of the yields. The black line is the average value of the black solid triangles. The
yellow band shows the averaged ratio (2.37 £ 0.18) with a 1-o confidence interval of the
“probe-pulse-only” results at 28, 32, and 70 eV. (f) Calculated ratio of Hy and Hj as a
function of the time constants.
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+ H5 channels are shown in Fig. 3 (a) and (b), respectively. Since the kinetic energy
distributions of Hy, and HJ are delay-independent (see Supporting Information section I
for details), we only show the KERs at 0 fs delay, where data were recorded for the longest
time and the statistics are best. For simplicity, we only show the results for an FEL photon
energy of 28 eV. The results for 32 eV and 70 eV are shown in section II of the Supporting
Information. Due to having poor statistics for the CoH,OF + HJ channel, we have extracted
the KER from the high-energy Hy signal, i.e., the ring structure in Fig. 1 (c), with the energy
of the CoH,O™" ion being reconstructed via momentum conservation. Although we do not
observe a clear signature of the CoH,O" + H; coincidence channel in our data due to the
strong background from the singly ionized target, it is known from a previous study that
this channel does indeed exist.?® In the case of the CoHz0OT + H}f channel, the derivation
of the KER from the non-coincident data is cross-checked with the coincident data. This
is shown in Fig. 3 (b), where the black curves and the red circles correspond to the results
of the reconstruction and coincident measurement, respectively. By normalizing the two
results at the maximum, almost identical distributions are observed. From 28 to 70 eV, the
KER peaks of CoH,OF + HJ slightly shift at higher energies, i.e. 3.3, 3.4, and 3.6 eV for
photon energies of 28, 32, and 70 eV, respectively (see Supporting Information section II for
details). For the CoH30™ + HZ channel, almost identical KER peaks at about 4.0 eV are
observed, which is higher than the KER of the CoH,OT + H; channel as mentioned earlier.
Interestingly, the experimental KER difference between the PT and ET channels is less than
1 eV, which is much smaller than the predictions from the potential energy surfaces, where
the KER of the PT channel is 5 eV higher than the KER of the ET channel, as shown in
Fig. 2. This suggests that a large part of the released potential energy is distributed into
internal energy degrees of freedom in the PT channel.

To avoid complications that might arise from different detection efficiencies, we use the
non-coincident data for both Hf and Hi Coulomb explosion channels when comparing the

yields and the ratio of Hy to Hj as a function of delay. One further advantage of using
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the non-coincident (high-energy) Hf and Hi ions for this analysis is that, in addition to
the two-body Coulomb explosion channel, any multi-body fragmentation channels®® are also
included. The latter channels may result in broader kinetic energy distributions, as shown
by the difference between the black line and the red circles in Fig. 3 (b), because more
internal energies are involved in these channels. To avoid confusion and denote that only
high-energy ions are selected, the experimental non-coincident data of Hy and Hj are still
labeled as C,H,O" + Hy and CoH30™ + Hi channels, respectively.

The delay-dependent ion yields of Hf and H3 from the dication of ethanol are shown in
the Fig. 3 (c) and (d), respectively. The peaks at 0 fs are due to the temporal overlap of
the two FEL pulses which enhances multiphoton absorption processes. Similar to the results
of Ekanayake et al.,'% the yields increase exponentially as a function of time. The solid red
curves show least-square fits to the exponential function, y=yo+A (1-exp(-t/7)) where yq, A,
and 7 are the offset, amplitude, and the time constant, respectively. To avoid the influence
of the pump-probe pulses overlap, we fit the data from the first minimum point on the right
of the peak centered at time zero. The time constants of Hj and Hj formation are 132 +
43 and 296 + 87 fs, respectively. The determined time constants of H; formation channel is
in agreement with the results of Ekanayake et al., who reported 235 £ 10 fs.'6

As sketched in Fig. 1 (a) and 2, both H and Hj originate from an intermediate neutral
H,. The correlation between ET and PT is reflected in the ratio of Hy to Hi, which is
shown in Fig. 3 (e). The ratio of Hy to Hj at the FEL photon energies of 28 and 32 eV
increases exponentially with delay, which is evidence of a competition between PT and ET
at these photon energies. It is noted that the contrast at 28 eV is higher than at 32 eV.
At 70 eV, no time-dependent effect is observed. At 2 ps, the ratios are approximately the
same value of 2.5 + 0.07, and this asymptotic value is close to the averaged ratio (2.46 +
0.02) at 70 eV. We speculate the reason for the constant ratio at 70 eV is related to the
Auger-Meitner decay which may create a high degree of internal energy in the molecule due

to the ultrafast decay from the excited cationic state to the ground dicationic state. With

10
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increasing internal energy, the lifetime of the metastable (Hy — CoH4O)*" state decreases,
thereby preventing the long-time roaming of Hy. As a result, the yields of Hj and HJ at
70 eV already saturate at small time delay, which produces a constant ratio as a function
of delay. On the other hand, if there is no Auger decay, the high lying states created by
a 70 eV photon are more likely to dissociate the C-O bond rather than to produce the Hy
moiety, as shown by Luzon et al.?? However, further investigation of the C-O bond cleavage
is beyond the scope of the present work. The ratios of the single-pulse data (“probe only”)
are 2.24 £+ 0.23, 2.41 + 0.29, and 2.5 £ 0.23 for 28, 32, and 70 eV, respectively, and their
average is shown as a yellow band in Fig. 3(e).

In Fig. 3 (e), the solid-red and solid-blue curves are the fits using the ratios of the
exponential functions of Hj to Hi for 28 and 32 eV, respectively. Overall, there is good
agreement between the results and the fit function. In Fig. 3 (f), we plot the simulated
ratio as a function of the time constants for Hy and Hj. In this plot, the ratio is calcu-
lated using the exponential functions, y=yo+A(l-exp(-t/7)), while keeping the offsets, y,
and amplitudes, A, of both Hj and HJ as constants, which are obtained by matching the
asymptotic to the experimental value. As shown in Fig. 3 (f), at a fixed time constant of HJ
(11), an increasing time constant of Hf () delays the time to reach the asymptotic value.
In the extreme case of Hf and Hj being created instantaneously (7, = 7, = 0), the ratio is
delay-independent, as shown by the solid black curve in Fig. 3 (f).

To further interpret the correlation between Hy and Hi, we performed potential energy
surface calculations and ab initio molecular dynamics (AIMD, see Methods for details) sim-
ulation for the Hy roaming. We additionally performed model calculations using the classical
over-the-barrier (OTB) model'? to determine the average internuclear distance at which ET
takes place.

In Fig. 4, we show the results of the molecular dynamics calculations for the formation
dynamics of neutral Hy, which is the precursor of Hy and Hi. The center-of-mass (COM)

distances between Hy and CyH4O?" as a function of time are given in Fig. 4 (a)-(c), which

11
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Figure 4: Ab initio molecular dynamic simulation of Hy, formation. The center-of-mass

distance between H, and C,H,O?T for 1226 trajectories as a function of time are shown
for Hy originating from the (a) terminal carbon, (b) middle carbon, and (c) for each of the
carbons contributing one hydrogen. The green, black, and red curves in the insets show the
trajectories with short, middle, and long lifetime, respectively. (d)-(f) Molecular geometries

during the trajectories shown in red in the inset of (a)-(c), respectively.
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show the cases of Hy originating from the terminal carbon, middle carbon, and when both
carbons contribute one hydrogen each, respectively. The insets of Fig. 4 (a)-(c) present three
trajectories of direct dissociation, short- and long-time roamings, respectively. Snapshots of
the molecular geometries for the red curves in the insets of Fig. 4 (a)-(c) are shown in
Fig. 4 (d)-(f), respectively. Due to the complexity of the potential energy surface, there are
multiple local energy minima.*® The direct formation of Hy from the middle carbon creates
a potential energy well that is almost barrier-less for dissociation into Hy + CoH,O%**. PT
from the middle to the terminal carbon creates another potential energy well with a barrier
of about 2 eV to form a neutral Hy from the transient CH, group.

In the trajectories shown in Fig. 4 (a)-(c), dissociation of the dication into the CyH,O%*"
+ H, channel begins once the trajectories show a linear increase of the COM distance as
a function of time, while the oscillations seen at small COM distances and occuring for an
extended time are direct evidence of the roaming mechanism. We can see from Fig. 4 (b)
that most of the trajectories dissociate directly and only a small portion undergo roaming.
For Hy emission from the terminal carbon, most of the trajectories show long lifetimes, as
shown in Fig. 4 (a) and (c). By assigning trajectories where the COM distance remains
within 10 a.u. within the first 150 fs to be due to Hy roaming and the rest to direct H,
emission, we can derive a probability of direct and roaming mechanisms of (14%, 86%),
(84%, 16%), and (35%, 65%) for Fig. (a), (b) and (c), respectively. It has been shown in
previous works 633 that Hy can only be produced via the Hy roaming mechanism. Thereby,
the competition exists on the roaming path: on the one hand, once the neutral Hy comes
close enough (~ 7 a.u.) to the hydroxyl or the methyl group, there could be PT to form Hj .33
On the other hand, once the internuclear distance between CoH,O?T and H, approaches the
critical distance for ET, there could be ET from H, to CoH,O?", which is in competition
with H formation.

We next turn to the discussion of the ET mechanism. The PES as a function of the

COM distance between Hy and CoH4O was calculated by means of the extended multistate

13
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Figure 5: (a) Potential energy relative to the neutral ethanol as a function of the center-of-
mass distance between Hy and CoH4O using XMS-CASPT2/(6e, 60)/cc-pVTZ. The solid and
dashed curves correspond to the singlet and triplet states, respectively. The vertical double
ionization at the equilibrium geometry of ethanol (trans-conformer) is marked by the orange
line. (b)-(d) Hlustration of the classical over-the-barrier model for a doubly charged ion and
neutral Hy channel at internuclear distance smaller than the critical distance (b), equal to
the critical distance (c), and larger than the critical distance (d). The bound electron (V7p

= 15.4 eV??) can overcome the potential barrier at internuclear distances smaller than the
critical distance (R¢ = 3.6 A).
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complete-active-space second-order perturbation theory (XMS-CASPT2)%° with cc-pVTZ
basis set, which is the same method as previously used by Luzon et al.?? and Livshits et
al.!® to study charge separation in the methanol dication. The result is shown in Fig. 5
(a), where the solid and dashed curves correspond to the singlet and triplet states, and the
orange vertical line indicates vertical double ionization at the equilibrium geometry. The
adiabatic potential energy curves up to the fourth excited state are shown in the Supporting
Information section IV. Similar to the dication of methanol, the triplet state has a very high
potential barrier of about 4 eV which creates a metastable dication.*!' It is almost barrierless
for the ground singlet dissociating into Hy + CoH,O*" or Hy + CoH,O% charge separation
channel. The deep potential well on the solid black curve at about 1.7 A corresponds to H,
formation. The same electronic configuration will lead to the Hy + CoH,O?" channel. At
the dissociation limit, the charge separation channel has a lower total energy, therefore, the
adiabatic potential energy curve results in the Coulomb explosion channel of Hj + C,H,O7.
The charge separation COM is determined by the crossing point, which is 4.7 A. Both the
ab initio potential energy curve and the Coulomb explosion model give a KER of 3.1 eV for
Hf + C,H,07, as shown by the red line in Fig. 3 (a). The COM distance of PT (3.7 A)%
is shorter than that of the ET (4.7 A), which results in a higher peak KER value for PT, as
shown in Fig. 3 (a) and (b). For a reference, the potential energy of channel CoH;OT + Hi
as a function of the reaction coordinates is shown in Figure 4 of the publication of Wang et
al.33

From a classical point of view, ET can be understood by the classical OTB model, *?

as
shown in Fig. 5 (b)-(d). The solid purple curves represent the potential energy barrier as a
function of internuclear distance calculated by the classical OTB model, and the blue lines
indicate the ionization potential of the neutral Hs in the presence of the Coulomb field of the

dicationic cofragment. In the classical OTB model, the potential energy barrier is described

by

%(h R) == - (1)
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where p* and ¢ are the effective charges of the electron donor and acceptor, and r and R are
the electron and nuclear coordinates, respectively. As shown by the blue solid line in Fig. 5
(b), the electron is shared between the two moieties as long as its binding energy is higher
than the maxima of the potential barrier. The ET critical distance R., shown in Fig. 5 (c),
is determined by matching the binding energy in the presence of the Coulomb potential and
the maxima of the potential barrier,

R = VAR 2)

| Eil

where E; = 15.4 eV is the binding energy of Hy. As shown in Fig. 5 (d), the electron is
classically localized at Hy while the internuclear distance is longer than the critical distance.
Using the OTB, the critical distance is determined to be R¢ = 3.6 A , which is smaller
than the value from the ab initio calculation (4.7 A) since we assume a point charge for the
dication. The KER predicted from the classical OTB model is 4.0 eV, which is within the
experimental KER range, as shown by the green line in Fig. 3 (a).

It is worthwhile to note that at small internuclear distances of the classical OTB model,
the electron of Hy is shared by the two moieties, and we may only get the Hy + CoH,OF
channel once the H, is ejected from the parent ion. However, the ab initio calculations
indicate that there is a gap between the potential energy curves of Hy + CoH,O%*" and HJ
+ CyH,O7 channels at an internuclear distance smaller than the critical distance. In this
case, there is no orbital overlap between Hy and CoH4O?*" which prevents the ET.

In summary, we have studied the ultrafast roaming and charge separation dynamics in
ethanol using a combination of XUV FEL pump-probe spectroscopy and Coulomb explosion
imaging. We observed a change in the yield ratio of Hj to Hy as a function of time delay.
Through the use of ab initio molecular dynamics simulations, we were able to attribute this
behavior to be due to a competition of electron and proton transfer between the roaming

H, and C,H,0%*. A similar observation has also recently been found in the dissociative
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1.2° The present work shows the evidence in the case of

ionization of methanol by Gope et a
larger molecule, ethanol. Furthermore, these findings might be a general phenomenon where

molecular decay channels with comparable timescales could show a similar competition.

Methods

The experiment was carried out using the Reaction Microscope (ReMi) endstation at beam-
line FL26 of the FLASH2 free-electron laser in Hamburg. The effective repetition frequency
of the FEL pulses was 201 Hz, which corresponds to roughly 5 microseconds spacing between
the pulses in a pulse train, and each pulse had a pulse length of approximately 60 fs. The
details of the experimental setup shown in Fig. 1 (b) have been described elsewhere*? and
only a brief summary is given here. The ethanol jet was generated by a supersonic gas ex-
pansion of ethanol vapor at room temperature. The gas expanded into the vacuum chamber
through a 30 pm diameter nozzle and was collimated by two skimmers with 180 and 400
pm diameter, respectively. A split mirror split the incoming FEL beam into two identical
pulses with an average pulse energy of about 6 pJ. The time delay between the pulses was
controlled by moving one of the halves of the split mirror. Subsequently, the two beams were
focused by the ellipsoidal mirror into the supersonic gas jet. The ions created by the inter-
action with the FEL pulses were projected to the temporal- and position-sensitive delay-line

detector by a homogenecous electric field of 40 Vem™!.

The three-dimensional momentum
vectors of all detected charged fragments were reconstructed by their detected time-of-flight
and positions.

The molecular dynamical simulations were performed as follows: (i) in the first step,
the initial geometries and velocities of every atom of neutral ethanol were sampled by the
quasi-classical fixed normal-mode sampling method.*® (ii) In the second step, we assume a

vertical double ionization from the neutral to the dicationic state and the molecular dynamics

simulation of the dication was performed using the atom-centered density matrix propagation
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(ADMP) method 16 using the density-functional theory method at B3LYP /cc-pVDZ level.
Since the experiment was performed with a supersonic gas jet where the target temperature is
lower than room temperature, the temperature for which we did the sampling in step (i) was
estimated to be 100 K. The fictitious electronic mass was 0.1 amu, and the simulation time
step was 0.5 fs. Both of the two conformers of ethanol (trans- and gauche-conformer) were
included in the sampling process, and 1000 trajectories were simulated for every conformer.
At the end of the simulation, the Mulliken charges of every atom were calculated. Only
those Hy with a charge less than 0.5 e~ are regarded as a neutral state and their trajectories

are analyzed.
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