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Atmospheric aerosols are one of the major factors affecting planetary
climate, and the addition of anthropogenic molecules into the
atmosphere is known to strongly affect cloud formation. The
broad variety of compounds present in such dilute media and their
specific underlying thermalization processes at the nanoscale make
a complete quantitative description of atmospheric aerosol forma-
tion certainly challenging. In particular, it requires fundamental
knowledge about the role of impurities in water cluster growth, a
crucial step in the early stage of aerosol and cloud formation. Here,
we show how a hydrophobic pyridinium ion within a water cluster
drastically changes the thermalization properties, which will in turn
change the corresponding propensity for water cluster growth. The
combination of velocity map imaging with a recently developed
mass spectrometry technique allows the direct measurement of the
velocity distribution of the water molecules evaporated from excited
clusters. In contrast to previous results on pure water clusters, the
low-velocity part of the distributions for pyridinium-doped water
clusters is composed of 2 distinct Maxwell-Boltzmann distributions,
indicating out-of-equilibrium evaporation. More generally, the evap-
oration of water molecules from excited clusters is found to be much
slower when the cluster is doped with a pyridinium ion. Therefore,
the presence of a contaminant molecule in the nascent cluster changes
the energy storage and disposal in the early stages of gas-to-particle
conversion, thereby leading to an increased rate of formation of water
clusters and consequently facilitating homogeneous nucleation at the
early stages of atmospheric aerosol formation.

out-of-equilibrium dynamics | nanoscale thermodynamics | atmospheric
aerosol formation | protonated pyridine | protonated water clusters

Aerosols are tiny atmospheric particles that have a major
impact on the Earth’s climate. They scatter or absorb sun-
light and influence cloud formation through the ability to act as
condensation nuclei (1-7). Understanding the mechanisms by
which molecules in the gas phase aggregate to form larger par-
ticles and eventually aerosols is of key importance to critically
assess their role in global climate change (8, 9) and the related
public health issues associated with inhalation of ultrafine par-
ticles (10). Gas-to-particle conversion also known as secondary
aerosol formation has been observed in many areas around the
world (11). Particle nucleation is observed to be responsible for
about half of the global cloud condensation nuclei and is the
dominant source in the free troposphere (12). Nucleation of
atmospheric particles is thought to involve both neutral- and ion-
induced pathways, in proportions that depend on altitude (13).
The presence of ions has been predicted to enhance the growth
rates of nanometer-size aerosol particles (14-16). Recently, it
was shown by Fan et al. (4) that anthropogenic ultrafine aerosol
particles smaller than 50 nm may have a stronger influence on
cloud formation than previously believed. However, and despite
extensive research, the early stages governing the atmospheric
aerosol nucleation remain uncertain. Many experiments to date
have focused on the nature of the main compounds and their
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possible role involved in the nucleation processes. Originally,
binary homogeneous nucleation of sulfuric acid and water was
thought to be the dominant process; nevertheless the binary
results involving these species alone cannot explain the nucle-
ation rates and growth rates observed in the atmosphere (17, 18).
Subsequently, ternary homogeneous nucleation involving ammonia,
sulfuric acid, and water was shown to increase significantly the
nucleation and growth rates (3, 18, 19). More recently, further
experiments demonstrated that amines such as dimethylamine
(DMA) enhance even more the neutral and ion-induced H,SO,/
H,0 nucleation in the atmosphere (20, 21). Moreover, according to
Vaida (22) the presence of water clusters in the atmosphere facili-
tates the nucleation processes by increasing the effective cross-
section and the interaction time between the 3 species (23).
Therefore, water cluster production is of relevance in this context
and its details have to be considered to elucidate the overall nu-
cleation process, in particular condensation and subsequent
evaporation processes.

At the molecular level, condensation and evaporation from a
bulk water surface are statistical phenomena: For a large number
of molecules, and as a result of energy equipartitioning at thermal
equilibrium, evaporation manifests itself in a Maxwell-Boltzmann
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(MB) velocity distribution for the evaporated molecules (24). In
small water clusters with few degrees of freedom, evaporation
competes more strongly with energy redistribution upon excitation
after condensation and different velocity distributions may arise.
To elucidate this phenomenon on a microscopic level, molecular
evaporation from ultimately small protonated water clusters
containing less than 10 molecules was investigated using a recently
developed experimental technique (25, 26). After a femtosecond
excitation induced by a single high-velocity collision with an argon
atom, the out-of-equilibrium water cluster ion relaxes via the
evaporation of 1 or several molecules. The measured velocity
distributions of the molecules evaporated from (H;0")(H,0),
protonated water clusters for n = 1 to 10 exhibit 2 contributions,
namely a low-velocity part that can be well described by MB
statistics and a high-velocity part corresponding to nonergodic
(NE) events caused by molecules that evaporate before complete
redistribution of the excitation energy within the cluster. Through
dedicated atomistic modeling based on statistical molecular dy-
namics (SMD) simulations (26, 27), the statistical nature of the
main contribution at low velocities and the sequential evaporation
of several molecules were confirmed by the ability to reproduce
the experimental velocity distributions (28). Moreover, the con-
tribution of NE events observed at high velocities was analyzed
and interpreted as being due to the evaporation of molecules
before complete redistribution of the excitation energy.

In the present work, we address the thermalizing ability of water
cluster ions containing a hydrophobic ion, namely pyridinium
(PyH™), upon sudden excitation of one of its molecules. Pyridine
is an example of molecules present in the Earth’s atmosphere due
to human activity and is likely involved in aerosol particle con-
densation processes (29-32). Pyridinium has been shown to be by
far the most abundant core ion in the troposphere (30, 31, 33, 34).
It also has been observed in the positive-ion mass spectra obtained
in the CLOUD chamber experiments at CERN; however, pyridine
was considered to be a nonactive molecule like other impurities
in the aerosol formation process (21). Here we argue that after
all pyridine may have a decisive effect of catalytic nature in at-
mospheric aerosol formation due to its different behavior when
replacing a hydronium ion with a pyridinium ion in a nascent
water cluster.

Results and Discussion

The velocity distributions measured for the evaporation of 1
water molecule from (PyH")(H,0),, (shown in Fig. 14 for n = 4)
exhibit 2 distinct components, as observed previously for pure
water clusters (26). However, in contrast to the latter case, the
low-velocity part of the distribution presently measured for
single-molecule evaporation cannot be satisfactorily fitted by a
single MB distribution. Similarly, the low-velocity part of the
distribution measured for the evaporation of 2 or 3 water mol-
ecules from (PyH")(H,0), cannot be reproduced by Monte
Carlo (MC) simulations as in the pure water case, assuming 1)
sequential single-molecule evaporation from protonated water
clusters and 2) the use of the low-velocity part of the velocity
distribution measured for single-molecule evaporation from a
protonated water cluster with n = 4, 3, and 2 water molecules as
a starting point for the calculations (SI Appendix, Fig. S1).
Therefore, to elucidate this drastically different behavior, SMD
simulations were performed for (PyH")(H,0),, assuming, as for
pure water clusters, that any of the n 4+ 1 molecular units of the
water cluster, including the pyridinium ion, can carry the initial
excitation. The velocity distributions thus obtained are shown in
Fig. 1 B-D for (PyH")(H,0),. Assuming in these simulations that
the local excitation resides in the pyridinium ion, a single MB
distribution without any NE event is obtained. In contrast, as-
suming local excitation of a random water molecule produces
both types of contributions, i.e., an MB distribution appearing at
low velocities and a distinct contribution at higher velocities, in
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Fig. 1. Velocity distribution of water molecules evaporated from (PyH*)(H,0)a.
(A) Measured velocity distribution (red curve) and 2 calculated MB contri-
butions corresponding to the local excitation of a water molecule (blue curve)
or the pyridinium ion (green curve), whose sum is also represented (brown
curve). The relative weights of the 2 contributions were obtained by fitting
the experimental data with the calculated MB distributions shown in B and C,
yielding 63% in the case of local excitations on pyridinium and 37% on water.
B-D show the SMD simulation results, i.e., the velocity distributions obtained
upon local excitation of (B) the pyridinium ion or (C) a random water mole-
cule; (D) these 2 distributions are compared to the distribution obtained if the
excitation is assumed to be uniformly distributed on all molecules (black
curve). The 2 MB distributions obtained for local excitation are shifted in
opposite directions compared to the calculated distribution corresponding to
the complete thermalization of the cluster (black curve).

accordance with the results observed earlier for pure water clusters
(26). Additionally, the velocity distribution obtained by assuming
the initial excitation to be uniformly distributed among all atoms of
the water cluster exhibits an MB distribution that corresponds
neither to that obtained for local excitation of the pyridinium ion
nor to that obtained for local excitation of a water molecule.
Interestingly, the most important feature compared to the pure
water cluster case is the observed shift of the MB contribution,
depending on the type of molecular unit chosen to initially carry
the excitation energy. As seen in Fig. 1D, the water molecules
evaporate with lower velocities on average when the initial ex-
citation is localized on the pyridinium ion, whereas excitations lo-
calized on a random water molecule result in evaporated molecules
with higher velocities. Taking these 2 initial excitation possibilities
into account in the experimental dataset, the low-velocity part of
the experimental distribution measured for single water molecule
evaporation can be very well fitted by these 2 types of MB
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distributions (Fig. 14), fixing the widths of the distributions and the
shift between them based on the SMD results. In contrast to the
results observed earlier for pure water (26), the low-velocity part of
the distribution in the contaminated case is affected by the presence
of this impurity and the 2 MB components demonstrate the
evaporation of a water molecule before thermalization of the entire
water cluster. In the experiment, the relative contributions of
MB and NE events amount to 63% versus 37% for n = 4 in Fig.
1A4. This ratio does not match the values of the simple cross-
sections of the pyridinium and water subparts of the nano-
droplet that would be obtained from the geometric positions
(42% versus 58%) or the ground-state electronic density (38%
versus 62% from a DFT/B3LYP/6-311+G* calculation). This
confirms that energy redistribution upon collision with the ar-
gon atom is a more complex process involving also electronic
excited states. In the SMD simulations, the observed ratio is
meaningless because, unlike in the experiment, the probability of
exciting any specific molecule is fixed as a constant.

The presence of 2 MB components in the low-velocity part of
the velocity distribution is observed not only for n = 4 but also
for the smaller sizes of the water clusters, n = 1 to 3. To compare
this low-velocity contribution of the experimental distributions
with those measured under the same experimental conditions for
pure water (H;O")(H,0),,—;_1p water clusters, their mean value
(V) and their full width at half maximum AV were determined.
As shown in Fig. 2, for n = 1 to 4, both (V) and AV are larger for
pure water clusters than for the doped water clusters, indicating
that, on average, less energy is available for water evaporation in
doped water clusters. To understand this difference, we note that
an initial excitation of the pyridinium impurity must be trans-
ferred to the water part of the cluster to later trigger water
molecule evaporation. Since the pyridinium ion is hydrophobic,
energy transfer to water is restricted to a few intermolecular
bonds and will thus be much slower than in the case of a hy-
dronium ion that is fully solvated by all water molecules in a pure
water cluster. This bottleneck in the energy transfer gives rise to
much slower redistribution rates, a result that is confirmed by
SMD calculations in which the time correlation function of the
kinetic energy initially deposited in the pyridinium ion exhibits a
decay rate of the order of tens of picoseconds, while the same
quantity in the hydronium ion in the pure water cluster decays
over not even a picosecond (Fig. 3). The present results therefore
confirm that water molecule evaporation can occur much faster
than the time needed for complete thermalization, including energy
transfer from the excited impurity. From the Maxwell-Boltzmann
distributions presented in Fig. 14 (red curve) an effective trans-
lational temperature T can be extracted using the value of the
most probable velocity v, which according to the kinetic theory of
gases are related to one another via

2kpT
vy 1]

where kg is the Boltzmann constant and m the mass of a water
molecule. This effective temperature is found to vary from
~2,800 K down to ~300 K with increasing size n for protonated
water clusters (36) and from ~600 K down to ~300 K for pyridinium—
water clusters. As shown by McGraw and Laviolette (37) in the
context of classical nucleation theory, temperature fluctuations
can markedly influence evaporation and nucleation rates, although
such effects remain limited for systems containing hundreds of
particles. The broader fluctuations reported here, which are
due to both stronger size effects and the delayed energy redis-
tribution from pyridine to water, could thus have a greater
influence.

Our analysis of the measured velocity distributions for single-
molecule evaporation from excited contaminated water clusters
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Fig. 2. Mean value and full width at half maximum of the evaporated H,O
velocity distribution versus the number of H,O molecules in the cluster. (A
and B) Experimental (A) mean values (V) and (B) full widths at half maximum
AV of the H,0 velocity distributions for (PyH")(H,0),-1_4 are shown as solid
circles and for (H30™)(H,0),-1_10 as open circles. The value in the limit of
infinitely large systems (gray star) was obtained from a bulk simulation by
Varilly and Chandler (35).

provides evidence that the velocity distribution of the evaporated
water molecules contains fingerprints of where the energy was
initially deposited. Such features, including the occurrence of a
2-component MB distribution for single evaporation, are further
confirmed by considering the sequential evaporation of several
molecules from the excited water cluster. Using the MB distri-
butions originating from the excitation of either the pyridinium
ion or a water molecule separately as a starting point in an MC
simulation, the resulting distributions exhibit distinct shifts (S/
Appendix, Fig. S2), clearly moving toward lower velocity values
for pyridinium ion excitation compared to cases where a water
molecule is excited. These calculated distributions reproduce the
low-velocity part of the distribution measured for the evapora-
tion of 2 and 3 water molecules very well, as shown in Fig. 2 in
the case of 2-molecule evaporation. Moreover, as shown in Fig.
14, the excitation of the pyridinium ion is found to give the
major contribution to the single-molecule evaporation during the
observational time window, excluding NE events. In contrast,
and as shown in Fig. 4, the evaporation of 2 molecules more
likely originates from the local excitation of a water molecule.
This result is in agreement with the much longer time required to
transfer energy from pyridinium to water through the hydro-
phobic bottleneck, whereas energy redistribution is much faster
within the water components.

These considerations inferred from the present experimental
results are of direct relevance for the atmospheric aerosol nucleation
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Fig. 3. Relaxation times of the energy deposited in the molecular ion. Shown
are time correlation functions of the global kinetic energy in (PyH*)(H,0); and
(H30")(H,0); upon excitation of the cationic molecule at time t = 0, as
obtained from molecular dynamics simulations and showing the very differ-
ent relaxation times of energy transfer in the 2 systems.

processes. The translational energy transferred by a condensing
water molecule impinging on the pyridinium site of the cluster is
not immediately available for water molecule evaporation,
allowing a more efficient cluster growth. As the number of water
molecules increases, the amount of energy that can be stored in
the water subpart increases with the number of vibrational
modes, and the role of the pyridinium ion eventually vanishes.
Considering the relative proton affinities of pyridine and water,
the extra proton should switch to the water subpart to form a
hydronium ion when the cluster is large enough (38). Then, the
resulting neutral pyridine molecule will evaporate easily, be-
coming available for further nucleation processes by interaction
with another hydronium ion. Atmospheric pyridine and pyridine
derivatives are believed to originate from biomass burning, auto-
mobile exhaust, coal tars, and tobacco smoke (ref. 29 and references
therein). The main atmospheric sink is considered to be reactions
with OH radicals (29-32, 39). The estimated atmospheric life-
time of pyridine based on experimentally determined reaction
rate coefficients may range from 23 to 46 days (29, 39). Taking
into account the present results it is thus very likely that a single
pyridine molecule could be involved in multiple ion-induced
nucleation events during its lifetime in the troposphere. There-
fore, replacing initially the hydronium ion by a pyridinium ion
facilitates water cluster formation and consequently processes at
the early stages of atmospheric aerosol formation.

The present quantitative measurements and their results should
contribute to bridging the knowledge gap between out-of-equilibrium
dynamics of water at the nanoscale and our understanding of
atmospheric aerosol formation and especially its implications in
the modeling of climate evolution on a more global scale (7).
These insights into the out-of-equilibrium dynamics of ultimately
small protonated water clusters doped with a hydrophobic im-
purity shed further light on the decisive influence of contami-
nating molecules in the atmosphere and their crucial role in aerosol
and cloud formation.

Materials and Methods

Experimental. The DIAM (Device for Irradiation of Molecular Clusters, Dispositif
d'Irradiation d'Agrégats Moléculaires) apparatus used for the generation of
mass- and energy-selected beams of molecular cluster ions has been described
in detail elsewhere (40). Briefly, doped water clusters were produced by electron
impact after supersonic expansion of water and pyridine vapor seeded in
helium. The doped clusters, (PyH")(H,0),-2_4, containing a given number of
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water molecules n were mass and velocity selected by a double-focusing
2-sector field mass spectrometer more than 1 ms after being formed (40).
A single high-velocity collision (with velocity in the laboratory frame ranging
from 10° to 2.10°> m-s~") with an argon atom led to energy deposition in the
droplet via electronic excitation (41-43) of one of the water molecules or of
the pyridinium ion on a femtosecond timescale (44).

As previously considered for protonated water clusters such high-velocity
collisions (45, 46) corresponded to a broad range of energy deposition from
0 to 12 eV (80% below 4 eV) (47), and therefore, on average, the energy
deposited was much higher than the binding energy of a molecule in the
droplet. After excitation, the out-of-equilibrium cluster relaxed through
evaporation of one or several molecules. The protonated residue was mass
analyzed at least 200 ns after the collision in a specially designed time-of-
flight and velocity map imaging apparatus. After fragmentation, the charged
species were accelerated by 1.8 kV before reaching a field-free zone, whereas
the neutral fragments nearly maintained the initial velocity of the parent ion.
The charged fragments reached the microchannel plate detector (MCP) sig-
nificantly earlier than the neutral species. For each dissociated cluster, the
correlation between the arrival times of the charged and neutral fragments
was recorded. The impact position was measured with a delay line anode
placed behind the MCP.

The total kinetic energy released (KER) during dissociation was partitioned
owing to momentum conservation; i.e., the evaporated molecules acquired
an additional velocity randomly oriented in the center-of-mass reference
frame of the parent droplet, which resulted in a characteristic change in the
impact position within the detection plane. Measurements combining velocity
map imaging with the correlated ion and a neutral time-of-flight mass
spectrometry technique (COINTOF MS) (25, 26, 48-52) were performed on
an event-by-event basis for a large number of individual droplets (typically
10°). The event-by-event analysis of the recorded data was performed in
the ROOT software framework (53).

Atomistic Simulations. SMD trajectories were performed to simulate the
evaporation of (PyH")(H,0),_,_4 clusters initially thermalized at 100 K and
undergoing a sudden excitation either localized on 1 random molecule or
distributed uniformly on all atoms. The Amber ff94 force field (54) was used
to describe intermolecular and intramolecular bonding, and a sample of
10° phase space configurations was generated at thermal equilibrium using
the Nosé-Hoover method. Each SMD individual trajectory correspond to
1 random configuration drawn from this sample and a collision energy in the
range of 3 to 8 eV to be deposited as kinetic energy into the entire system or
on a subset of atoms corresponding to 1 random water molecule or the
pyridinium impurity. The collisional excitation energy was added as kinetic
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Fig. 4. Evaporation of 2 water molecules from (PyH")(H,0),. Shown are ex-
perimentally measured velocity distributions when 2 molecules evaporate from
(PyH*)(H20)4. The calculated distributions assuming a local excitation of the pyr-
idinium ion (in green) or a random water molecule (in blue) and a weighted sum
of these 2 cases (in brown) are also shown. The relative weights of these distri-
butions were obtained by fitting the results from an MC simulation of sequential
evaporation, yielding a weight of 48% for the pyridinium local excitation.
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energy, ensuring that no spurious total linear or angular momenta were
created. The trajectory was then propagated without the thermostat. After
1 ns, the fragments were identified from the bond connectivity, and the
velocity of each evaporating water molecule was determined. A total of
100,000 independent SMD trajectories were obtained for each cluster size
and for localized or uniform excitations.

Additional molecular dynamics trajectories were generated to evaluate
the (classical) rate of kinetic energy transfer between the pyridinium ion and
the rest of the cluster upon local excitation of the impurity. Here, the vari-
ations in the global kinetic energy K(t) of the entire system were monitored
as a function of time, from which the time correlation function provided an
estimate of the energy transfer rate constant. Similar simulations were per-
formed for the (H;0")(H,0)3 protonated water cluster where the hydronium
molecule acts as a hydrophilic impurity.
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