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Absolute attachment cross sections of single water molecules onto mass-selected protonated water
clusters have been measured in the 30-200 size range and for collision energies down to ~50 meV. The
major surprise is that the attachment cross sections are always smaller or equal to the hard sphere cross
section. The attractive interaction between water molecules and charged water nanodroplets does not
enhance the sticking probability as expected. The attachment probability is reduced due to dynamical
processes on a short time scale; that is, inelastic scattering occurs when the duration of the collision
becomes smaller than the period of the O--O--O surface bending motion. A simple analytical

expression is derived that gives the sticking probability of a water molecule onto a water nanodroplet
in a vapor as a function of the vapor temperature and the size of the droplet.
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Whenever a water vapor is supersaturated, such as in
steam, mist, or clouds, the vapor to liquid phase transition
occurs through the formation of water droplets. The first
stage of growth at the molecular scale is crucial and
determines the probability for what eventually becomes
large water droplets . The attachment of a single molecule
onto a small droplet is the basic elementary process that
determines the growth rate (also called nucleation rate).
For large enough particles, sticking cross sections are very
well approximated by the geometrical cross section ob-
tained from the hard sphere (or geometric) approximation.
For small particles, the range of the intermolecular forces
between a single molecule and a droplet can no longer be
neglected compared to the radius of the particle, and
sticking cross sections are expected to become larger
than hard sphere cross sections. This is particularly true
when one goes from neutral to charged clusters, due to the
increased attractive force of the ion-induced dipole inter-
action [2]. This effect has been experimentally demon-
strated for sodium [3], but it cannot be generalized since
intermolecular forces, thus sticking cross sections, are
highly system dependent. In nucleation models, which
describe the growth of droplets in a supersaturated vapor,
the sticking cross sections of droplets are assumed to be
equal [4,5] or greater than that given by the hard sphere
approximation, especially for charged particles [6]. The
major surprise of the present study is that we arrive at the
opposite conclusion. Indeed, at least under our experimen-
tal conditions, we find that the attachment cross sections of
water molecules onto charged water clusters are always
smaller than or equal to the hard sphere cross sections.

In this Letter, we report the measurement of the size
dependence of the absolute cross sections for the attach-
ment of water molecules onto mass-selected protonated
water clusters. Apart from the cluster source, the experi-
mental setup is nearly the same as that used to perform
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similar experiments on sodium clusters [3,7]. The posi-
tively charged, protonated water clusters are produced in a
gas aggregation source. Right after production, they enter
the thermalization stage where their temperature is set as
low as possible (25 K typically). The clusters are then mass
selected, energy focused, and slowed down by using a
novel focusing device [7]. Translational kinetic energies
E; aslow as 5 eV in the laboratory frame are reached. The
mass-selected clusters then enter the collision cell that
contains a controlled pressure of water vapor. The pressure
in the cell is monitored by both an ionization gauge
(Leybold Ionivac) and a mechanical one (Leybold
Ceravac CTR 91) to allow an accurate calibration of the
pressure in the cell. Within the cell, the cluster ions can
undergo a number of collisions, and the resulting products
are mass analyzed using a time of flight mass spectrometer.
Upon attachment, the energy deposited in a cluster of size
nis D + E,., with D the dissociation energy of the cluster
of size n + 1 and E,. the mean collision energy in the center
of mass frame:

Ek 3kBT n
E, = .
n+1 2 n+1

)

In this equation, kg is the Boltzmann constant and 7 the
temperature of the vapor. For a cluster of a hundred mole-
cules and for E; = 5 eV, the collision energy is about
90 meV, which is only about twice the thermal kinetic
energy at room temperature. The excellent transmission
of the device (~50%) allows the study of much larger
clusters than was previously possible. In particular, as a
result of the poor efficiency of the velocity selection used
to study low collision energies, previous experiments were
limited to very small water clusters (n = 11) [8,9]. For
such small clusters, the collision energy of a sticking
collision is sufficiently high to induce further evaporation.
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Thus, in previous experiments, the sticking cross sections
cannot be measured independently of evaporation.

The sticking cross sections are deduced from the mass
distribution observed after the mass-selected clusters have
crossed the cell [7]. Both initial temperature and collision
energy are well controlled and kept sufficiently low to
avoid any evaporation due to collision-induced heating of
the cluster. The arrangement allows the reliable measure-
ment of absolute sticking cross sections without the need
for any assumption concerning evaporation.

The pressure in the collision cell is set to ensure the
mean number of collisions is of the order of unity. The
sticking cross section is easily obtained from the number of
clusters that have undergone at least one sticking collision,
and is given by [3]

__Inl/I, 1 e @
o, = I {erf(\/E) + %erf(\/a) + \/?5} 2)

Here, a = E;/(nkgT), [ is the length of the cell, p the
molecular density inside the cell, n the size of the incoming
cluster, T the temperature of the vapor, and erf is the error
function. [, is the total number of incoming clusters
whereas [ is the number of clusters that have undergone
no sticking collisions. The first term on the right side of
Eq. (2) comes from the standard Beer-Lambert law, while
the term inside the braces accounts for the thermal distri-
bution of translational energies of the impinging mole-
cules. The main uncertainty in the cross section
measurement comes from the determination of the gas
density in the cell. We estimate the uncertainty of the
pressure measurement to be on the order of 20%.

Even after being heated by the sticking collision, the
lifetime of the clusters under our experimental conditions
is much larger than the time of flight in the second mass
spectrometer. The absence of evaporation has been verified
by measuring the variation of the experimental cross sec-
tion as a function of the initial temperature of the clusters.
When the internal energy is high enough to induce evapo-
ration before the detector, the measured sticking cross
section drops abruptly. The temperature at which this
drop occurs depends slightly on the size, but is always
far above 100 K, whereas in the present measurement, our
clusters are thermalized at a temperature of 25 K.

The cross sections for the attachment reactions
(H,0),H" + H,0 — (H,0),, ;H" have been measured
at five kinetic energies in the lab frame, E;, = 6, 10, 18,
22, and 33 eV. The evolution of the sticking cross sections
as a function of the cluster size is shown in Fig. 1, along
with the hard sphere cross section (full line in Fig. 1). The
hard sphere cross section is calculated as oy, =
W(Rcluster + rmolecule)z’ with Rcluster = rmoleculen1/3- We
used Fpopecute = 2.25 A (the molecular radius deduced
from the density of ice is about 2 A). The most noticeable
features are the decrease of the cross section as the colli-
sion energy increases and as the size decreases. As deduced
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FIG. 1 (color online). Log-Log plot of the sticking cross
section as a function of cluster size for five different kinetic
energies in the lab frame. Experimental results are compared to
the hard sphere model (full line).

from Eq. (1), these features are correlated because at
constant laboratory kinetic energy, the collision energy in
the center of mass frame increases as the size decreases.
For cluster sizes above n ~ 100, the cross sections con-
verge nicely toward the hard sphere approximation.
Deviation from geometrical cross sections at small sizes
has been predicted for neutral reagents [10] and experi-
mentally observed in the sticking of sodium atoms onto
positively charged sodium clusters. Quite surprisingly,
however, the cross section for water never exceeds the
hard sphere cross section, even at the lowest kinetic energy
collision. Sticking cross sections of sodium atoms onto
sodium clusters are significantly higher than hard sphere
cross sections at low collision energy, which is qualita-
tively understood in terms of a model based on a charge-
induced dipole interaction [3]. Water clusters not only
interact with water molecules through charge-induced di-
pole interaction, but also through the charge-permanent
dipole interaction, both of which are attractive forces.
Furthermore, the attractive short range interaction is ex-
pected to result in an enhancement of the sticking cross
section [11], especially at small size and low collision
energy [12]. However, no evidence for such an enhance-
ment has been observed in our experiment, and, in fact, the
opposite behavior has been observed. In the following, we
will examine different hypotheses that could explain this
small cross section.

To check the influence of possible exchange collisions,
where a molecule of the cluster is replaced by the imping-
ing one, experiments have been conducted where the target
molecules H,O have been replaced by heavy water mole-
cules D,0O. Water-heavy-water exchange reactions
(H,0),H" + D,0 — (H,0),,_;(D,O)H" + H,O are in-
deed observed (see Fig. 2). The single proton-deuterium
exchange leading to products (H,0),(HDO)H™ also ap-
pear as weak features in our mass spectra. Such results
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have also been observed in low-energy collisions of heavy
water and small protonated water clusters [9]. The ratio of
exchange to attachment probability is deduced from the
areas of the corresponding peaks in mass spectra such as
the one of Fig. 2. The observed cross sections for the
exchange reaction are not sufficiently high to account for
the difference between geometrical and observed cross
sections. For example, at 22 eV, the exchange would only
raise the cross section for (H,O);0H* from 60 A% to
100 A%, still far below the geometrical cross section
(280 A?). Furthermore, as the cluster size increases and/
or the collision energy decreases, the exchange reaction
becomes increasingly less important, and is completely
negligible for n > 60 and 22 eV.

The systematic decrease of the sticking cross section is
observed over an extended size range, and varies smoothly
with the size. This feature suggests that the reduction of
cross sections does not result from the possible nonspher-
ical shape of some clusters. Moreover, fragmentation cross
sections have been measured at higher kinetic energy in the
lab frame, ranging from 70 to 400 eV and for sizes as small
as n = 40. As expected [13], they do converge toward
spherical geometrical cross sections.

Charge exchange might also open quenching chan-
nels leading to nonsticking collisions. One possible
output channel is (H,0),,; + H", whose energy lies
above the entrance channel by approximately
PA[(H,0), ] — HE[(H,0),,], where PA is the proton affin-
ity and HE the hydration energy. In the present case, PA ~
9 eV [14,15] and HE ~ 0.5 eV [14,16]. Thus, this channel
is inaccessible in our experiments, where the collision
energy in the center of mass frame is always much less
than 1 eV. Another possible quenching channel would
produce (H,0), + H;O". These products lie above the

L R L L L L L A L
| (H,0),H 4
el
=
it i
.‘? i (Hzo)w(DzO)I{r
= | (H20)38(D20)2H
- H.0), (D,0)H
(H,0), (HDO)H" ,(/2 )1(P:0)
T T S S T ST SO S S ] R /"l\. ......
95 96 97
TOF (us)

FIG. 2 (color online). Mass spectra resulting from the collision
of (H,O4)H* with D,O at a kinetic energy of 22 eV in the lab
frame (E,. = 0.57 eV). The thick black curve corresponds to no
vapor in the cell, whereas the thin curve (red online) corresponds
to a water vapor density of 3.4 X 10'® molecules/m? in the cell.
Evidence for exchange reactions is clearly visible.

energy of the entrance channel by the quantity PA —
D(H;0™"), where D(H;0™") is the dissociation energy of
the process H;0" — H,O + H", or 7.22 eV [17]. Thus,
the neutralization channel (H,0), + H;O" lies at least at
1.78 eV above the entrance channel, and is also not ener-
getically allowed. In short, charge exchange reactions can-
not account for the low sticking cross sections measured at
small sizes.

The decrease of cross sections is probably due to inelas-
tic scattering where the impinging molecule bounces off
the cluster without being trapped in its potential. As in-
dicated above, we have checked that the clusters do not
evaporate due to thermal decay. Thus, nonreactive colli-
sions are likely because direct collisions do not form
collision complexes with sufficient lifetimes to ensure
internal vibrational energy redistribution (IVR). In particu-
lar, collision complexes are formed when the duration of
the collision is longer than the time required for the excess
energy to be redistributed among the internal degrees of
freedom of the complex. Such events, for which attach-
ment is successful, can be described as adiabatic. During
sudden collisions, the impinging molecule essentially in-
teracts with a single molecule of the cluster, which under-
goes a strong collisional energy transfer. The adiabaticity
parameter, ¢ = 7,./7,, where 7, is the duration of the
collision and 7,, a relevant vibrational period of the target,
can be introduced to separate adiabatic from sudden re-
gimes [18]. Large ¢ values lead to attachment whereas
small values, for which a large translational momentum
is instantaneously transferred to a single molecule from the
cluster, lead to inelastic collisions in which either the
impinging molecule just bounces off the cluster, or a
molecule is ejected from the cluster and replaced by the
impinging molecule. In our experiment, the duration of the
collisions 7, is estimated by the time needed to cover a
distance of the order of the diameter of the cluster. Thus,
the collision time as a function of size and kinetic energy in
the lab frame is given by

7. = 2n'32E,/(nm) + 3kzT/m]~'/2. 3)

Here, m and r are the mass and radius of a single water
molecule, respectively. The probability for undergoing an
inelastic collision can be estimated by using the hard
sphere cross section, o ,, and the expression Pipejagic =
(Ogeo = Texp)/ Tgeo- This value is plotted in Fig. 3 as a
function of 7, for all of the current experimental data. The
nice overlap of all curves corresponding to different colli-
sion energies and different sizes suggests that the adiaba-
ticity parameter is the relevant quantity here. The good
agreement of Fig. 3 cannot be obtained when plotting
Pirelasiic @s a function of any other parameter, such as the
collision energy, for instance.

The probability of undergoing an inelastic collision
decreases exponentially with 7,.. The best fit by a function
e~ (7e=7)/7u gjves a characteristic time 7, = 0.75 ps, which
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FIG. 3 (color online). Probability of inelastic collision as a
function of the collision duration. Each point corresponds to a
different value of the cluster size and/or collision energy. The
full line is an exponential fit to the data (see text for details).

corresponds to a vibrational energy of 5.6 meV. This value
is in excellent agreement with the energy of the O -- O -+ O
bending mode (5.1 meV) [19], which is the principal low-
energy surface vibrational mode excited by collisions. The
excellent agreement between the vibrational period of the
O -+ O -- O bending motion and the characteristic collision
time suggests that there is a close relation between the
sticking probability and the ratio of the duration of the
collision to the period of the surface intermolecular vibra-
tion, as expected in the adiabatic versus sudden model [18].
Dynamical effects and the time scale of IVR processes
have already been shown to play a significant role in
promoting or inhibiting the reactivity of small clusters
[20]. The collision energy range investigated in this work
is a little higher than the mean thermal collision energy in a
vapor. Nevertheless, our lowest collision energies are only
twice the average thermal collision energy at 273 K.
Strikingly, even at this low energy, no evidence has been
observed for enhanced attachment resulting from the long
range interaction between the cluster and the molecule,
although such an enhancement certainly occurs at very low
collision energy. Thus, neglecting the long range interac-
tion, one can extrapolate our observation to estimate the
effect of fast dissociation on the sticking cross section for
droplets in a vapor. The sticking efficiency y =
(1 = Pjperastic) can be defined as a correction to the geo-
metric sticking cross section. Assuming that the collision
energy is the mean value in the canonical ensemble, y is
given by a very simple functional expression for a water
nanodroplet made of n water molecules in a vapor at
temperature 7'

X = Usticking/o-geo =1- e_(T"_TO)/T"y (4)

where 7, = 12n%°/\JT(1 + n) ps, 7o = 0.46 ps, 7, =

0.75 ps, and T is the temperature of the vapor in Kelvin.
The sticking efficiency of water is significantly reduced for
small sizes, e.g., y = 80% forn = 13 at T = 293 K.

In conclusion, we have measured absolute sticking cross
sections of water molecules onto protonated water clusters.
Surprisingly, we find that the cross section never exceeds
the geometrical cross section. We believe this result arises
from dynamical effects: if the duration of the collision is
too short, the cluster does not have enough time to convert
the collision energy into its vibrational modes, and the
sticking probability is reduced.
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discussions and S.T. Pratt for critical reading of the
manuscript.
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