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Abstract

Attachment cross-sections of water molecules onto size selected protonated (H,0),H*
and deprotonated (H,0),_10H~ water clusters have been measured in the size range
n=30-140 for 10 eV kinetic energy of the clusters in the laboratory frame. Within our
experimental accuracy, the attachment cross-sections are found to have the same
magnitude and size dependence for both species. It is shown that electrostatic interactions

are likely to play a role even for the largest sizes investigated.
L. Introduction

Charged particles play a crucial role in the nucleation of droplets in the atmosphere [1].

Due to electrostatic interactions, charged particles promote the formation of droplets. Since

! present address: Laboratoire de Recherche en Nanosciences, batiment 6, Université de Reims, 51687
Reims, France



the cloud chamber experiment of Wilson back in 1897 [2], ions of different sign have been
shown to induce significantly different nucleation rates [3,4,5,6,7,8,9]. Negatively charged
water clusters seem to nucleate more efficiently than positively charged species; the origin
of this sign preference for nucleation is still controversial [10,11,12,13,14,15]. Are higher
attachment cross sections for anions than for cations responsible for this sign preference?
The present paper brings a contribution to this issue. We compare the attachment cross-
section of protonated (H,0),H* and deprotonated (H,0),,_;OH~ water clusters, for sizes
ranging from n=30 to 140. Attachment rate and cross-sections are measured for clusters
colliding with water molecules at 10 eV collision energy in the laboratory frame. We find the

cross-sections to be essentially identical for anions and cations.

The paper is organized as follow: Section Il gives a rapid overview of the experimental
setup. Section Il details how the cross-sections and rates are deduced from our measures
and Section IV presents and discusses the experimental results. Conclusions are drawn in

Section V.

Il.  Experimental setup

The experimental setup and procedure used here to measure attachment cross-sections
of deprotonated water clusters are essentially the ones used in ref. 16. Briefly, both
protonated and deprotonated water clusters are produced in a gas aggregation source.
Depending on the polarity of the voltages used in the setup one can study either positively
or negatively charged clusters. After their production, the clusters seeded in helium carrier
gas are thermalized at 25 K in a heat bath. The clusters are then mass selected and slowed

down to 10 eV kinetic energy in the laboratory frame [17]. They enter a collision cell with a



controlled pressure of water vapor. At the output of the collision cell, collision products are
mass analyzed with a time of flight mass spectrometer. Our raw experimental data consist of
time of flight mass spectra with one peak corresponding to the parent cluster and several
additional peaks corresponding to the attachment of water molecules onto the parent
cluster. We have shown in ref. 16 that no evaporation occurs after attachment and until the
clusters reach the detector, in the present experimental conditions. As will be discussed
below, absolute attachment rates or cross-sections can be directly deduced from such mass

spectra.

In order to be able to compare as accurately as possible the cross-sections for protonated
and deprotonated water clusters, measurements were performed for some sizes alternately
for both species in the same runs, without changing anything in the setup but the polarity of
the high voltages. The measurements were reproduced on different days under different
source conditions and pressures in the cell. We thus achieve a much better precision for the
measurement of the ratios of the cross sections of anions and cations than for the cross

sections themselves.

Ill.  Attachment rate and cross-section

From our measured mass spectra one can easily deduce the attachment rates or collision

cross-sections. The attachment rate is simply given by:
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where v ster iS the cluster velocity in the laboratory frame, p is the density in the cell
and [l is the cell length. I is the intensity of the peak of intact parent cluster and I is the total

intensity integrated over all the peaks.

The attachment rate is related to the cross section by:

) Eq. 2
k= j 0 (Vre) Vretf (Wrer) AVre
0
where [18]:
1/2
f(re) = ( 2m ) Urel e_%m(vgluster+vfez)/kBT Sinh(mvrelvcluster) Eq.3
" T[kB T Vcluster kB T

is the distribution of relative velocities v,,; between the cluster and the colliding
molecules. T is the temperature of the cell, kg the Boltzmann constant and m is the mass of
the water molecule. Furthermore, if one assumes that the cross-section a(v,;) is a slowly
varying function of v,;, the cross-section deduced from Eq. 1 and Eq. 2 is:

—_ VUcluster ln(l/lo) Eq. 4
VUrel ,Dl

where U,,; is the average relative velocity given by [18]:

To=v (erf(\/a) + ierf(\/a) + e—a) Eq. >
rel cluster 2a \/ﬁ
with a = m”gluster
2kgT



In the following both the attachment rates and cross-sections will be presented. It is
advantageous to compare directly the experimental attachment rates to theoretical ones

since no assumption has to be made about the cross-section.

IV.  Experimental Results and Discussion

In Figure 1 are presented the measured attachment cross-sections for protonated and

deprotonated water clusters, and Figure 2 shows the corresponding attachment rates.

At first we should mention that compared to our previous results [16,19] we find cross-
sections roughly 30% higher than previously measured. A slightly different, more accurate
data processing has been performed and it turned out that results of ref. 16 should be
multiplied by a factor 1.3. The conclusions of ref. 16 remain the same however: the model

presented in ref. 16 still reproduces satisfactorily our results.

Fig. 1 and Fig. 2 show that the attachment cross sections and the attachment rates,
respectively, of protonated water clusters are close to those measured for deprotonated
clusters. As expected, cross-sections and attachment rates increase with the cluster size. The
attachment probabilities of protonated clusters seem to be slightly lower than those of
deprotonated clusters at small sizes, but this trend is not marked enough, within our
experimental accuracy, to draw a definite conclusion about a possible charge effect. In any
case, the tiny difference that might exist between the attachment probabilities of cations
and anions discard higher attachment cross sections of anions as a possible cause of the sign
preference for nucleation (in the frame of classical nucleation theory indeed, the nucleation

rate depends only weakly on the attachment cross section [20,21]).



Before analyzing the effect of electrostatic interactions between the impinging molecule
and the cluster, we will first compare our experimental results with the simplest model,
considering the clusters and the water molecules as hard-spheres. The geometric cross-

section is given by [22]:
Ogeo = T(R¢ + 11)? Eq.6
where R, is the cluster radius and 7;, is the molecular radius. The rate is then:
kgeo = OgeoVrel Eq. 7

It is difficult to have a reliable estimate of both the molecular and cluster radius. One can
assume that the clusters have the same density as the bulk and deduce the radius of a

3|3nm

cluster of size nas R.(n) = o n'/3r,,. The density p can be taken to be the density of

hexagonal ice, liquid water or amorphous ice for instance. These three densities yield values
for 1, in the range 1.93-1.98 A. However, clusters might have densities differing from the
bulk values. In the size range considered here, clusters are expected to be amorphous
[23,24]. In ref. [24], the authors deduce from theoretical calculations a diameter of 2.7 nm
for a cluster containing 293 molecules. This yields a value 7,,=2 A. Furthermore from the
distribution of molecular distances from the cluster center of mass (figure 24 of ref. 24), one
can deduce values for the molecular radius around 1.9-2.0 A in the size range n=22-931.
From our measurements, if we assume that for the bigger sizes the attachment cross-section
is given by the hard-sphere model, we deduce a molecular radius of 2.28 A (red line in figure

1).

Recently Lengyel et al [25] have measured attachment cross-sections for neutral water

clusters. For an average size of n=260, they have found a value (955 A?%) very similar to the
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one measured in our group for protonated water clusters (980 A% for n=250 [16]) for similar
collision energies. However in [25] the authors claim that they observe a cross-section which
is about 2.5 times bigger than the geometric cross-section, taking a value of 1.77 A for 1,
and calculating the geometric cross-section as

2/31”,%. The corresponding geometric cross-section is plotted as a dotted line in Fig.

Ogeo = TN
1. The correct definition for the geometric cross-section should be the one given by Eq. 6

and we believe that the r;,, value taken by Lengyel et al is probably a low estimate.

In reference [25] the collisions occur between neutrals whereas we studied ion-neutral
collisions: One should therefore expect higher cross-sections in our experiment, due to ion-
dipole and ion-induced dipole attractive interactions. The fact that similar cross-sections are
found in both experiments, for neutral and charges species, would tend to indicate that, in
this size range and this collision energy range, electrostatic interactions do not play a major
role. In this case, provided that clusters are approximately spherical, the attachment cross-

sections can be approximated to a good accuracy by hard sphere cross-sections.

However, Lengyel et al observe a variation of the cross-section when using different
collision partners. These observations are rather in favor of a cross-section still dominated by
long range interactions. On the other hand in [16,19] we observed that as the size increases,
the cross-section no longer depend on the collision energy. This observation is in favor of our
argument that the cross-section becomes dominated by the geometric size of the clusters

for the higher sizes.

In order to evaluate the enhancement of the cross-sections (or the rates) due to

electrostatic interactions, we calculated these cross sections in the frame of a Langevin



model, using the average dipole orientation (ADO) theory [26]. In this approach the

interaction between the charged cluster and the neutral molecule is given by:

a  cip N E.b? Eq.8

Ve =- 2r* E, r?

The first term represents the charge-induced dipole interaction, the second term is the
charge-permanent dipole interaction, and the third term is the centrifugal barrier. r is the
distance between the center of the cluster and the molecule, E. is the collision energy in the
center of mass frame and b is the impact parameter. The polarizability of water is a = 9.93
a.u. [27] and the dipole moment of water up equals 0.73 a.u. [28]. C; is the dipole locking
constant introduced by Su et al [26] in ADO theory. In order to introduce size effects, we
used the models developed by Kummerléwe et al [29]. In this paper two models are
considered: the hard sphere average dipole orientation (HSA) and the surface charge
capture (SCC) model. In the SCC model the charge is mobile at the surface of the cluster
whereas in the HSA model it is localized at the center of the cluster. Those two models give
lower and upper bounds for the effect of the electrostatic interactions, which are likely to be
underestimated in the HSA model and overestimated in the SCC model. The attachment rate
in the frame of these models is calculated as:

o)

ksccusa = f Osccusaf (Vrel) VretdVrel
0

Eq.9

where the expressions for ggccpysa are given in ref. 29. The rates obtained from a
numerical integration of Eq. 9 are plotted together with the experimental rates in figure 2.
The theoretical rates have been calculated assuming a molecular radius of 1.98 A and a

dipole locking constant C, =0.215 [26]. For large sizes, the overall result of these



calculations are not in contradiction with our experimental observations, since experimental
attachment rates fall in between the predictions of the HSA and the SCC models, which are
expected to underestimate and overestimate, respectively, the electrostatic interactions
thus the attachment rates. But none of those two models can explain our observed variation
of the attachment rates with size. The only way we have found so far to reproduce our
results is to invoke dynamical effects [16]: when the collision duration becomes shorter than
the time required for redistributing the collision energy among the internal degrees of

freedom of the cluster, the attachment probability is reduced.

Our experimental cross-sections are about 1.3-1.4 higher than the geometric cross-
sections assuming 7;,, = 1.98 A. So electrostatic interactions probably still play a role even at
the largest cluster sizes investigated here. However, assuming a slightly bigger molecular
radius would reduce the deduced role of electrostatic interactions. Finally, despite our effort
to measure reliable cross-sections, it is hard to completely dismiss the possibility that the
pressure reading is off by an amount that would suffice to explain the deviation from the

hard sphere cross-section at large sizes.

The modeling of particles growth requires the knowledge of attachment cross-sections
[20,21]. Concerning water nucleation in the atmosphere, the cross sections of the particles is
often estimated in the frame of the hard sphere model using the ice density [30]. Our
measures indicate that more realistic cross-sections should be used. However, these cross
sections cannot be directly deduced from the present work since our measurements are not
made at temperatures usually present in the atmosphere. Indeed, our lowest collision
energy in the present study corresponds to mean kinetic energy of water molecules at a

temperature of about 900 K. Nevertheless, we can try to extrapolate our results to small
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cluster sizes at room temperature. To do so, we assume that the cross-section is given by

either the HSA or SCC model multiplied by a factor due to dynamical effects, namely

Tc—T0

(1—e = ) (seeref. 16). Fig. 3 presents the ratio of cross-sections calculated in this way to
geometric cross-section. This crude model predicts an enhancement of the cross-section
compared to the geometric cross-section, with a maximum for sizes around 10. As the size
increases, the cross-section is a factor in between 1.2 and 2 larger than the geometric cross-
section. Quite surprisingly, the size dependence of the calculated cross sections does not
strongly depart, except for very small clusters, from geometric cross sections. This behavior
is due to two conjugate effects that almost counterbalance: on the one hand, the
electrostatic enhancement of the cross sections at low energy, on the other hand their

reduction by the dynamical effect presented in reference [19].

V. Conclusion

We have made a direct comparison of attachment cross-sections for protonated and
deprotonated water clusters. Within our experimental conditions, we observe no significant
effect of the sign of the charge of the clusters. The predominant effect is due to previously
invoked dynamical effects [16,19]. At large sizes, the attachment cross sections are higher
than geometric cross sections, which seems to indicate that electrostatic interactions
enhance the attachment probability. On the other hand, our cross sections being close to
the ones obtained for neutral species by J. Lengyel and coworkers [25] suggests that
electrostatic interactions do not play a major role in the attachment process. This

contradiction could not be removed by analyzing our results in the frame of a Langevin
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model; clearly, the problem of the attachment of water molecules onto water clusters still

needs further investigations.
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Figure captions

Figure 1: (color online)
Log-log plot of the experimental cross-sections for protonated (red triangles) and deprotonated (blue
squares) water clusters. The clusters kinetic energy is 10 eV in the laboratory frame. The full and

dashed lines correspond to the hard-sphere cross-section given by Eq. 6 for 1;,,=2.28 A and 1.98 A,

respectively. The dotted line is the plot of 4., = Tmz/3‘r',$l forr, =1.77 A.

Figure 2: (color online)

Experimental attachment rates (see equation 1 for the definition of the rates) for protonated (red
triangles) and deprotonated (blue squares) water clusters. Theoretical rates are also plotted: hard-
sphere (full line), SCC (dashed line) and HSA (dotted line).

Figure 3: (color online)

Ratios of calculated attachment cross-section to geometric cross-section. The attachment cross-
section is calculated using the HSA (dashed line) and SCC (full line) cross-sections and by taking into

account dynamical effects.
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