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Abstract

The reactions of size-selected protonated water clusters, H+(H2O)n (n = 2–6), with an acetone molecule were studied in
a guided ion beam (GIB) apparatus. The collision energy dependence of the reaction cross-sections was investigated over the
range of 0.05–2.0 eV in the center-of-mass frame. Water cluster beams with very narrow kinetic energy spreads, 0.02–0.04 eV,
were generated to allow accurate measurement of the reaction cross-sections. We observed reaction products of incorporation
and dissociation: the incorporation products are cluster ions having acetone whereas the dissociation products are protonated
water clusters resulting from the evaporation of water molecule(s) from the parent cluster ions. Our results demonstrate that the
incorporation process is dominant at low collision energies and that the proportion of the dissociation process increases as the
collision energy increases. The incorporation cross-section atn = 5 is found to be the largest among the cluster sizes examined
at the collision energy as low as 0.1 eV, which may be due to the water molecule in the second shell of the cluster. We also find that
when the collision energy is larger than 0.5 eV, the dissociation cross-section has a maximum atn = 5, which is also probably
due to the water molecule in the second shell of the cluster, and a minimum atn = 3, which may occur because the cluster ion
core of the trimer, H3O+, has one H-site that is not occupied by water molecules. (Int J Mass Spectrom 220 (2002) 375–383)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Water clusters have been studied extensively in an
attempt to understand the nature of hydrogen-bonded
systems and the chemistry of aqueous solutions[1].
Atmospheric chemistry is one of the most interesting
applied fields, as water clusters play important roles
in various serious atmospheric issues[2,3], including
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ozone depletion[4]. The protonated water clusters
H+(H2O)n are considered to be the primary ions in
the positive ion chemistry of the lower atmosphere,
where n peaks around 4–6[2]. These clusters re-
act with many kinds of trace compounds that have
a proton affinity higher than water, and these reac-
tions may accelerate nucleation in the atmosphere
[5]. Acetone, which plays an important role in at-
mospheric chemistry, is one of the significant trace
compounds with a proton affinity greater than that
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of water. Acetone contributes to the formation of
HOx radicals and peroxyacetylnitrate (PAN)[6,7].
It is interesting to study the reaction of protonated
water cluster(s) and acetone to examine the behavior
of acetone in detail. In previous studies of reactions
of protonated water clusters and acetone, researchers
have observed proton transfer, ligand exchange, and
association[8–10]. Accurate reaction cross-sections at
various collision energies that have not yet been mea-
sured may provide a deeper insight into the reaction
mechanisms. The guided ion beam (GIB) method is
appropriate to obtain accurate reaction cross-sections
[11–13], because the reactions with walls are neg-
ligible, the ion collection efficiency is high and the
reactions can be examined under single collision
conditions.

Fig. 1. Outline of the experimental apparatus.

In the present work, we studied the collision-induced
reactions of protonated water cluster ions, H+(H2O)n
(n = 2–6), and acetone molecules at collision ener-
gies ranging from 0.05 to 2.0 eV with a narrow colli-
sion energy distribution of less than 0.05 eV by using
a GIB apparatus. We observe a strong dependence of
the incorporation cross-section on collision energy,
especially at the low collision energies. We also de-
scribe the cluster size dependences of the reaction
cross-sections.

2. Experimental setup

The experimental apparatus is schematically shown
in Fig. 1. The apparatus is composed of a corona



Y. Kawai et al. / International Journal of Mass Spectrometry 220 (2002) 375–383 377

discharge cluster ion source, two octopole ion beam
guides, a quadrupole mass filter, a Bessel box energy
analyzer, a collision cell, a quadrupole mass spec-
trometer, and a detector equipped with a secondary
electron multiplier and an ion-conversion dynode.
The details of the apparatus are described in a previ-
ous paper[14], except for a description of the water
supply.

The protonated water cluster ions were formed in
a supersonic expansion from the corona discharge
cluster ion source through an aperture with a di-
ameter of 100�m. The water was supplied from a
glass chamber in a bath maintained at 15◦C. Nitro-
gen was used as a carrier gas with a flow rate of
12–12.5 cm3 min−1. The partial pressure of water
was controlled by changing the distribution of ni-
trogen flow through the water chamber. When the
flow of nitrogen through the water chamber was in-
creased, the partial pressure of water increased. The
typical pressure in the discharge source was in the
range of 4× 104 to 5 × 104 Pa, and the discharge
current was held constant at 3.0�A. The generated
cluster ions were guided into the mass filter for mass
selection.

After optimization of the flow rate, the mixture
ratio of nitrogen and water and the entire ion lens
voltages, we made the kinetic energy distribution of
the object water cluster narrower using the Bessel

Fig. 2. Mass spectra at a collision energy of 0.1 eV. (a) Reference spectrum. (b) Collision spectrum of H2(H2O)4 + CH3COCH3.

box. The energy spreads of the cluster ions were set
as low as 0.02–0.04 eV. Finally, we introduced ace-
tone into the collision cell at the pressure of 6× 104

to 7× 10−4 Pa.

3. Data analysis

Fig. 2shows typical mass spectra. Spectrum (a), the
reference spectrum, was obtained without the target
gas, and the mass spectrum (b), the collision spectrum,
was obtained from the collision of H+(H2O)4 (m/z =
73) with CH3COCH3 at a collision energy of 0.1 eV in
the center-of-mass frame. The suffix numbers indicate
the number of water molecules contained in the cluster
ions with the corresponding peaks. In the present case,
one or two water molecules automatically evaporate
from the parent clusters during the flight time from
the mass filter to the detector, that is, unimolecular
dissociation is taking place, as can be seen inFig. 2a.
Internal temperatures of the parent clusters estimated
from the rates of unimolecular dissociations by us-
ing RRK model are 1.6, 1.2, 1.1, 0.93, and 0.98 eV
at n = 2, 3, 4, 5, and 6, respectively. As shown in
Fig. 2b, there are many kinds of products resulting
from the collision of H+(H2O)n with an acetone
molecule. These product cluster ions are formed in
the following reactions:
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(1)

where H+(H2O)nCH3COCH3
∗ and H+(H2O)n∗ rep-

resent the intermediate vibrationally excited cluster
ions. In the incorporation process, the parent cluster
ion captures one acetone molecule and then subse-
quently releases one or more H2O molecules. Thus,
we classify all the products into the categories of
incorporation and dissociation. Products of the sec-
ondary collision such as H+(CH3COCH3)2 were also
observed at low collision energies (i in

s in Fig. 2b),
even though the pressure of acetone is low. This most
likely indicates that the incorporation reaction is very
fast. As a result, we classify the secondary prod-
ucts of H+(H2O)n−m(CH3COCH3)2 as incorporation
products.

The total reaction cross-section is given by:

σr = kBT

Pl
ln

I (0)

I (l)
(2)

where I(0) and I(l) are the intensities of the parent
cluster ion at the entrance and at the exit of the col-
lision cell, respectively;l is the effective path length
of the collision cell;T andP are the temperature and
the pressure of the target gas, respectively; andkB is
Boltzmann’s constant. The incorporation cross-section
σ in and the dissociation cross-sectionσd are given by

σin = Rinσr (3)

and

σd = Rdσr, (4)

respectively, whereRin and Rd are the branching
fractions. In general, the path (ii) must be taken into
account, where the incorporated acetone is released,
to obtainRin. However, the dissociation cross-sections
obtained without considering path (ii), which will be
shown later, are very small at low collision energies.
The fraction to path (ii) depends on the bond energies
between acetone and the rest of the cluster, [CH3CO-
CH3]-[H+(H2O)n], and between water and the rest of

the cluster, [H2O]-[H+(H2O)n−1CH3COCH3]. In the
present case, the bond energy of acetone is larger than
that of water[15]. The fraction to path (ii) estimated
by RRK model is less than 5% when the internal en-
ergy of the intermediate is equal to that of the parent
cluster plus the bond energy between acetone and the
parent cluster. Even under an extreme condition that
the internal energy of the intermediate is the sum of
the initial internal energy of the parent cluster, the
bond energy of acetone and the parent cluster, and the
collision energy of 2.0 eV, the fraction to path (ii) is
estimated less than 10%. These suggest that path (ii)
may be negligible in the present case. The reduced
intensity of dissociation products was obtained by
subtracting the intensity corresponding to the daugh-
ter cluster ions produced by the unimolecular dissoci-
ation from the measured intensity of the dissociation
products.

4. Results and discussion

4.1. Collision energy dependence

Fig. 3shows the collision energy dependence of the
reaction cross-sections in the collision of H+(H2O)4
with acetone. The error bars ofx andy axes show the
ion energy spread plus Doppler broadening and the
probable error of the measured value average, respec-
tively. The total reaction cross-sectionσ r represented
by open circles, decreases as the collision energy in-
creases and then approaches a value of about 200 Å2.
Classical ion–molecule collision theories predict the
enhancement of the collision cross-section by the
electrostatic forces attributed to the polarizability
and dipole moment at low collision energies[14,16].
When the collision cross-section is large, it is rea-
sonable to assume that the reaction cross-section also
becomes large, as in the present case.
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Fig. 3. Reaction cross-sections of H+(H2O)4 + CH3COCH3 as a function of collision energy in the center-of-mass frame. Open circles,
solid circles, and open squares represent total cross-sections, incorporation cross-sections and dissociation cross-sections, respectively.

The collision energy dependence of the incorpo-
ration cross-sectionσ in is similar to that of the to-
tal cross-section. The incorporation cross-section is
nearly equal to the total cross-section at low collision
energies and monotonically decreases as the collision
energy increases. The incorporation cross-section at a

Fig. 4. The incorporation branching,Rin as a function of collision energy. Open diamonds, solid squares, solid triangles, crisscrosses, and
open circles representn = 2, 3, 4, 5, and 6, respectively.

collision energy of 0.05 eV is about three times that
of 2.0 eV. The incorporation cross-section is given by
the product of incorporation branching fractionRin

and σ r , as shown inEq. (3). The collision energy
dependence of the incorporation branching fractions
Rin are shown inFig. 4. The values ofRin are in the
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range of 0.85–1 at 0.05 eV. The values ofRin mono-
tonically decrease as the collision energy increases for
all reactant cluster sizes examined. In our previous
paper[14], we showed that small incident angle col-
lisions (head-on-collisions) increase with decreasing
collision energy in the low collision energy region.
When orbiting occurs, the reaction probability be-
tween the cluster ion and incident molecule increases
because of the long interaction time. In the case of
head-on-collisions, the probability of incorporation of
the acetone molecule by the cluster ion becomes high.

The reaction rate constants are given by the prod-
uct of the incorporation cross-section multiplied by
the relative velocity between the cluster and target
molecule. The rate constants are estimated to be 2.5×
10−9, 3.2× 10−9, 3.3× 10−9, 3.4× 10−9, and 3.2×
10−9 cm−3 s−1 at 500 K atn = 2, 3, 4, 5, and 6, re-
spectively, and 1.9 × 10−9, 2.4 × 10−9, 2.6 × 10−9,
2.6× 10−9, and 2.5× 10−9 cm−3 s−1 at 300 K atn =
2, 3, 4, 5, and 6, respectively. These values are in
agreement with the previously reported ones; 2.1 ×
10−9 to 2.3× 10−9 cm−3 s−1 (n = 2–4) at 300 K[8],
2.4×10−9 to 3.2×10−9 cm−3 s−1 at 300 K (n = 2–4)
[9], and about 1.5 × 10−9 at 500 K (n = 4) [8]. At
300 K, the reaction rate constants for the incorporation
of acetone are 1.1–2.3 times as large as those of wa-
ter [17]. In addition, the reaction efficiencies relative
to the calculated cross-section are about 70%, while it
was about 44% in the case of water. Thus, acetone is
one of the trace compounds that accelerate nucleation
in the atmosphere.

The dissociation cross-section is, on the other hand,
an increasing function of the collision energy in the
case of the reaction of H+(H2O)4 with acetone, as
shown inFig. 3. The increasing trend of the disso-
ciation cross-section with the collision energy was
observed for the cases wheren = 3–6. The reac-
tion probabilities for dissociation in the collision
of H+(H2O)4 with CH3COCH3 are nearly zero at
∼0.05 eV collision energy, and gradually increase
with collision energy. Whenn = 2, the dissociation
cross-section appears to be almost independent of the
collision energy under the experimental conditions
employed here.

4.2. Size effects on the reaction cross-sections

The reaction cross-sections are plotted as functions
of the parent cluster size,n, in Fig. 5. In Fig. 5a, the
total reaction cross-sections are plotted together with
the geometrical cross-sections taken asπr2, wherer
is estimated as the distance between the center of the
mass of the reactant water cluster ion and the most dis-
tant H-atom under the most probable cluster structure
[14] plus the distance between the center of the mass
of acetone molecule and the hydrogen atom. Though
water clusters are expected to have various isomers,
the protonated water cluster is likely to have the core
of (H5O2)+ at n = 2 and 6[14]. For n = 3, 4, and 5,
the cluster ions are thought to have the core of (H3O)+,
and there would be a closed solvent shell structure at
n = 4. In the case ofn = 5, the fifth water molecule is
probably located in the second solvent shell outside of
the first closed shell. In the case ofn = 6, the cluster
ion may have another closed shell structure with the
core of (H5O2)+ surrounded by four water molecules.
This closed shell structure may be the reason why the
water cluster has a smaller total cross-sections atn =
6 than atn = 5. Calculated collision cross-sections
by using density functional theory, B3LYP/cc-pVDZ,
appears to support this discussion. The details of the
calculations is described somewhere else[16].

In Fig. 5b, the incorporation cross-sections are
plotted at collision energies of 0.1, 0.5, and 2.0 eV, re-
spectively. As shown in this figure, the incorporation
cross-section at the collision energy of 0.1 eV had a
maximum atn = 5. The size dependence of the in-
corporation cross-section in the low collision energy
region was similar to the size dependence of the ge-
ometrical collision cross-section. The branching frac-
tions of incorporation,Rin at 0.1 eV, have values close
to 1, as shown inFig. 3. Therefore, the size effects
on the total cross-section are reflected in the incor-
poration cross-section: the water molecule in the
second shell of the water cluster atn = 5 may be the
reason for the larger incorporation cross-section than
that atn = 6. Due to the variation in theRin at high
collision energies, the size effects on the incorporation
cross-section are not obvious at 0.5 and 2.0 eV.



Y. Kawai et al. / International Journal of Mass Spectrometry 220 (2002) 375–383 381

Fig. 5. The reaction cross-sections at a collision energy of 0.1, 0.5, and 2.0 eV, represented by circles, triangles, and squares, respectively.
Total, incorporation, and dissociation cross-sections are shown in (a), (b), and (c), respectively .
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In Fig. 5c, the dissociation cross-sections are plot-
ted. It is noted that the dissociation cross-section at
n = 5 are greater than that atn = 6. When the col-
lision energy increases, the size effects are enhanced.
It is very obvious at 0.5 eV that the dissociation
cross-section has its maximum atn = 5. This is prob-
ably attributed to the water molecule present in the
second shell of the water cluster atn = 5. A signifi-
cant difference between the dissociation cross-section
at n = 3 and 4 appears at the collision energy of
2.0 eV. When it is easy for acetone to directly stick
to the proton, where the binding energy of the cluster
and acetone is relatively strong, the probability of
the incorporation may become high and theRd may
become small. In the case of a trimer, the core of
the cluster ion (H3O)+ does not have a closed shell
around it. Therefore, the acetone molecule, by stick-
ing to the ion core, can easily be incorporated rather
than lead to the dissociation process. The small dis-
sociation cross-section of the trimer may arise from
the open site available at the ion core, H3O+, allow-
ing a bond between the core and the incident acetone
molecule to be formed.

5. Conclusions

We have investigated the reactions of the size-
selected protonated water H+(H2O)n (n = 2–6) clus-
ter ion with a CH3COCH3 molecule. The reaction
cross-sections were measured at collision energies of
0.05–2.0 eV in the center-of-mass frame with nar-
row collision energy distributions in the range of
0.02–0.04 eV.

The incorporation cross-section had the largest
value at the lowest collision energies. In the case
of the collision of H+(H2O)4 with CH3COCH3, for
example, the incorporation cross-section at 0.05 eV
collision energy is about three times as large as that
at 2.0 eV collision. We hypothesized that the large
reaction cross-section at a very low collision energies
occurs mainly because the collision cross-section is
enhanced by the electrostatic attractive force between
the protonated water cluster ion, H+(H2O)n (n =

2–6), and the CH3COCH3 molecule. The probability
for incorporation increases with decreasing collision
energy. Thus, we conclude that the increases in both
the collision cross-section and the probability for in-
corporation accelerate the nucleation of the cluster
ion at low collision energies.

The incorporation cross-section as well as the total
reaction cross-section are found to have a maximum at
the cluster sizen = 5 at the collision energy as low as
0.1 eV. This is probably due to the effect of the water
molecule located in the second shell. The dissociation
cross-section is also found to have its maximum at
n = 5 at collision energies above 0.5 eV. This is also
attributed to the effect of the water molecule in the
second solvent shell. The dissociation cross-section is
found to have its minimum atn = 3. This phenomenon
may be attributed to the open site of the trimer’s core,
H3O+: water molecules in the case of a trimer occupy
only two of the three hydrogen atoms of the cluster
ion core.
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