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Size-Dependent Femtosecond Proton Transfer in Proto-
nated Methanol Clusters

Sergei V. Anishchik,a Naga Krishnakanth Katturi,a Jesse Sandhu,a and Marcos Dantus→ab

Methanol clusters (CH3OH)n are prototypical hydrogen-bonded systems that bridge isolated

molecules and bulk liquid methanol. Strong-field ionization of these clusters can trigger ultrafast

charge migration, proton transfer, and isomerization; however, the onset timescales of these path-

ways remain largely unexplored despite extensive steady-state mass-spectrometric evidence for proto-

nation and chemical rearrangement. Here we use femtosecond time-resolved strong-field ionization

and disruptive probing to directly track the early-time dynamics of methanol clusters. Transient mass

spectra yield size-dependent timescales for the formation of protonated clusters H+(CH3OH)n (n =

1–3) and an associated CHO·+ radical cation. We find that both proton-transfer and subsequent

stabilization become markedly faster with increasing cluster size. These measurements establish

methanol clusters as a complementary benchmark to water for understanding ionization-initiated

proton motion and chemical reorganization in hydrogen-bonded liquids.

1 Introduction
Hydrogen-bonded clusters of methanol, (CH3OH)n, provide a ver-
satile model for nano-sized solvent environments whose neutral
and protonated ground-state structures are now well character-
ized over a broad size range. Ionization-induced proton motion
in hydrogen-bonded media is a central motif in radiation chem-
istry and radiation damage, with water serving as the canonical
benchmark.1,2 This relevance extends beyond terrestrial solva-
tion: methanol is widespread in interstellar space and is observed
in multiple aggregate states (gas-phase, ices, and mixed molecu-
lar environments), where ionizing radiation and secondary elec-
trons can initiate chemistry that likely involves, among other in-
termediates, ionized methanol clusters.3–7 Infrared spectroscopy
has mapped the evolution of hydrogen-bond motifs in (CH3OH)n
(n = 2–6) and in larger clusters, revealing cyclic and bicyclic
structures and identifying the minimum number of methanol
molecules required to stabilize an excess proton.8–11 In paral-
lel, studies of core- and valence-ionized solvent clusters12 have
demonstrated that ionization-driven proton motion in nano-sized
hydrogen-bonded environments is highly sensitive to network
strength and confinement, and plays a key role in radiation
chemistry, as exemplified by the water dimer.13,14 In contrast,
the time-resolved proton-transfer dynamics of methanol clusters
following ionization, and their dependence on cluster size and
subsequent relaxation,15 remain essentially unexplored on the
femtosecond timescale. Here we directly measure size-resolved
proton-transfer rates in (CH3OH)n (n = 2–4) following strong-
field ionization, tracking the formation of protonated clusters and
CH3O-containing fragments and identifying a slower picosecond
decay of the protonated-cluster yield associated with evaporation
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and/or structural relaxation.

Extensive theoretical work has been devoted to methanol clus-
ters16–28 and prior studies have emphasized the importance of
proton-transfer processes following cluster ionization, which lead
to the formation of protonated cluster ions.29–31. These proto-
nated clusters remain chemically active, undergoing internal rear-
rangements and size-dependent fragmentation en route to the de-
tector. VUV photoionization studies of the methanol dimer cation
established a vertical ionization threshold of 9.7 eV and identified
two competing proton-transfer channels: a barrierless hydroxy-
proton transfer and a more exothermic methyl-proton transfer
that proceeds over a small activation barrier.31 Near-threshold
ionization photoelectron–photoion coincidence (PEPICO) mea-
surements on methanol dimer isotopologues show that proto-
nated methanol arises via intracluster proton transfer in the dimer
cation, with CH2OH· loss dominating between 10.2–10.5 eV (con-
sistent with methyl-group proton transfer) and CH3O· loss be-
coming dominant above 10.6 eV (consistent with hydroxy-proton
transfer).30 The hydrogen transfer process was studied in ex-
cited methanol and methanol-water clusters, with a subpicosec-
ond time resolution.32 However, the exact timescales for proton
transfer and protonated-cluster formation dynamics have not yet
been experimentally determined with femtosecond time resolu-
tion. The goal of this study is to observe the time evolution of
cluster ion yields using a pump–probe method in the femtosec-
ond time domain.

2 Experimental
Methanol clusters were generated by supersonic expansion of a
methanol/argon gas mixture into vacuum through a 10 µm con-
tinuous nozzle. The resulting molecular beam was collimated by
two skimmers (3 and 4 mm diameter) positioned 10 mm and
22 cm downstream. The base pressure in the interaction chamber
was ↑ 1↓10↔9 Torr and rose to ↑ 2↓10↔7 Torr during data acqui-
sition. Cluster strong-field ionization and detection were carried
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Fig. 1 TOF mass spectra of protonated methanol clusters obtained by
strong-field ionization with 1300 nm (top) and 800 nm (bottom) fem-
tosecond pulses. Insets show magnified views of the cluster regions; the
masses of the protonated clusters are indicated next to the corresponding
peaks. A slight detector ringing artifact is visible in the 800 nm spectrum
due to the strong molecular ion signal.

out in a Wiley–McLaren time-of-flight (TOF) mass spectrometer.
A Ti:sapphire laser (800 nm) delivered 40 fs pulses at

1 kHz. Disruptive probing measurements were performed at
both 800/800 nm and 1300/1300 nm, with pulse durations
at the sample of ↑50 fs in each case. The 1300 nm pulses
were generated by an optical parametric amplifier pumped by
the 800 nm fundamental. The peak intensity at the molecular
beam was calibrated using the measured ion-yield ratio of Ar2+

to Ar+ from the argon carrier gas, following established strong-
field intensity calibration procedures.33 For the 800 nm exper-
iments, the pump/ionization pulse peak intensity at the inter-
action region was ↑ 6↓ 1014 W/cm2, and the disruptive probe
intensity was ↑ 0.6↓ 1014 W/cm2. For the 1300 nm measure-
ments, the corresponding peak intensities were ↑ 2↓1014 W/cm2

(pump/ionization) and ↑ 0.2 ↓ 1014 W/cm2 (probe). In both
strong-field ionization cases, the Keldysh parameter was ! <

0.4. In its semiclassical interpretation, ! compares the charac-
teristic tunneling (ionization) time to the optical period; thus
! ↗ 1 implies that ionization occurs within a fraction of a
laser cycle. These values place our measurements firmly in the
tunneling/field-ionization regime, where ionization is nonpertur-
bative and electron recollision dynamics can contribute, rather
than in the perturbative multiphoton regime.34

Fig. 2 (a) Mass spectra of methanol clusters recorded with a 1300 nm
pump laser at di!erent nozzle stagnation pressures. All spectra are plot-
ted on the same intensity scale and vertically o!set for clarity; the corre-
sponding pressures (in bar) are indicated next to each trace. (b) Ion yields
as a function of nozzle pressure for protonated methanol (H+(CH3OH),
m/q 33) and protonated methanol clusters (H+(H3OH)n, m/q=32n+1,
n=2-5). Data points are connected by spline curves as a guide to the
eye.

Ion detection employed a multichannel-plate detector and
time-resolved mass spectra were recorded by a fast digitizer, av-
eraging ↑ 106 laser shots per delay step to achieve high signal-
to-noise. All acquisition conditions were held constant across the
entire study, including detector voltage, digitizer sensitivity, and
the ion-yield scaling, so signal amplitudes can be compared di-
rectly between measurements at different wavelengths.

3 Results
Experimental mass spectra resulting from strong-field ionization
at 1300 nm and 800 nm wavelengths are shown in Fig. 1, where
the horizontal axis gives the mass-to-charge ratio (m/q) and the
vertical axis shows ion yields averaged over ↑ 106 laser shots. In
both cases the average laser power was 170 mW. At 1300 nm, the
dominant peak appears at m/q 32, assigned to CH3OH+, and the
spectrum shows additional peaks due to methanol cluster ions. As
highlighted in the inset (↓10 magnification), these cluster peaks
occur at m/q 65, 97, 129, etc., corresponding to protonated clus-
ters H+(CH3OH)n (n ↘ 2), along with a protonated monomer
peak at m/q 33. We observed a very weak line of the unproto-
nated methanol dimer cation (m/q 64), which had an ion yield
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Table 1 The characteristic times t1 and t2, were obtained by fitting the experimental time-resolved ion yields to equation (1) using the two-exponential
approximation.

800 nm 1300 nm
Ion Ion mass (amu) t1( f s) t2( f s) t1( f s) t2( f s)
H+(CH3OH) 33 260±50 3140±1300 230±30 3500±870
H+(CH3OH)2 65 103±10 1450±280 81±15 2300±350
H+(CH3OH)3 97 59±10 1410±160 60±15 1400±500

Fig. 3 Pump–probe delay dependence of the ion yields for m/q 29
(HCO+), 33 (H+CH3OH), 65 (H+(CH3OH)2), and 97 (H+(CH3OH)3)
at 800 nm (left column) and 1300 nm (right column). Closed circles
show the experimental data (integrated peak areas); solid lines are fits
according to eq (1). For each ion, the transients recorded at the two
wavelengths are very similar.

over than one order of magnitude weaker than that of any ob-
served protonated cluster. No other lines of unprotonated clusters
were observed.

In contrast, the 800 nm spectrum is markedly different. The
most intense peak is at m/q 40 (Ar+), with a weaker Ar2+ peak
at m/q 20, followed by an intense CH3O+ (m/q 31), CH3OH+,

and a prominent H2O+ peak at m/q 18. When the 800 nm spec-
trum is normalized to its most intense line, cluster ion peaks are
barely visible and require !100 magnification in the inset to be
resolved. However, because the absolute ion yield of the most
intense 800 nm peak is roughly ten times higher than that of
the most intense 1300 nm peak, the absolute ion yields of the
methanol clusters for the two wavelengths are in fact compara-
ble.

Fig. 2 shows the measurement results at different gas pressures
in the nozzle. All experiments were carried out using a laser with
a wavelength of 1300 nm. The top figure (Fig. 2a) shows the
mass spectra at nozzle pressures of 0.3, 1.5, 2.5, and 3.5 bar.
All spectra are shown in the same scale, allowing the lines of
protonated clusters to be clearly seen. As can be seen from the
figure, at a pressure of 0.3 bar, clusters are not observed at all,
but as the pressure increases, lines of increasingly heavier clusters
appear.

Fig. 4 Dependence of rise times t1 (top) and fall times t2 (bottom) on
the size of the protonated methanol clusters for wavelengths of 800 nm
and 1300 nm.

In the bottom figure (Fig. 2b) we can see the dependence of
integrated intensity of the spectral lines of protonated methanol
(m/q = 33) and protonated clusters H+(CH3OH)n (m/q = 65,
97,129, and 161, at n = 2 - 5) on the nozzle pressure. Fig. 2(b)
shows that with increasing pressure, the yield of ions from clus-
ters initially increases and then begins to fall as increasingly larger
clusters are formed. This is explained by the fact that in the
pressure range we use, the efficiency of adiabatic cooling dur-
ing supersonic expansion into a vacuum increases with increas-
ing the nozzle pressure. As a result, increasingly larger clusters
are formed. All further experiments were carried out at a nozzle
pressure of 2 bar, since at this pressure the highest intensity of the
lines of protonated methanol dimers and trimers was observed.

The pump–probe delay dependence of the ion yield was mea-
sured by integrating the corresponding peak in the mass spectrum
and averaging over ↑ 106 laser shots. The resulting data, shown
as closed circles in Fig. 3, are plotted for m/q 29 (assigned to
HCO+), m/q 33 (H+CH3OH), m/q 65 (H+(CH3OH)2), and m/q
97 (H+(CH3OH)3). The left column corresponds to 800 nm ex-
citation (pump power 140 mW, probe power 20 mW), and the
right column to 1300 nm excitation (pump power 135 mW, probe
power 40 mW). For each ion, including the protonated methanol
monomer, dimer, and trimer, the transients recorded at 800 and
1300 nm are very similar, indicating that the underlying dynamics
are largely insensitive to the excitation wavelength in this range.
Protonated methanol and its dimer and trimer exhibit similar ion-
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yield transients: a sharp initial decrease, followed by a rapid re-
covery and then a gradual decay. In contrast, the m/q 29 signal
shows a distinctly different behavior, with an initial increase after
excitation and a subsequent monotonic decrease. The solid lines
in Fig. 3 are fits using eq (1), which describes the time-resolved
ion yield under irradiation by a Gaussian laser pulse.34 The ex-
tracted time constants t1 and t2 from this bi-exponential fit are
summarized in Table 1.

I(t) = C+Ag exp
(
↔ (t↔t0)2

s2

)
+

!N
i=1 ai exp

(
↔ (t↔t0)

ti

)[
1+ erf

(
t↔t0

s ↔ s
2ti

)]
.

(1)

The extracted fast rise (t1) and slow decay (t2) time compo-
nents are summarized in Fig.4. The horizontal axis gives the
cluster size, and the vertical axis shows t1 and t2 on a logarith-
mic scale. As the cluster size increases, the fast component t1
decreases by approximately a factor of five, while the slow com-
ponent t2 decreases by about a factor of about three.

4 Discussion
The observed time-resolved ion yields can be rationalized as fol-
lows. The probe pulse alone is not energetic enough to ionize
the molecules, but in combination with the pump pulse it can af-
fect the ion yield. The sharp peak at zero delay arises from the
temporal overlap of pump and probe, which effectively adds their
intensities and thus enhances ionization. Immediately after ion-
ization the ions are far from equilibrium, and the influence of the
probe pulse is strongest. Different ions respond to this additional
excitation in different ways. For the HCO+ ion (m/q 29), a frag-
ment of the methanol ion, the probe pulse leads to a pronounced
increase in yield, indicating an enhancement of this dissociation
channel (see Fig. 3). In contrast, for methanol clusters we ob-
serve a sharp decrease in the ion yields, suggesting that the probe
pulse induces fragmentation of the far from equilibrium cluster
ions.

After the rapid initial relaxation of the excitation energy, the
probe pulse predominantly perturbs the system by interrupting
the ongoing evolution of the ions at a given delay time, thereby
allowing us to map out their natural dynamics.34 It is reasonable
to attribute the subsequent rapid rise of the protonated methanol
and methanol cluster signals to the proton-transfer reaction

(CH3OH)+n ↔≃ H+(CH3OH)n↔1 +CH3O·, (2)

which should proceed with near-unit probability, as only pro-
tonated clusters are observed. We simulated the evolution of
the methanol dimer following vertical ionization using ab initio
molecular dynamics (AIMD) to elucidate the mechanism of pro-
ton transfer in methanol clusters. Owing to computational cost,
we restricted the AIMD analysis to the dimer. Fig. 5 presents
the reaction-coordinate diagram for the proton-transfer process,
and a representative reactive trajectory is provided as a movie in
the Supplementary Material. Computational details are given in
Appendix A.

Previous threshold-photoionization studies of (CD3OH)+2 indi-

Fig. 5 Reaction coordinate diagram of the proton transfer after vertical
ionization of the neutral dimer (CH3OH)2. The geometries and energies
were calculated using B3LYP/def2-TZVP. After vertical ionization, the
hydrogen atom attached to oxygen migrates over to the other oxygen,
forming CH3OH+

2 +CH3O·.

cate that hydroxy-proton transfer is essentially barrierless near
onset, whereas methyl-proton transfer is slower and consistent
with a modest rearrangement barrier.31 In the present strong-
field ionization measurements, the dimer cation is formed with
excess internal energy, and the observed ultrafast dynamics there-
fore reflect proton transfer and early relaxation above the appear-
ance thresholds, where both channels may be accessible. Because
our measurements were performed on methanol (CH3OH), the
product ions do not uniquely tag the origin of the transferred
proton, and we cannot separate hydroxy- versus methyl-derived
proton transfer from the mass spectra alone. Disentangling these
pathways will require isotope-labeling experiments using partially
deuterated methanol (e.g., CH3OD and/or CD3OH) to provide
unambiguous mass signatures for the competing channels.

In our calculations, a transition-state search along the
hydroxyl-group proton-transfer coordinate did not locate any bar-
rier (i.e., no corresponding transition-state structure was found),
indicating a barrierless pathway. This result is consistent with pre-
vious theoretical and experimental studies on methanol dimers,31

as well as with analogous findings reported for the formic acid
dimer.35

As the cluster size increases, the number of possible proton-
transfer pathways grows, leading to a decrease in the charac-
teristic time of this process. The slower decay of the ion yields
at longer delays is associated with further reactions of the pro-
tonated clusters, the simplest of which is the loss of a neutral
molecule,

H+(CH3OH)n ↔≃ H+(CH3OH)n↔1 +CH3OH. (3)

From these measurements we draw several conclusions regard-
ing methanol cluster formation and dynamics. First, methanol
clusters are reliably detected following strong-field ionization and
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are observed exclusively in protonated form. Second, in con-
trast to most other mass-spectral features of the monomer, the
yield of protonated cluster ions depends only weakly on the laser
wavelength. Third, the time-dependent ion yields of protonated
methanol and its protonated clusters in the pump–probe exper-
iment exhibit similar behavior, characterized by an initial rapid
rise followed by a much slower decay. Finally, the corresponding
rise (t1) and decay (t2) time constants show only a weak depen-
dence on wavelength but decrease systematically with increasing
cluster size.

The femtosecond protonation dynamics that we observe in
methanol clusters can be placed in the broader context of ultra-
fast proton transfer in hydrogen-bonded systems. Schnorr and
co-workers have recently shown that, upon ionization, the water
dimer radical cation undergoes proton transfer on a time scale of
↑55 fs, as directly tracked by XUV pump–probe ion-coincidence
spectroscopy that detects delay-dependent H3O++OH+ pairs and
the associated structural rearrangement of the dimer cation.13 In
our case, the rapid rise of the protonated methanol and cluster
signals, characterized by the time constant t1, likewise occurs on
the femtosecond scale, shows only a weak dependence on excita-
tion wavelength, and becomes faster with increasing cluster size.
Together, these results suggest that once a radical cation is cre-
ated, proton transfer along an O–H···O hydrogen bond proceeds
in an essentially barrierless fashion in both water and methanol
aggregates, with additional molecules reducing the timescale.
The slower decay component t2 that we extract for methanol clus-
ters can then be interpreted as structural relaxation of the cluster,
emphasizing the generality of ultrafast proton migration followed
by slower reorganization in ionized hydrogen-bonded networks.

The size-dependent femtosecond proton-transfer kinetics and
picosecond relaxation we observe in ionized methanol clusters
provide a quantitative link between established structural pic-
tures of neutral and protonated methanol networks and their
nonequilibrium dynamics after ionization. Our results show that
as few as two methanol molecules are needed to efficiently accept
and delocalize a proton, provide benchmark time scales and prod-
uct branching ratios (protonated cluster vs CH3O· formation) for
testing nonadiabatic electronic-structure and dynamics methods,
and constrain models of energy flow and evaporation in nano-
sized hydrogen-bonded droplets. Beyond methanol, these data
inform the description of hydrogen-bond network strength in con-
fined geometries, the early steps of radiation chemistry in protic
organic liquids, and proton transport in microsolvated environ-
ments relevant to atmospheric and astrochemical nanoices. By
positioning methanol clusters alongside water dimers and mixed
solvent clusters as a new dynamical benchmark, this work opens
a route to systematically compare ionization-induced proton mo-
tion across different hydrogen-bonded liquids.
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Appendix A. Computational Details
To gain additional insight into proton transfer in ionized
(CH3OH)n clusters, we performed ab initio molecular dynamic
(AIMD) simulations with the ORCA computational chemistry
package36. In total, 22 trajectories were propagated at the
B3LYP/def2-TZVP level using a 0.5 fs time-step and a total sim-
ulation time of 2 ps per trajectory. Ionization was modeled as a
vertical transition from the neutral ground state to the cationic
ground state; accordingly, each trajectory was initialized from the
optimized neutral equilibrium geometry computed at the same
level of theory. Initial velocities were assigned by sampling a
Maxwell-Boltzmann distribution. Owing to computational cost,
AIMD was performed only for the dimer. The computed verti-
cal ionization energy is in good agreement with prior theoretical
work29 and with available experimental results.37

Of the 22 trajectories, one exhibited proton transfer, four re-
mained nonreactive over the full 2 ps, and the remainder sepa-
rated without undergoing proton transfer. In the reactive trajec-
tory, the hydrogen involved in the intermolecular hydrogen bond
is the proton that transfers, and the transfer completes within
↑50 fs.
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