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An essential problem in photochemistry is understanding the coupling of
electronic and nuclear dynamics in molecules, which manifests in processes
such as hydrogen migration. Measurements of hydrogen migration in mole-
cules that have more than two equivalent hydrogen sites, however, produce
data that is difficult to compare with calculations because the initial hydrogen
site is unknown. We demonstrate that coincidence ion-imaging measurements
of a few deuterium-tagged isotopologues of ethanol can determine the con-
tribution of each initial-site composition to hydrogen-rich fragments following
strong-field double ionization. These site-specific probabilities produce
benchmarks for calculations and answer outstanding questions about photo-
fragmentation of ethanol dications; e.g., establishing that the central two
hydrogen atoms are 15 times more likely to abstract the hydroxyl proton than a
methyl-group proton to form H; and that hydrogen scrambling, involving the
exchange of hydrogen between different sites, is important in H,O" formation.
The technique extends to dynamic variables and could, in principle, be applied
to larger non-cyclic hydrocarbons.

The migration of hydrogen within polyatomic molecules, either
collectively' or as a single atom or ion at a time*'°, is a common
process that impacts diverse applications such as enzyme
operation'?, large-scale studies of proteins”, combustion'*¢, and
atmospheric chemistry”. Roaming is a type of migration that bypasses
the minimum energy pathway, usually through extended geometries
and with timescales of several vibrational periods or more"**1,
Despite the fact that many of these applications appear predominantly
in neutral molecules, most recent gas-phase experiments use ions to
probe the dynamics of hydrogen migration mechanisms, including
roaming"**'%"?’_Jon-based experiments are favored in these situa-
tions because they generally have more available observables. The

experiments are often supported by molecular dynamics calculations
of various types®*.

Comparisons between theoretical calculations and measurements
of ionic molecular fragments are important because they benchmark
the same theoretical approaches that are applied to the neutral
molecules in which many applications occur. Photo-induced intra-
molecular dynamics are usually explored theoretically by combining
high-level electronic structure calculations with molecular dynamics
methods (e.g., refs. 1,3,9,10,23,25). The associated fundamental ques-
tions about the coupling of electronic and nuclear dynamics are
applicable to both ionic and neutral species, and roaming is known to
occur in many situations®*>*°,
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While hydrogen atoms may be distinguished in calculations, they
are fundamentally indistinguishable in experiments, thus complicating
experimental to theoretical comparisons when the parent molecule
has multiple non-equivalent hydrogen sites. Deuterium tagging, the
targeted replacement of a hydrogen atom with a deuterium atom, has
been a beneficial approach in many applications®*°. Of special rele-
vance to the present work are mass-spectrometry and ion-imaging
studies in which quantitative comparisons of different tri-hydrogen
(H;) formation processes are obtained in ethane** and
methanol"****. Expanding this work beyond molecules with two
nonequivalent hydrogen sites is a challenge since there are only two
readily available isotopes of hydrogen, and thus no single deuterium-
tagged experiment can identify the role of all hydrogen sites.

The goal of our study is to extend deuterium tagging to determine
the contribution of each hydrogen site in larger molecules, which
display compelling hydrogen migration dynamics. This will allow
quantitative comparisons that will fortify the connection between
experiment and theory. Ethanol is an excellent system for this task,
because it has three hydrogen sites and has attracted considerable
experimental and theoretical interest due to the complexity of its
dissociation?”?2274548,

In this article, we demonstrate that a combination of ion coin-
cidence momentum-imaging (COLTRIMS)**~! measurements, using a
few deuterium-tagged isotopologues of ethanol, can determine from
which molecular sites the hydrogen atoms that compose a molecular
fragment originated. The resulting site-specific probabilities for the
ion composition provide an important new benchmark for molecular
dynamics calculations. Instead of qualitative comparisons between
experimental results and molecular dynamics calculations, the tech-
nique presented here makes possible quantitative comparisons of the
likelihood that hydrogen atoms from different initial sites contribute
to a final dissociation product.

These comprehensive site-specific results yield significant addi-
tional insights into hydrogen migration and bond rearrangement in
the dissociation of ethanol dications, resolving questions from pre-
vious work>”»*4¢4532 For example, tri-hydrogen ion, H; , formation
has been attributed to roaming of a H, moiety that abstracts a proton
to create the final product**, a pathway that was previously identified
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Fig. 1| Ethanol schematic structure, breakup mechanisms, and isotopologues.
a, b Ball-and-stick cartoons of the ethanol molecule with the hydrogen atoms

labeled (a, B, or O) in the manner used in the rest of the article. a An illustration of
the theoretically favored routes to H; formation as described by ref. 2 in which the
HH, complex stretches and eventually roams in either direction to form HsH.Hg
or HaHaHE . b The preferred theoretical pathway for H;0* formation identified by
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in methanol'. In ethanol, the roaming H, is understood to be composed
of the two central a-hydrogen atoms [See Fig. 1a], but until now, the
likelihood of abstracting the proton from the methyl- or hydroxyl-
group has not been experimentally quantified. Our results show that
abstraction of the hydroxyl hydrogen is far more probable, although
every possible H; initial-site composition occurs. As shown in Fig. 1b,
double-hydrogen migration to the hydroxyl group has been identified
as a likely formation mechanism for the hydronium ion*, H;0". We
measure a nearly statistical ratio between the possible initial-site
compositions yielding H30" that can result from double-hydrogen
migration to the hydroxyl group, which suggests that the two hydro-
gen atoms migrate independently, consistent with previous time-
resolved findings®.

The complete analysis results in site-specific probabilities for the
formation of tri-hydrogen (H; + C,H;0%), hydronium (H;0™+ C;H ),
water (H,0™+ C;H; ), and methane (CH; + CH,0") ions following dou-
ble ionization of ethanol by an intense ultrafast laser pulse. Char-
acterization of all of the possible resulting ion compositions shows
that seemingly unlikely processes, such as hydrogen
scrambling**>****, are sometimes significant.

Furthermore, for H; formation, we extend the analysis to include
not only results of two-body breakup of the dication, namely H; +
C,H30", but also cases when the dissociation of the ethanol dication
includes the elimination of one or two hydrogen atoms. In these latter
cases, the site-specific conditional probability for both the hydrogen
composing the H; and the individual eliminated hydrogen atoms is
resolved. The ability to reconstruct the net momentum of the neutral
fragments is one of the major experimental advantages of the coin-
cidence ion momentum imaging technique. We observe that con-
current elimination of a hydrogen atom can alter the relative
probabilities of the different H; initial-site compositions substantially.

While this experiment was done using ethanol as a prototype
system, we show that the method can be extended to larger non-cyclic
molecules composed of carbon, hydrogen, and oxygen. Moreover, the
process can be applied to other dynamical variables, such as the kinetic
energy release (KER), which provides the opportunity to further eval-
uate molecular dynamics calculations and deepen our understanding
of the dynamics at play.

ref. 23, in which migration of the Hg and H, toward the hydroxyl group leads to
stretching of the C-O bond and dissociation of the hydronium ion. ¢ Specific iso-
topologues of ethanol, arbitrarily numbered for convenience. The first seven iso-
topologues were used in the experiment. The eighth isotopologue, CD;CH,OD,
was not readily available at the time of the experiment, and thus, measurements
were not performed on it.
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Fig. 2 | Isotopic dependence of ethanol dication two-body H; , H,0", CH; and
H;0' branching ratios. Comparison between the branching ratios, defined as the
yield of a specific channel relative to all channels (See Eq. (1) in the Methods Sec-
tion) of the two-body breakup channels of interest (marked explicitly on the figure),
produced from the pure hydrogen and the pure deuterium isotopologues [#1 and
#7 as denoted in Fig. 1c]. Note that the water and methane channels are combined
because D,O" and CD; cannot be distinguished from each other in this measure-
ment. The error bars are the combination of the systematic and statistical uncer-
tainties (see details in Supplemental Note 8). The isotopic differences are larger
than the experimental uncertainty for some channels, but (as detailed in Supple-
mental Note 13) using the collection of all seven isotopologues reduces bias in the
site-specific probabilities to a level that is characterized by the uncertainty in the
results (see Figs. 3 and 4). Source data are provided as a Source Data file.

Results

Ethanol, CH;CH,OH, has three non-equivalent sites containing
hydrogen atoms, as shown in Fig. 1, specifically the hydrogen that is
part of the hydroxyl group, the three -hydrogen atoms in the methyl
group, and the two a-hydrogen atoms attached to the central carbon
atom. Throughout this article, we refer to these hydrogen-atom sites as
Ho, Hg, and H,, respectively.

The experimental strategy is to conduct COLTRIMS measure-
ments of different isotopologues of ethanol under similar conditions.
There are eight possible isotopologues of ethanol that have deuterium
completely substituted for one or more of the Ho, Hg, or Hg sites, as
illustrated in Fig. 1c. Measuring seven isotopologues was sufficient for
the site-specific analysis that follows, although the eighth isotopologue
(CD5CH,0D) would have provided useful additional data. All the
ethanol isotopologues (1-7) were ionized by 23 fs FWHM laser pulses
with a peak intensity of 3.0 x 10" W cm™ and a central wavelength of
790 nm. The three-dimensional momenta of the resulting ions were
measured in coincidence. Keeping the experimental conditions the
same across all measurements was a point of emphasis, as detailed in
the Methods section.

As with many deuterium substitution techniques, the funda-
mental assumption is that the mass difference between 'H and D does
not significantly affect the properties to be studied. This common
assumption*-*>*>°® was verified in our case by comparing the branching
ratios from the all-hydrogen isotopologue, #1 in Fig. 1c, to the analo-
gous channels from the all-deuterium isotopologue, #7 in Fig. 1c. The
all-H and all-D branching ratios are quite similar in magnitude and
resemble the size of mass effects previously observed from other small
molecules”*®, As shown in Fig. 2, the mass dependence of the bond
rearrangement channels is larger than the experimental uncertainty,
but it is smaller than the observed difference in methanol, and the

effects tend to cancel in our site-specific analysis. This is discussed in
more detail in Supplementary Note 13 (SN 13).

Narrow diagonal stripes in the coincidence-time-of-flight (CTOF)
plot identify different breakup channels of the ethanol dication [see
Figs. 2-3 in SN 8]. The yield in each channel is used to define a frag-
mentation branching ratio, as described in the Methods section. While
the branching ratios from any single isotopologue cannot identify the
likelihood of all possible initial-site compositions yielding the fragment
ions of interest, each isotopologue provides partial composition
information. As detailed in the Methods section, however, the com-
bination of all seven measured isotopologues overdetermines the site-
specific probabilities. In the case of the Hy + C;H;0" channel, for
example, 10 measured branching ratios specify six possible hydrogen
compositions. A least-squares fitting procedure optimizes the site-
specific probabilities to the measured data.

Four final products are examined using the analysis: tri-hydrogen,
hydronium, water, and methane ions. The results are summarized in
Fig. 3 for complete breakup channels, while the incomplete fragmen-
tation channels are presented in Fig. 4. In the context of the measured
ion-pairs, complete and incomplete breakup channels are defined as
two-body breakup and few-body (3 or more) breakup, respectively.
Note that the few-body breakup of interest here involves the elimina-
tion of one or two hydrogen atoms. For complete breakup, H;O" is the
most likely of the four ions to be observed, although H; has a
branching ratio that is 90% of the H;O" value. H,0" and CH; are
somewhat less likely, with branching ratios of 28% and 21% of the H;0"
level, respectively.

In Fig. 3, we show violin plots® of the conditional probability for
each initial-site composition of tri-hydrogen, hydronium, water, and
methane ions formed in two-body breakup. The violin plots indicate
the estimated uncertainty of the fits, as detailed in the Methods sec-
tion. At a glance, one can identify the dominant initial-site composi-
tions as well as those with negligible probability. The most likely initial-
site composition for Hy is HyHsHo, for H30" it is HgH,H0, for HO" it
is HgHO, and for CH;, the methyl group is more likely to capture an
alpha proton than a hydroxyl proton.

Similar violin plots, shown in Fig. 4, illustrate the conditional
probability for the more complex few-body incomplete breakup
channels producing a tri-hydrogen ion and either one or two neutral
hydrogen atom(s). Furthermore, we show the conditional probability
for specific initial sites from which the neutral hydrogen(s) is lost. For
example, Fig. 4b shows that one-hydrogen elimination in H} formation
from two - and one a-hydrogens is dominated by the elimination of
the hydroxyl hydrogen. Figure 4b, d shows only a sample of the
incomplete channels distinguished by the initial site(s) of the neutral
hydrogen atom(s). A complete reporting is provided in SN 9 and SN 10.

In general, we determined comprehensive probabilities for the
initial-site composition of hydrogen-rich ions in photofragmention of
ethanol dications. The extension to larger molecules is, in principle,
straightforward provided suitable isotopologues can be obtained. As
molecules become larger, the number of possible distinct measurables
often grows faster than the number of different sites that can con-
tribute to the ion compositions. In SN 11, we explicitly prove that this is
true for non-cyclic molecules composed of carbon, hydrogen, and
oxygen, such as 1- and 2-propanol. Hydrogen migration and bond-
rearrangement processes in these larger molecules have recently
garnered attention'***®", The main experimental impediment to
exploring these larger systems is the time needed to obtain data for all
isotopologues, but laser systems running at hundreds of kilohertz®*
make these potential experiments more feasible.

Since the fragment momentum is calculated on an event-by-event
basis, associated dynamic quantities can be calculated and binned.
Provided there are sufficient statistics in each bin, the relative site-
specific probability of a dynamic quantity can be calculated for each
bin in the same manner as the relative probability of the composition
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Fig. 3 | Relative probabilities for different initial-site compositions of complete
fragmentation channels of ethanol dications leading to H; , H;0", H,0", and
CH; . The left panel of each plot shows the probability distribution evaluated by
Monte-Carlo uncertainty propagation as a violin plot, where the white circle is the
median, the black rectangle indicates the middle 50% of the distribution, the thin
black line indicates range of the distribution excluding outliers, and the (vertical)
width of the distribution denotes the probability of each value. The right panel is a
log-scale plot of the mean values of the same data with 1o error bars, assuming
normal statistics. a Results for H; + C;H30". The overall probability for this channel,
P(H; ), is 0.0362 + 0.0020. The relative probabilities shown in the panel, which sum

to 1.0, are conditional so that the overall site-specific probability of P(HgHHo), for
example, is the product of P(H5 ) and the value of [HgH.Ho]" plotted in the panel.
b The same format as (a) but now for H;0'+ C;H; with

P(H50%) =0.03989 + 0.00098. The same shading of the violin plots in (a) and (b)
indicates the same initial site composition in H; and H30". ¢ H;0"+ C;H,0" with
P(H,0") =0.0110 + 0.0014.d CH; + CH,O" with P(CH;’ )=0.0083 + 0.0015. All of the
probabilities above are relative to complete fragmentation channels, that is, using
only the first term in the denominator of Eq. (1), which is found in the Methods
section. Source data are provided as a Source Data file.

of the entire fragmentation channel. For example, we determined the
site-specific KER distribution of the H; + C;H30" channel. The results,
shown in Fig. 5, indicate that the different initial-site compositions are
associated with different KER. While it is difficult to draw direct con-
clusions from these measured KER distributions without associated
measurements of the photoelectron energies and knowledge of the
potential energy surfaces, the site-specific KER can provide a useful
consistency check for comparisons with theoretical predictions. For
example, Wang and co-authors noted that the formation of vibra-
tionally excited H; could account for the difference between the
measured and calculated KER for the ethanol dication produced by
electron impact ionization®.

The fitting process used to determine the site-specific KER does
not sacrifice the correlation between measurables that is a powerful
feature of coincidence measurements, but the correlation does
become limited by statistics. For example, if it was desired to deter-
mine the angular distribution associated with a particular range of the
site-specific KER distribution, one would need enough statistics in the
particular site-specific KER bin to distribute among the angular bins

and still produce an acceptable fit of the overdetermined set of
equations for each angular bin. On the other hand, since the integrated
KER distributions match the relative probabilities shown in Fig. 3a
within about twice the experimental uncertainties despite being the
result of ~20 independent fits, this process illustrates the robustness of
the method.

Discussion

We start our discussion with the complete two-body breakup channels
for which the probabilities of each initial-site composition have been
determined. Then, we examine the site(s) from which hydrogen
atom(s) are eliminated during tri-hydrogen formation, thus extending
the methodology to examine incomplete fragmentation channels.

Complete breakup channels

Complete photofragmention channels of the ethanol dication are
simpler to analyze due to the reduced number of possible fragmen-
tation combinations, in contrast to photofragmention that also pro-
duces a neutral fragment—discussed in the next section. Below, we
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Fig. 4 | Relative probabilities for incomplete fragmentation channels of etha-
nol dications leading to H; . a Violin plots (left) and log-scale plots of the mean
(right) of the relative probabilities of different initial-site compositions for H; +
C,H,0"+ H with P(H; JH) = (2.6 £0.2) 1073, The 1o error bars on the log-scale plot
assume a normal distribution. b Violin plots for the different hydrogen elimination
sites associated with HzHgH, (red) initial-site composition of the H; + C;H,0" + H
channel, specifically Ho, Hq, and Hg, with P(HgHgH,, H) = 0.267 + 0.027. ¢ Similar to
(a) but for H; + C;HO"™+ 2H, the incomplete breakup channel yielding two hydrogen

atoms (or one H, molecule) in addition to H; formation, with P(H; ,2H) =

(3.6 £0.8) x10™. d, e Violin plots for the hydrogen elimination sites associated with
the two possible initial site compositions, (d) HgHgH, + C,HO™+ 2H (cyan) and (e)
HgHgHG + CHO'™+ 2H (orange), with P(HgH,Hy ,2H)=0.299 +0.067 and
P(HﬁHﬁHS ,2H)=0.27 £ 0.14, respectively. The probabilities in this figure are
derived using the full denominator of Eq. (1) in the Methods section. In all panels,
the violin plot shading color is associated with the initial site composition of the H;
fragment. Source data are provided as a Source Data file.

focus on the formation of tri-hydrogen, hydronium, water, and
methane ions in two-body breakup of ethanol dications, in particular,
the initial sites of the hydrogen atoms involved.

Tri-hydrogen ion, H; + C;H;0"
Formation of H; is the most often studied of the molecular ions
mentioned above!>719222427445263  Figyre 1a illustrates the primary
initial step in the H; formation proposed by ref. 2, in which a neutral H,
moiety forms and then abstracts an additional proton. Similar
mechanisms have been suggested for methanol**** and ethane®. Cal-
culations described by Wang and co-workers® to model an experiment
examining double-ionization of ethanol by electron impact also high-
lighted the importance of rapid (<50 fs and as low as 20 fs) H, for-
mation in order to stabilize the dication, thereby allowing time for
additional pathways to open before dissociation of the dication.

The previous reports>* suggested that the H, formation, shown in
Fig. 1a, occurs at the a site and leads, after roaming, to the tri-hydrogen
ion in either HeH Ho or HgHqH, initial-site compositions. Neither of
these reports, however, determined the relative importance of these
two pathways. Our measurements show that abstracting a proton from
the hydroxyl group is 15 times more likely than from the methyl group,
i.e., H{HsHo is strongly favored over HgH,H,. This strong preference is
in spite of the fact that the latter has 3 possible permutations (i.e.,
multiplicity) while the former has only one. This result also contrasts

with the similar process in methanol, where the roaming H, is more
likely to abstract the methyl proton than the hydroxyl proton®**,
While H,H,Ho is the most likely initial-state composition, our
results, shown in Fig. 3a, indicate that the H} + C,H30" breakup channel
occurs with all six possible compositions. The dominant H,H,Ho
composition occurs about half the time, followed by HgH,Ho. The
latter initial-site composition may be due to the independent migra-
tion of a 8- and a-site hydrogen to the hydroxyl group, a mechanism
suggested by Kling et al. for hydronium formation®, but in our case
leading to tri-hydrogen ion formation instead. Ab initio simulations by
Ekanayake et al.”> showed that a roaming H,Hz moiety could form,
leading to HsH,Ho. Wang et al.” suggested this H,Hz moiety could be
due to a more complex H, roaming mechanism, namely an a to 8
migration that forms a transient CH4 group, which releases a H, that
roams from the g site to the hydroxyl group. In this mechanism the H,
is dislodged because of the initial hydrogen migration, and it may
consist of either two 8 hydrogens or a 8- and a-hydrogen pair, i.e., the
latter is the hydrogen that migrated from the a site. Distinguishing
between the double-migration and roaming HgH.Ho pathways is pos-
sible only in theoretical calculations. The roaming mechanism, how-
ever, should contribute to both measured HgHgHo and HgH Ho site-
specific probabilities. Our measurements indicate a strong preference
for the HgH Ho over the HgHgHo initial site compositions by almost an
order of magnitude, a fact that tends to support the double-migration
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Fig. 5| Site-specific kinetic energy release (KER) distributions for H; formation
in complete breakup channels. The error bands (marked by the respective color
shade) represent the range of the middle 50% of the Monte Carlo uncertainty
propagation. The area under each curve is associated with the relative probabilities
for that initial-site composition [i.e., the probabilities shown in Fig. 3a]. Source data
are provided as a Source Data file.

mechanisms suggested by ref. 23, though calculations that provide the
likelihood of each of the proposed mechanisms are needed to verify
this assertion.

In a slightly different version of the process involving a transient
CH, group, the emitted H, moiety was predicted to roam and then
abstract a f-hydrogen (rather than the hydroxyl hydrogen as described
in the previous paragraph)®. This process leads to HgHgHg, which we
observe to be twice as likely as the HgHgHo composition. The HgHgHg
formation was also attributed to migration of an a-hydrogen to the
terminal methyl site, but in contrast to the mechanism discussed
above, directly dislodges the S-hydrogens, which subsequently form a
H; 2. Finally, no mechanism leading to the third likely composition,
namely HgHgH,, was suggested in refs. 2,25, though this composition
has been previously identified by deuterium tagging? In all these cases,
the measured probability of each initial-site composition can encou-
rage future theoretical work to identify the underlying mechanisms
including a prediction of the probability of each proposed mechanism.

Hydronium, H;0" + C;H;

In H;0" formation, it is very likely that the entire hydroxyl group is
included in the final product. As shown in Fig. 3b, only 3.3% of all H;0"+
C,H; channels do not include a Ho atom in the H;O". The most
probable initial-site composition measured is HgH,HoO. This obser-
vation is consistent with the double-hydrogen migration mechanism
suggested by ref. 23 and illustrated schematically in Fig. 1b. Their
theoretical work indicated no preference between the migration from
the initial « and S sites, which is in agreement with our measured
(1.91+ 0.15):1 ratio between HgH,HoO and HgHgHO, since the relative
multiplicity would predict 2:1.

The most likely HgH HoO composition is also consistent with both
of the main pathways identified by ref. 25 for H;0" formation. These
pathways involve hydrogen migration between the a and g sites and
thus either HgHHoO or HHHoO could result. We do observe
HHHoO, with a measured HgHgHoO to H.HHoO ratio of
(2.66 £ 0.35) : 1. The final permutation predicted by multiplicity is that
the HgHHoO to HH,HoO ratio is 6 : 1, and we measure (5.1+0.59) :1,a
difference of 1.50. Thus, it appears that when the entire hydroxyl group
is included in the H;0" product, the probability of the H, or Hg sites
contributing to the product composition is approximately statistical,

which in turn supports the likelihood of independent migration of the
hydrogen atoms. This result is compatible with the time-resolved
findings of ref. 23, which showed no correlation between the migrating
hydrogens.

The remaining hydronium initial-site composition with non-
negligible probability is HgHgHO. This composition is an example of
hydrogen scrambling*>*>**, which in this case means that the Ho must
be displaced to the C;H; fragment and the oxygen must bond with
three other hydrogens. This scrambling process ultimately attaches all
three B-hydrogens to the oxygen. Despite the fact that both the
HgHgHL0 and HgH H,O compositions have higher multiplicity than
the HzHgHO composition, the measured site-specific probability for
both of them is consistent with zero within the experimental
uncertainty.

Water ion, HO0" + C;H,;

Hydrogen scrambling is also evident in the formation of water ions. As
in the hydronium case, the only measurable composition of water ion
without a Ho is HgHgO, which is the second most probable water
channel overall. The most likely HO" composition associated with
H,0"+ C,H; is HgHoO. Previous work™®* suggests H,O" formation is
the result of a single hydrogen migration. In their theoretical studies of
H;0* formation, Wang and co-workers found that roaming of H,O was
a possible intermediate step prior to abstraction of a proton®. Pre-
sumably, a similar hydrogen migration from the g site could initiate
ejection of a H,O" (instead of neutral water) in either the HsHoO or
H,HoO compositions, in agreement with single hydrogen migration
pathways suggested by ref. 23 and theoretically supported more
recently by ref. 64. The measured water ion compositions are sum-
marized in Fig. 3c. We note that the measured ratio of HgHoO to
H,HoO, (7.0+3.7):1 is inconsistent with the 3:2 expectation from
multiplicity. In contrast to the multiphoton and electron-impact
results described above, the single (-100 eV) EUV photon-double
ionization experiment conducted by ref. 26 only observed the for-
mation of water ions through dissociation leading to more than two
fragments.

Methane ion, CH; + CH,O"

As shown in Fig. 3d, the measured composition of the methane ions in
CH; + CH,O" always includes all three S-hydrogens, i.e., no scrambling
is observed. The fourth hydrogen is somewhat more likely to be H,
than Ho. The overall probability for CH; + CH,O" dissociation is lower
than the probability of the other complete coincidence channels
described above. Wang et al.” point out that near the most probable
Franck-Condon transition point, the field-free potential energy sur-
face indicates that the CH,CHOH?* configuration is stable against C,-Cs
bond breaking, which may explain why the overall probability of CH; +
CH,O" is small even though a transient CH; might be involved in
several of the processes discussed above.

Incomplete breakup channels involving H;

When the fragments of the ethanol dication include a neutral particle
(or particles), this is an indication that the system has additional
internal energy and therefore different migration mechanisms can
occur. This is evident in recent measurements with ~100 eV photons,
which produced H3;O" fragments from double-ionization of ethanol
only by two-body dissociation and H,0" fragments only in three-body
dissocation?. Thus, a comparison between complete and incomplete
breakup channels for H in our study can give some insight into how
the site-specific compositions change as higher excited states become
accessible.

Experimentally, the determination of the yield of incomplete
breakup channels from the CTOF data is less straightforward because
the momentum carried by the undetected neutral fragment(s) leads to
a broadening of the diagonal CTOF stripe (see Fig. 3a in SN 6). For this
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reason, we restricted this portion of the analysis to channels that
contain a H; fragment and one or two neutral hydrogen atoms
because the tri-hydrogen ion channels are better separated on the
CTOF plot than more massive ions. Some of the dissociation channels
left out of the analysis are relatively large (e.g., H; + CO*+ CH3) due to
the propensity for C,-Cg bond breaking. The analysis of these incom-
plete channels with heavier neutral fragments is significantly more
time consuming, although it is possible if there is sufficient interest.
Figure 4 illustrates that the ejection of one or two neutral hydrogen
atoms during the fragmentation of the ethanol molecule results in a
widespread alteration of the relative H; site-specific probabilities
compared to the complete breakup channels presented in Fig. 3. The
two dominant initial-site compositions seen in H; + C;H;0%, namely
H.H.Ho and HgH.Ho, are significantly reduced in the Hj + C,H,0"+ H
channel [see Fig. 4a], with no statistically significant HgH,Ho observed.
In contrast, the relative probabilities of the HgHgH,, HgHgHo, and
HgH.H, compositions increase.

When an additional hydrogen atom dissociates, the changes in
relative composition between Fig. 4a, c are less dramatic than the
differences between Fig. 3a and Fig. 4a. One noticeable change is that
HgHgH;g falls off substantially, from around 5% in both Figs. 3a and 4a to
a value consistent with zero in Fig. 4c. It is possible that this occurs
because it becomes unlikely to both disturb the methyl group and also
eject two hydrogen atoms. The HgHgHo and HgH,H, compositions are
the most likely to be associated with double hydrogen elimination
while the HgHgH, and H,H Ho compositions are about half as
probable.

The overall increase in the range of outputs from the Monte Carlo
uncertainty analysis as the number of ejected hydrogen atoms
increases mostly reflects the drop in the total number of events and the
associated increase in the statistical uncertainty. While the Hy com-
plete breakup channel is the same order of magnitude as the H; +
C,H,0"+ H channel, the H; + C;HO™+ 2H channel is approximately an
order of magnitude less likely.

Figure 4b, d shows that each of the H + C,H,O™+ H and H; +
C,HO™+ 2H channels can be further distinguished by the initial sites of
the dissociating hydrogen atoms, not just by the hydrogen initial-site
compositions yielding tri-hydrogen ions. In Fig. 4b, we show that the
HgHgH, composition of the Hy + C;H,0™+ H channel is much more
likely to be associated with a Hop hydrogen elimination than either a H,
or Hg hydrogen elimination. Figure 4d illustrates two cases of double
hydrogen elimination, i.e., the H; + C;HO™+ 2H channel. First, if tri-
hydrogen is formed from the HgH.H, initial-site composition the two
possible hydrogen-pair eliminations have roughly equal probabilities.
In contrast, when tri-hydrogen is formed from the HgHgHo composi-
tion, then HyH,, is strongly favored over HgH, double hydrogen elim-
ination. The dominant H,H, double hydrogen elimination
accompanying the specific HgHgHo tri-hydrogen formation in the H; +
C,HO™+ 2H channel is a particularly complex process, which might be
initiated by the escape of a roaming H, from the a site, but the resulting
tri-hydrogen also requires subsequent bond rearrangement.

The horizontal spread of the kernel density functions in the
bottom set of violin plots of Fig. 4d illustrates that the fit is
becoming slightly unstable, with some combinations producing
zero probability for one 2H combination, driving the other linked
2H probability to one. Even with this instability, useful information
can be recovered. The violin plots for all the incomplete H; breakup
channels, including the initial sites of the ejected hydrogen atoms,
are provided in SN 9.

Opportunities for theoretical comparisons

The probability that an initial hydrogen site of an ethanol dication
would contribute to the formation of a particular hydrogen-rich frag-
ment was measured by combining the results from coincidence ion
momentum imaging measurements of seven deuterium-tagged

isotopologues of ethanol. These quantitative results provide insights
into previously unresolved questions surrounding hydrogen migration
in ethanol. For example, H,H.H{ formation is far more likely than
H,,HO,H/;', indicating that the roaming H.H,* tends to sample the
hydroxyl side of the molecule more than the methyl side. Hydrogen
scrambling occurs in several channels, including H,O" formation, and
hydronium ions predominantly form through migration of indepen-
dent hydrogen atoms to the hydroxyl group, as suggested by Kling and
co-workers®. Furthermore, the significant differences observed in the
measured site-specific probabilities associated with complete and
incomplete breakup channels calls for caution when generalizing
measurements limited to complete breakup channels to the overall
picture of the molecular fragmentation. The key to reaching these
conclusions is the quantitative determination of the probability asso-
ciated with hydrogen migration from each site.

By eliminating experimental ambiguities about the initial site of
the hydrogen atoms participating in the hydrogen migration process,
the data presented above put stringent constraints on theoretical
modeling of intramolecular hydrogen dynamics. Molecular dynamics
calculations of the fragmentation of the ethanol dication can now be
benchmarked against experimentally determined probabilities for
initial-site compositions yielding the hydrogen-rich molecular frag-
ments. Additional composition-specific characteristics of the mole-
cular fragments, such as KER or angular distributions, can also be
extracted from the data and provide more detailed tests for future
calculations of the underlying dynamics. The method can be extended
to more complex molecular ions, and the anticipated collaborative
efforts between experiment and theory should enhance the funda-
mental understanding of the coupling between electronic and nuclear
dynamics in polyatomic molecular ions which, in turn, can be applied
to neutral molecules.

Methods

Experimental technique

Laser pulses of up to 2 mJ per pulse at a repetition rate of 10 kHz were
provided by a Ti:sapphire laser system, known as PULSAR®. The pulses
had a 23 fs duration (FWHM in intensity) and a central wavelength of
790 nm. The attenuated laser pulses were focused by a f=75mm
spherical mirror to a calibrated peak intensity of 3.0 x 10" W cm™. The
peak intensity was selected to maximize the amount of double ioni-
zation while at the same time keeping the triple-ionization rate negli-
gible. Under these conditions, the production of ethanol dimers is
negligible, as shown in SN 12.

The laser pulse parameters were monitored in a variety of ways, as
detailed below, to ensure that conditions remained the same
throughout the measurements of all ethanol isotopologues. First, the
laser peak intensity was monitored on a shot-to-shot basis via the
amplitude of a photodiode signal. The time-averaged power was also
monitored separately using a power meter. Both the power meter and
the photodiode signals were recorded as part of the event-mode data
acquisition using an analog-to-digital converter (ADC). The ADC data
was used to exclude events obtained from unsatisfactory laser pulses
in analysis. The laser power was controlled with a combination of a
polarizing beam splitter cube and a waveplate, and slow drifts in the
laser power were corrected during the experiment by pausing data
collection and resetting the power. Second, the beam pointing into the
ultra-high vacuum (UHV) chamber was monitored in angle and posi-
tion using two cameras on an equivalent path traversing the optics
table. The peak laser intensity was determined by measuring the recoil
momentum distribution of Ne® ions along the laser polarization and
locating the point associated with the 2U, kinetic energy of the elec-
tron, where U, is the pondermotive energy®. Finally, the pulse dura-
tion and bandwidth of the pulses were monitored throughout the
measurements using second-harmonic-generation frequency-
resolved-optical-gating (SHG-FROG)"".
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The incident laser beam polarization was set parallel to the
spectrometer’s time-of-flight (TOF) axis of our COLTRIMS setup
(details of this apparatus are described in refs. 68,69). The three-
dimensional momenta of the ions produced from ethanol were eval-
uated from their detected time and position using COLTRIMS
methodology*', while the electrons were not detected. The CTOF
spectra (shown, e.g., for CD;CH,OH in Figs. 2 and 3 of SN 6) were used
to identify the two-body breakup channels (both complete and
incomplete)”.

Ethanol vapor from commercially-obtained high-purity liquid
samples (98-99.5% D, as detailed in SN 1) was introduced to the UHV
chamber, where it expanded into the vacuum as a supersonic gas jet
that was collimated by skimmers prior to intersection with the laser
focus. To clean the gas lines of the previous sample, we ran neon into
the gas manifold at approximately 1 atmosphere while baking the gas
lines for 1-2 h. The laser beam remained on the neon jet target during
baking. The resulting ions were recorded and used to assess the level
of contamination in the manifold. Once the previous isotopologue of
ethanol was not visible in the time-of-flight spectra, the gas lines were
allowed to cool, and a different isotopologue of ethanol was intro-
duced into the system from a new bubbler connected to the manifold.

Data analysis

The data analysis consists of evaluating the branching ratios of the
ethanol dication fragmentation channels, and then using them to
determine the relative site-specific probabilities of the hydrogens
making up the final product.

Branching ratios

The initial steps of the COLTRIMS data analysis are the same as we have
described in earlier publications®® and detailed further in SN 6. In short,
dissociative ionization channels are identified on a CTOF map. The
spectrometer parameters, laser-molecule interaction point, and target
gas jet velocity are calibrated by considering all coincidence channels
simultaneously and by using the expected symmetries about the laser
polarization. For complete two-body breakup channels, momentum
conservation is used to separate the desired events from background.

In order to isolate the true coincidence events of interest, i.e., ion-
pairs originating from the same ethanol molecule in our case, one must
subtract all false coincidence events. The false coincidence events that
arise from ionization of two different parent molecules by the same
pulse were mimicked by randomly pairing individual ion counts from
different laser shots, thus generating a sample of purely false-
coincidence events. The reproduced distribution of false coin-
cidences is then scaled to match a channel that can arise only from a
false coincidence. Finally, we subtracted the scaled artificially-
generated false coincidences from the measured spectrum yielding
the true coincidence spectrum’’.

In the case of complete two-body breakup channels, the number
of events in each channel is converted to a branching ratio as shown in
Eq. (1), for example, for the D + C,H;0" breakup channel of
CD;CH,O0H,

N(D; +C,H;0")
S Nc(my,my)+ > Ne(my,my;m,) @

all all:m, <6

Ry(Dy) =

In Eq. (1), R;(m,) is the branching ratio for the m; breakup channel of the
ith ethanol isotopologue as enumerated in Fig. 1. Nc(my, my) is the
number of measured ion-pairs from the complete channel with m; and
m, being the mass of the first and second ions, respectively. Similarly,
Ng(my, my; my), is the number of measured ion-pairs associated with
an incomplete breakup channel with undetected neutral fragment(s)
having a mass m,, Since we ultimately compare probabilities across
complete- and incomplete-breakup channels, we normalize each

channel to the sum of both measured complete- and incomplete-
breakup channels, given by the first and second terms in the
denominator of Eq. (1), respectively. Note that the second sum is
truncated, i.e., m,, < 6, as the loss of more massive fragments hinders
the separation of these breakup channels from other channels. It is
worth mentioning that in studies focused solely on complete breakup
channels (e.g., refs. 2,23), the sum of incomplete channels in Eq. (1) is
dropped, simplifying the analysis and yielding branching ratios with
smaller relative errors.

Site-specific probabilities

Neglecting isotopic effects, the branching ratio is the sum of the
relevant site-specific probabilities for each isotopologue. For example,
the D + C,H;0" breakup channel of CD;CH,OH yields

R3(D3)=Ppgp, )

where Ppggg is the site-specific probability of forming a tri-hydrogen ion
from the HgHgHg initial-site composition. Unlike Eq. (2), most
measured branching ratios include contributions from more than
one site, such as

Re(D3') =Pppp+Pppa +Paap )
and
R6 (HD2+) =PﬁﬁO+Pﬂa0+Paa0~ (4)

for the CD;CD,0H isotopologue. Note that the site-specific probabil-
ities above are defined to include the multiplicity of the different
initial-site combinations, e.g., there is only one way to combine HzHgHg
but there are six ways to combine HgH.Ho.

Some measured channels cannot be associated with a unique ion
pair because of mass overlaps, like when H; and HD" can both be
produced from the same ethanol isotopologue (see SN 2 for complete
list). The branching ratios of such channels are not used in the analysis
that follows. By avoiding channels with mass overlaps, we avoid having
to make any assumptions that different hydrogen sites behave in the
same way, as are sometimes invoked in other cases**’. For tri-
hydrogen ion formation, however, the seven measured isotopologues
(No. 1-7) yield 10 “clean” equations of the type illustrated by Egs.
(2)-(4) (the complete set of equations is listed in SN 3). These 10
equations form an overdetermined set because there are only six
possible initial-site compositions for tri-hydrogen ion formation: Psgg,
P Pgaos Pgaas Pggo, and Pgge. We label the sum of these probabilities,
which is the probability for H} production, P(H; ) (see Fig. 3).

The six site-specific probabilities for tri-hydrogen ion formation
are determined by optimizing a least-squares fit of these probabilities
to the ten experimentally determined branching ratios (see results in
Fig. 3a and SN 7). To evaluate the uncertainty due to this fitting pro-
cedure, the fit is repeated, in a Monte Carlo fashion, by sampling
branching ratios from a normal distribution centered around the
measured values and with a width determined from the experimental
uncertainties. The characteristics of the normal distribution repre-
senting the measured branching ratios are, in turn, determined from a
combination of the statistical and systematic uncertainties in the
branching ratio measurement (as detailed in SN 8). The Monte Carlo
uncertainty propagation typically contained 10,000 samples. Larger
sample sizes did not change any results significantly.

The analysis for complete two-body breakup channels leading to
hydronium, water, and methane ions is similar except that mass
overlaps couple the branching ratio equations. For example, ions with
m/q=20 from CD;CH,OH (isotopologue #3) include contributions
from water and hydronium ions, specifically DgH,HO, DgH.HoO, and
DgDgO, therefore, the site-specific probabilities contributing to this
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branching ratio can be written as

R3(my/qy=20) =Ppg +Ppaq + Ppao- ®)
Since the equations for hydronium, water, and methane ions are
coupled in the manner of Eq. (5), we need to solve for all three species
simultaneously. The resulting system of equations, however, is still
overdetermined, with the seven isotopologues producing 22
branching ratios that define 16 site-specific probabilities (see SN 4).
Fitting an expanded system of equations including CH; had a
negligible effect on all final site-specific probabilities because the
CH; + CHO" yield was only = 11% of the CH; + CH,O"yield. Therefore,
the CHZ channels were not included in the set of equations leading to
the reported results.

For incomplete coincidence channels, the general analysis
method is unchanged. The important difference, however, is that there
are additional site-specific compositions to determine, since the sites
of the ejected hydrogen atoms are now of interest. There are, in turn,
additional branching ratios that can be measured to determine the
initial-site compositions. Due to mass overlaps, many of the branching
ratios contribute to multiple probabilities. We found that the best
least-squared fits were associated with using the largest collection of
measured branching ratios (i.e., a set of 54 equations listed in SN 5) to
define the 36 possible site-specific probabilities arising from the
combination of the H; + C;H,0™+ H and H; + C;HO™+ 2H channels. The
identity of the undetected neutral fragment is recovered from mass
balance, and we cannot distinguish, for example, elimination of a H,
molecule from elimination of two hydrogen atoms. Although not
explicitly used in this work, the momentum of the dissociating neutral
atoms can be reconstructed from momentum conservation. Addi-
tional dissociation combinations, involving heavier neutral fragments,
could be included in this analysis if needed. At the present time, we
limited the analysis to the region of the CTOF map where the identi-
fications of the incomplete coincidence channels are more
manageable.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available in this
article and its Supplementary Information. The raw, or suitably
reconstructed, data are available from the corresponding authors
upon request. See Supplementary Note 10 for a description of the files
structure. Source data are provided with this paper.

Code availability
The least-squares fitting and Monte Carlo uncertainty propagation
code are available in the Supplementary Software package.

References

1. Ekanayake, N. et al. Mechanisms and time-resolved dynamics for
trihydrogen cation (H; ) formation from organic molecules in strong
laser fields. Sci. Rep. 7, 4703 (2017).

2. Ekanayake, N. et al. H, roaming chemistry and the formation of Hy
from organic molecules in strong laser fields. Nat. Commun. 9,
5186 (2018).

3. Nakai, K., Kato, T., Kono, H. & Yamanouchi, K. Communication:
Long-lived neutral Hy in hydrogen migration within methanol
dication. J. Chem. Phys. 139, 181103 (2013).

4. Xu, H., Okino, T. & Yamanouchi, K. Ultrafast hydrogen migration in
allene in intense laser fields: evidence of two-body Coulomb
explosion. Chem. Phys. Lett. 469, 255 (2009).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Turecek, Frantisek & Syrstad, E. A. Mechanism And Energetics Of
Intramolecular Hydrogen Transfer In Amide And Peptide Radicals
And Cation-radicals. J. Am. Chem. Soc. 125, 3353 (2003).
Townsend, D. et al. The roaming atom: straying from the reaction
path in formaldehyde decomposition. Science 306, 1158 (2004).
Hoshina, K., Furukawa, Y., Okino, T. & Yamanouchi, K. Efficient
ejection of H; from hydrocarbon molecules induced by ultrashort
intense laser fields. J. Chem. Phys. 129, 104302 (2008).

Kibel, M. et al. Steering proton migration in hydrocarbons using
intense few-cycle laser fields. Phys. Rev. Lett. 116, 193001 (2016).
Endo, T. et al. Capturing roaming molecular fragments in real time.
Science 370, 1072 (2020).

Foley, C. D., Xie, C., Guo, H. & Suits, A. G. Orbiting resonances in
formaldehyde reveal coupling of roaming, radical, and molecular
channels. Science 374, 1122 (2021).

Knappe, J., Neugebauer, F. A., Blaschkowski, H. P. & Ganzler, M.
Post-translational activation introduces a free radical into pyruvate
formate-lyase. Proc. Natl Acad. Sci. 81, 1332 (1984).

Sun, X. et al. A possible glycine radical in anaerobic ribonucleotide
reductase from Escherichia coli: nucleotide sequence of the cloned
nrdD gene. Proc. Natl Acad. Sci. 90, 577 (1993).

Ledvina, A. R. et al. Infrared photoactivation reduces peptide fold-
ing and hydrogen-atom migration following ETD tandem mass
spectrometry. Angew. Chem. Int. Ed. Engl. 48, 8526 (2009).
Sharma, S., Raman, S. & Green, W. H. Intramolecular hydrogen
migration in alkylperoxy and hydroperoxyalkylperoxy radicals:
accurate treatment of hindered rotors. J. Phys. Chem. A 114,

5689 (2010).

Yao, XiaoXia et al. Pressure-dependent rate rules for intramolecular
H-migration reactions of normal-alkyl cyclohexylperoxy radicals.
Combust. Flame 204, 176 (2019).

Yu, T., Wu, X., Zhou, X., Bodi, A. & Hemberger, P. Hydrogen
migration as a potential driving force in the thermal decomposition
of dimethoxymethane: New insights from pyrolysis imaging pho-
toelectron photoion coincidence spectroscopy and computations.
Combust. Flame 222, 123 (2020).

Praske, E. et al. Intramolecular hydrogen shift chemistry of
hydroperoxy-substituted peroxy radicals. J. Phys. Chem. A 123,
590 (2018).

Bowman, J. M. & Suits, A. G. Roaming reactions: the third way. Phys.
Today 64, 33 (2011).

Kraus, P. M. et al. Unusual mechanism for H; formation from ethane
as obtained by femtosecond laser pulse ionization and quantum
chemical calculations. J. Chem. Phys. 134, 114302 (2011).

Ando, T. et al. Wave packet bifurcation in ultrafast hydrogen migra-
tion in CHzOH" by pump-probe coincidence momentum imaging
with few-cycle laser pulses. Chem. Phys. Lett. 624, 78 (2015).
DeVine, J. A. et al. Encoding of vinylidene isomerization in its anion
photoelectron spectrum. Science 358, 336 (2017).

Ando, T. et al. Coherent vibrations in methanol cation probed by
periodic H; ejection after double ionization. Commun. Chem. 1,

7 (2018).

Kling, N. G. et al. Time-resolved molecular dynamics of single and
double hydrogen migration in ethanol. Nat. Commun. 10,

2813 (2019).

Livshits, E., Luzon, I., Gope, K., Baer, R. & Strasser, D. Time-resolving
the ultrafast H, roaming chemistry and H; formation using
extreme-ultraviolet pulses. Commun. Chem. 3, 49 (2020).

Wang, E. et al. Ultrafast proton transfer dynamics on the repulsive
potential of the ethanol dication: roaming-mediated isomerization
versus Coulomb explosion. J. Phys. Chem. A 124, 2785 (2020).
Gope, K., Bittner, D. M. & Strasser, D. Sequential mechanism in H;r
formation dynamics on the ethanol dication. Phys. Chem. Chem.
Phys. 25, 6979 (2023).

Nature Communications | (2024)15:74



Article

https://doi.org/10.1038/s41467-023-44311-x

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Wang, E. et al. Ultrafast roaming mechanisms in ethanol probed by
intense extreme ultraviolet free-electron laser radiation: electron
transfer versus proton transfer. J. Phys. Chem. Lett. 14, 4372
(2023).

Heller, E. J. Time-dependent approach to semiclassical dynamics. J.
Chem. Phys. 62, 1544 (1975).

Tully, J. C. Molecular dynamics with electronic transitions. J. Chem.
Phys. 93, 1061 (1990).

Tully, J. C. Mixed quantum-classical dynamics. Faraday Discuss.
110, 407 (1998).

Marx, Dominik and Hutter, Jirg Ab Initio Molecular Dynamics: Basic
Theory and Advanced Methods, (Cambridge University

Press, 2009).

Curchod, B. F. E., Rothlisberger, U. & Tavernelli, |. Trajectory-based
nonadiabatic dynamics with time-dependent density functional
theory. ChemPhysChem 14, 1314 (2013).

Bowman. J. M. & Houston, P. L. Theories and simulations of roaming.
Chem. Soc. Rev. 46, 7615 (2017).

Curchod, B. F. E. & Martinez, T. J. Ab initio nonadiabatic quantum
molecular dynamics. Chem. Rev. 118, 3305 (2018).

Grubb, M. P. et al. No straight path: roaming in both ground- and
excited-state photolytic channels of NO3z > NO + O,. Science 335,
1075 (2012).

Mereshchenko, A. S., Butaeva, E. V., Borin, V. A., Eyzips, A. & Tar-
novsky, A. N. Roaming-mediated ultrafast isomerization of geminal
tri-bromides in the gas and liquid phases. Nat. Chem. 7, 562 (2015).
Fulmer, G. R. et al. NMR chemical shifts of trace impurities: common
laboratory solvents, organics, and gases in deuterated solvents
relevant to the organometallic chemist. Organometallics 29,

2176 (2010).

Heazlewood, B. R. et al. Near-threshold H/D exchange in CD;CHO
photodissociation. Nat. Chem. 3, 443 (2011).

James, E. I., Murphree, T. A., Vorauer, C., Engen, J. R. & Guttman, M.
Advances in hydrogen/deuterium exchange mass spectrometry
and the pursuit of challenging biological systems. Chem. Rev. 122,
7562 (2021).

Torchia, D. A., Sparks, S. W. & Bax, A. D. Delineation of a-helical
domains in deuteriated Staphylococcal nuclease by 2D NOE NMR
spectroscopy. J. Am. Chem. Soc. 119, 2320 (1988).

Hoshina, K., Kawamura, H., Tsuge, M., Tamiya, M. & Ishiguro, M.
Metastable decomposition and hydrogen migration of ethane
dication produced in an intense femtosecond near-infrared laser
field. J. Chem. Phys. 134, 064324 (2011).

Kanya, R. et al. Hydrogen scrambling in ethane induced by intense
laser fields: statistical analysis of coincidence events. J. Chem. Phys.
136, 204309 (2012).

Kushawaha, R. K. & Bapat, B. Fragmentation dynamics of the
methanol dication. Chem. Phys. Lett. 463, 42 (2008).

Iwamoto, N. et al. Strong-field control of H; production from
methanol dications: selecting between local and extended forma-
tion mechanisms. J. Chem. Phys. 152, 054302 (2020).

Burrows, M. D., Ryan, S. R., Lamb, W. E. & Mclntyre, L. C. Studies of
H*, Hy, and H; dissociative ionization fragments from methane,
ethane, methanol, ethanol, and some deuterated methanols using
electron-impact excitation and a time-of-flight method incorporat-
ing mass analysis. J. Chem. Phys. 71, 4931 (1979).

Sharma, V. & Bapat, B. Determination of active sites for H atom
rearrangement in dissociative ionization of ethanol. J. Chem. Phys.
125, 044305 (2006).

Ekanayake, N. et al. Substituent effects on H3+ formation via H,
roaming mechanisms from organic molecules under strong-field
photodissociation. J. Chem. Phys. 149, 244310 (2018).

Ma, C. et al. Formation of H30" in the ionization and fragmentation
of ethanol induced by electron beam irradiation. Laser Particle
Beams 2021, 1 (2021).

49. Ullrich, J. et al. Recoil-ion momentum spectroscopy. J. Phys. B At.
Mol. Opt. Phys. 30, 2917 (1997).

50. Dorner, R. et al. Cold Target Recoil lon Momentum Spectroscopy: a
‘momentum microscope’ to view atomic collision dynamics. Phys.
Rep. 330, 95 (2000).

51.  Ullrich, J. et al. Recoil-ion and electron momentum spectroscopy:
reaction-microscopes. Rep. Prog. Phys. 66, 1463 (2003).

52. Zhang, Y. et al. Formation of H; from ethane dication induced by
electron impact. Commun. Chem. 3, 160 (2020).

53. Huntress, W. T. Hydrogen atom scrambling in ion-molecule reac-
tions of methane and ethylene. J. Chem. Phys. 56, 5111 (1972).

54. Okino, T., Watanabe, A., Xu, H. & Yamanouchi, K. Two-body Cou-
lomb explosion in methylacetylene in intense laser fields: double
proton migration and proton/deuteron exchange. Phys. Chem.
Chem. Phys. 14, 4230 (2012).

55. Shirota, T., Man, N., Tsuge, M. & Hoshina, K. Formation of H30" from
alcohols and ethers induced by intense laser fields. Rapid Commun.
Mass Spectrom. 24, 679 (2010).

56. Severt, T. et al. Two-body dissociation of formic acid following
double ionization by ultrafast laser pulses. Phys. Rev. A 105,
053112 (2022).

57. Jochim, B. et al. Rapid formation of Hy from ammonia and methane
following 4 MeV proton impact. J. Phys. B At. Mol. Opt. Phys. 42,
091002 (2009).

58. Leonard, M. et al. Bond rearrangement during Coulomb explosion
of water molecules. Phys. Rev. A 99, 012704 (2019).

59. Hintze, J. L. & Nelson, R. D. Violin plots: a box plot-density trace
synergism. Am. Stat. 52, 181 (1998).

60. Bittner, D. M., Gope, K., Livshits, E., Baer, R. & Strasser, D. Sequential
and concerted C-C and C-O bond dissociation in the Coulomb
explosion of 2-propanol. J. Chem. Phys. 157, 074309 (2022).

61. Mishra, D. et al. Ultrafast molecular dynamics in ionized 1- and 2-
propanol: from simple fragmentation to complex isomerization and
roaming mechanisms. Phys. Chem. Chem. Phys. 24, 433 (2022).

62. Légaré, Francois. Emerging Laser Technologies for High-Power and
Ultrafast Science (IOP Publishing Ltd, 2021).

63. Okino, T. et al. Coincidence momentum imaging of ejection of
hydrogen molecular ions from methanol in intense laser fields.
Chem. Phys. Lett. 419, 223 (2006).

64. Ota, F. et al. Imaging intramolecular hydrogen migration with time-
and momentum-resolved photoelectron diffraction. Phys. Chem.
Chem. Phys. 23, 20174 (2021).

65. Ren, X. et al. Single-shot carrier-envelope-phase tagging using an
f-2f interferometer and a phase meter: a comparison. J. Opt. 19,
124017 (2017).

66. de Jesus, V. L. B. et al. Atomic structure dependence of non-
sequential double ionization of He, Ne and Ar in strong laser pulses.
J. Phys. B At. Mol. Opt. Phys. 37, L161 (2004).

67. Trebino, R. Frequency-Resolved Optical Gating (Kluwer Academic
Publishers, 2000).

68. Maharjan, C. M. Ph.D. Thesis, Kansas State University, (2007).

69. Kaderiya, Balram Ph.D. Thesis, Kansas State University, (2021).

70. Knoll, Glenn F. Radiation Detection and Measurement (John Wiley
and Sons Ltd, 2010).

Acknowledgements

We thank C.W. Fehrenbach for assistance with the PULSAR laser. The
U.S. Department of Energy (DOE), Office of Science, Office of Basic
Energy Sciences, Chemical Sciences, Geosciences, and Biosciences
Division under Award No. DE-FG02-86ER13491 supported the J.R. Mac-
donald Laboratory (JRML)and T.S., B.K., P.F.,B.J.,K.B., F.Z., K.R.P.,K.D.C.,
D.R., A.R.,and |.B.-I. The PULSAR laser at JRML was provided by grant DE-
FG02-09ER16115 from the same funding agency. National Science
Foundation Grant No. PHY-2309192 supported E. Weckwerth and E.
Wells. E. Weckwerth received additional funding from the Augustana

Nature Communications | (2024)15:74

10



Article

https://doi.org/10.1038/s41467-023-44311-x

University Viste Student/Faculty Research Fellowship and the South
Dakota Space Grant Consortium. The U.S. DOE, Office of Science, Office
of Basic Energy Sciences, Chemical Sciences, Geosciences, and Bios-
ciences Division under Grant No. SISGR (DE-SC0002325) sup-

ported M.D.

Author contributions

T.S. planned the experiment with input from M.D., D.R., A.R., and I. B.-l.
The experiment was setup and performed by T.S., B.K.,, P.F., B.J., F.Z,,
K.B., K.R.P., K.D.C., D.R., and A.R.; E. Weckwerth analyzed the data with
guidance and support from T.S. and evaluated the site-specific prob-
abilities guided by E. Wells and I.B.-I.; E. Wells, K.D.C., D.R., A.R., and |.B.-
I. mentored the students and post-docs; E. Weckwerth, E. Wells, and |.B.-
|. prepared the manuscript, which all co-authors approved.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-44311-X.

Correspondence and requests for materials should be addressed to Eric
Wells or Itzik Ben-ltzhak.

Peer review information Nature Communications thanks the anon-
ymous, reviewer(s) for their contribution to the peer review of this work.
A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:74


https://doi.org/10.1038/s41467-023-44311-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Initial-site characterization of hydrogen migration following strong-field double-ionization of ethanol
	Results
	Discussion
	Complete breakup channels
	Tri-hydrogen ion, H3^   3+ + C2H3O+
	Hydronium, H3O+ + C2H3^   3+
	Water ion, H2O+ + C2H4^   4+
	Methane ion, CH4^   4+ + CH2O+
	Incomplete breakup channels involving H3^   3+
	Opportunities for theoretical comparisons

	Methods
	Experimental technique
	Data analysis
	Branching�ratios
	Site-specific probabilities
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




