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van der Waals cluster �SO2�n is investigated by using single photon ionization of a 26.5 eV soft
x-ray laser. During the ionization process, neutral clusters suffer a small fragmentation because
almost all energy is taken away by the photoelectron and a small part of the photon energy is
deposited into the �SO2�n cluster. The distribution of �SO2�n clusters decreases roughly
exponentially with increasing cluster size. The photoionization dissociation fraction of
I��SO2�n−1SO+� / I��SO2�n

+� decreases with increasing cluster size due to the formation of cluster. The
metastable dissociation rate constants of �SO2�n

+ are measured in the range of �0.6–1.5��104 s−1 for
cluster sizes 5�n�16. Mixed SO2–H2O clusters are studied at different experimental conditions.
At the condition of high SO2 concentration �20% SO2 partial pressure�, �SO2�n

+ cluster ions
dominate the mass spectrum, and the unprotonated mixed cluster ions �SO2�nH2O+ �1�n�5� are
observed. At the condition of low SO2 concentration �5% SO2 partial pressure� �H2O�nH+ cluster
ions are the dominant signals, and protonated cluster ions �SO2��H2O�nH+ are observed. The mixed
clusters, containing only one SO2 or H2O molecule, SO2�H2O�nH+ and �SO2�nH2O+ are observed,
respectively. © 2006 American Institute of Physics. �DOI: 10.1063/1.2348878�

I. INTRODUCTION

Sulfur dioxide emissions from combustion, coal treat-
ment, and volcanos can form acids in the atmosphere that
return to earth in the form of acid depositions or “acid rain.”
Acid rain is one of the biggest environmental problems at
present. Sulfur dioxide is the major contributor to acid rain
and a generator of soot. The process of SO2 and water form-
ing acid rain has been studied for some time in order to
determine the atmospheric mechanism for this environmental
issue.1,2

The SO2 monomer and dimer have been extensively
studied. Erickson and Ng3 measured the photoionization ef-
ficiency curves for SO2 and �SO2�2 with high resolution in
the wavelength region of 62.5–100.5 nm. The ionization en-
ergies �IEs� of SO2 and �SO2�2 are determined to be 12.35
and 11.72 eV, respectively. Taleb-Bendiab et al.4 investi-
gated the microwave spectroscopy of �SO2�2. The structure
of the SO2 dimer is low symmetry in which one SO2 unit
defines a plane and the second SO2 unit lies above the first,
with its two O atoms straddling the first SO2. The two planes
containing the SO2 molecules are perpendicular to each

other. Dissociation dynamics of �SO2�n clusters have been
explored on the femtosecond time scale.5 The lifetime of the
E electronic state of �SO2�n increases as cluster size n in-
creases. This has been explained as due to a “cage effect”
associated with the cluster. �SO2�n−1SO+ and �SO2�n−1S+ are
identified as the main products for femtosecond multiphoton
ionization. To explore the neutral cluster distribution and the
dynamics of cluster formation and fragmentation, single pho-
ton ionization near the ionization threshold is the best ap-
proach, but SO2 clusters have a high ionization energy; even
118 nm �10.5 eV single photon energy� laser radiation is not
sufficient to ionize SO2 clusters.

The reaction of SO2 solvated by water is a part of the
acid rain formation process and thus clusters of H2O/SO2

are also an object of some scrutiny. Theoretical studies6 in-
dicate that a high barrier exists for the reaction SO2 ·H2O
→H2SO3. Li and Mckee7 find that the decomposition of
H2SO3 is catalyzed by the presence of additional water mol-
ecules, which lower the barrier for the reaction H2SO3

→H2O+SO2. Microwave spectroscopy of H2O ·SO2 shows
the cluster structure as non-hydrogen-bonded and the water
and sulfur dioxide planes are tilted approximately 45° from a
parallel orientation, with the O atom of H2O lying above thea�Electronic mail: erb@lamar.colostate.edu

THE JOURNAL OF CHEMICAL PHYSICS 125, 154317 �2006�

0021-9606/2006/125�15�/154317/9/$23.00 © 2006 American Institute of Physics125, 154317-1

Downloaded 23 Oct 2006 to 129.82.233.53. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1063/1.2348878
http://dx.doi.org/10.1063/1.2348878
http://dx.doi.org/10.1063/1.2348878


S atom of SO2.8 The vibrational frequencies of each mol-
ecule in the mixed dimer are similar to those of the indi-
vidual molecules.9 Theoretical calculations indicate that the
interaction in the SO2 ·H2O complex is not dominated by
hydrogen bonding, as the two molecular planes are stacked
and somewhat parallel.10,11

Mixed sulfur dioxide/water clusters have also been stud-
ied with multiphoton femtosecond ionization reflectron time
of flight mass spectroscopy �TOFMS�.12,13 The measured
times for dissociation are independent of cluster size, indi-
cating that the ions formed are all at the cluster surface rather
than “solvated” by the other, neutral members of the cluster.
SO2 molecules are thus more likely to be weakly absorbed
rather than solvated in a low water environment. All detected
mixed clusters under femtosecond multiphoton ionization are
protonated ions, �SO2�n�H2O�mH+ �m�0�. Based on the
thermodynamic analysis of Ref. 12 for the mixed dimer
SO2 ·H2O, the ion-molecule reaction for the proton transfer
from H2O to SO2 is favorable following ionization. None-
theless, theoretical calculations indicate that the stable gas
phase complex SO2 ·H2O should exist with a strong bond
��3.5 kcal/mol�:10 this bond is not dominated by hydrogen
bonding. Thus, the dimer might have a high barrier to proton
transfer. Compared to hydrogen bonded water clusters, more
energy should be required to overcome the barrier to proton
transfer for SO2 ·H2O. In the present study we observe both
the �SO2�n�H2O�+ and the protonated SO2�H2O�nH+ series of
cluster ions in the TOFMS following ionization by single
photon, 26.5 eV soft x-ray laser light. Mechanisms for mixed
cluster formation and ionization will be discussed in this
report.

Previously we have shown that 26.5 eV single photon
ionization of van der Waals clusters �e.g., �H2O�n,
�CH3OH�n, �NH3�n� is virtually free of cluster
fragmentation.14 The photoelectron is suggested to carry
away with it most, if not all, of the energy above the vertical
ionization energy �VIE� of the molecule or cluster. In the
present study, distributions of neutral �SO2�n and mixed
�SO2�n�H2O�m clusters are determined, and the metastable
dissociation rate constants of �SO2�n

+ clusters are measured.
We document that, during the single photon ionization pro-
cess, the clusters suffer only a small fragmentation compared
with multiphoton femtosecond ionization. The photodisso-
ciation fraction for �SO2�n clusters at 26.5 eV photon energy
decreases with increasing cluster size. Unprotonated cluster
ions �SO2�n�H2O�+ and protonated �SO2� �H2O�nH+ cluster
ions are observed at different experimental conditions.
Mechanisms for such phenomena are discussed.

II. EXPERIMENTAL PROCEDURES

The experimental approach for these studies has been
described in detail in previous publications from our
laboratory,14 and only a general outline of the experimental
scheme will be given here. A tabletop soft x-ray laser
�26.5 eV/photon, 46.9 nm� is used as the ionization source
for accessing the neutral clusters of interest. The laser emits
pulses of about 1 ns duration with an energy of about
10 �J/pulse at a repetition rate of up to 12 Hz.15 A time of

flight mass spectrometer �linear/reflectron� is employed to
analyze cluster mass and fragmentation kinetics. A pair of
mirrors placed in a Z-fold configuration just before the ion-
ization region of the TOFMS provides alignment capability
and focus for the x-ray laser beam with respect to the cluster
beam. The Z-fold mirror system has a total transmissivity of
about 10%. Since 26.5 eV photons from the soft x-ray laser
are able to ionize the He carrier gas in the beam, the micro-
channel plate �MCP� detector voltage is gated to reduce the
gain of the MCP when He+ arrives at the detector in order to
prevent detector circuit overload and saturation.

Pure neutral clusters �SO2�n are generated in a super-
sonic expansion of 20% SO2/80% He mixed gases from a
pulsed nozzle �200 �m diameter� at 80 psi backing pressure.
A mixture of SO2 and H2O gases is obtained by flowing 5%
or 20% SO2/He at a pressure of 30 or 80 psi through a
reservoir containing liquid distilled water at room tempera-
ture. Mixed �SO2�n�H2O�m clusters are generated in the su-
personic expansion into the vacuum system. SO2 gas used in
the experiment is 99.8% pure �Aldrich, Co.�, and the He gas
�99.9%� is purchased from General Air Co. The expanded
supersonic molecular beam is collimated by a conical skim-
mer with a 2.0 mm diameter hole. The skimmer is located
approximately 2 cm downstream from the nozzle. Chamber
pressure in the field-free and detector regions of the TOFMS
is maintained at 2�10−6 torr during the experiment. Experi-
ments are conducted to ensure that collision induced disso-
ciation of cluster ions is negligible. Pressure in the skimmed
supersonic beam is low enough in the ionization region �ca.
10−5 torr� that collision induced ionization of the clusters is
not a likely occurrence.

III. EXPERIMENTAL RESULTS

A. Distribution of SO2 clusters ionized by 26.5 eV,
soft x-ray laser radiation ionization

Figure 1 displays a linear TOFM spectrum of neutral
SO2 clusters ionized by 26.5 eV, soft x-ray laser radiation.

FIG. 1. A linear TOF mass spectrum of the SO2 clusters ionized by a
26.5 eV soft x-ray laser. The SO2 clusters are generated by expansion of a
mixed gas of 20% SO2/80% He at 80 psi.
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The mass spectrum reflects the size distribution of cluster
ions generated in the acceleration/ionization region of the
TOFMS, less than 1 �s after ionization. Two series of cluster
ions are identified in the spectrum. The peaks labeled An

represent the cluster series �SO2�n
+, and the peaks labeled Bn

represent the cluster series �SO2�nSO+. The distribution of
�SO2�n

+ �2�n�25� clusters observed in the linear TOFMS
decreases roughly exponentially with increasing cluster size
n. We will argue in Sec. IV that both �SO2�n−1SO+ and
�SO2�n

+ cluster ions are directly generated from the same neu-
tral parent �SO2�n in the molecular beam by the following
reactions:

�SO2�n + h� → �SO2�n
+ + e−, �1�

�SO2�n + h� → ��SO2�n
*�+ + e− → �SO2�n−1SO+ + O + e−.

�2�

The �SO2�n
+ cluster series An is the predominant one in the

linear TOFMS following single photon ionization of neutral
clusters �SO2�n by 26.5 eV photons. The distribution in Fig.
1 is different from that obtained by femtosecond multiphoton
ionization, which is dominated by the ionization dissociation
products �SO2�n−1SO+. The dissociation fraction of neutral
�SO2�n clusters at 26.5 eV ionization is shown in Fig. 2. The
intensity ratios I��SO2�n−1SO+� / I��SO2�n

+� are between 0.24
and 0.04 for cluster sizes 2�n�8. These dissociation frac-
tions decrease with increasing cluster size. The SO+ ion is
assigned as the fragment photodissociation product of SO2

monomer: the I�SO+� / I�SO2
+� is about 1.1. A number of mi-

nor fragmented species can also be identified: S+ generated
from SO2 by loss of O2 and �SO2�S+ and �SO2�2S+ generated
by the loss of O2 from �SO2�2 and �SO2�3, respectively. Al-

though the masses of 16O2 and 35S overlap, the species S+

can be identified from the background 16O2
+ signal by the

presence of 34S+.

B. Metastable dissociation rate constants for „SO2…n
+

clusters

The spectrum of Fig. 3 is obtained in the reflectron mode
of the TOFMS. It indicates the population distribution of
cluster ions formed in the first field-free region within the
time region of 1–90 �s. If the fragmentation were to happen
in the acceleration region, the TOF spectrum would indicate
this with mass peaks broadly dispersed in time. Since the

FIG. 2. Dissociation fraction of �SO2�n clusters at the 26.5 eV photon energy.

FIG. 3. A high resolution reflectron TOF mass spectrum of the SO2 clusters.
The metastable dissociation of �SO2�n

+ and �SO2�nSO+ cluster ions in the
field-free region is observed.
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fragmentation happens in the field-free region the parent and
daughter signals are separated by reflectron mass
spectrometer16 with good temporal resolution. Compared to
the spectrum displayed in Fig. 1, two new series of cluster
ions can be identified. The peaks marked Dn are the daughter
cluster ions of the parent cluster ions �SO2�n+1

+ �An+1�, and
the peaks marked Cn are the daughter cluster ions of the
parent cluster ions �SO2�n+1SO+ �Bn+1�. The daughters are
produced from their parents by metastable dissociation reac-
tions in the first field-free TOFMS drift tube section. In the
present experiment the loss of only one SO2 molecule by this
mechanism is observed. The unimolecular dissociation rate
constant of �SO2�n

+ cluster ions can be calculated based on
the following equation:17

k = − �1

t
	ln
1 −

�ID�
�ID + IP�� , �3�

in which ID and IP are the intensities of the dissociated
daughter ions and the undissociated parent ions, respectively.
t is the flight time of the parent ion in the first field-free
region of the reflectron TOFMS. For the present apparatus
this time is about 60% of the total flight time. As shown in
Fig. 4, the metastable rate constants for �SO2�n

+ losing SO2

are in the range of �0.6–1.1��104 s−1 for cluster sizes 5
�n�16. Clusters �SO2�6

+ and �SO2�7
+ show fast dissociation

rates relative to their neighbors.

C. Mixed sulfur dioxide—water clusters

Mixed �SO2�n�H2O�m clusters are generated by expand-
ing a three component SO2/H2O/He gas into the vacuum
chamber at room temperature. We have employed two con-
ditions for the generation of �SO2�n�H2O�m clusters: �1� 5%
SO2/He mixed with water vapor at T�300 K and expanded
at 30 psi backing pressure and �2�. 20% SO2/He mixed with
water vapor at T�300 K and expanded at 80 psi backing
pressure. Figure 5 presents a mass spectrum of mixed
�SO2�n�H2O�m clusters formed at low concentration of SO2

and low backing pressure �condition �1��. The series of pro-
tonated cluster ions �H2O�nH+�n=1, . . . ,20� dominates the

mass spectrum in this experiment. The �SO2�n
+ cluster ions

are not observed except for the �SO2�2
+ dimer because of the

lower concentration of SO2 and low backing pressure. The
protonated mixed cluster ions �SO2��H2O�nH+ appear in the
mass spectrum of Fig. 5 but at a very low intensity. They are
generated from the neutral mixed clusters �SO2��H2O�n+1 by
a proton transfer reaction following ionization:

�SO2��H2O�n+1h� → ��SO2��H2O�n+1�+ + e−

→ �SO2��H2O�nH+ + OH + e−. �4�

Signal intensities of the mixed clusters �SO2��H2O�nH+ are
about 2% of the intensity of �H2O�nH+ ions at n=5,6. Mixed
sulfur dioxide–water clusters containing more than one SO2

molecule are not detected. Note that at mass 82 the �SO2�
��H2O�+ signal is detected. This latter cluster can be directly
generated from ionization of the neutral mixed dimer �SO2�
��H2O� /H2SO3. No obvious HSO2

+ signal is observed. We
will discuss the generation of mixed �SO2��H2O� clusters in
more detail in Sec. IV below.

Figure 6 shows a comparison between metastable disso-
ciation of protonated water clusters generated in a pure water
expansion �80 psi He passed over T�300 K liquid water�,
spectrum A, and metastable dissociation of water clusters
generated in a mixed sulfur dioxide–water expansion, spec-
trum B. The peaks labeled Pn in this figure are parent cluster
ions �H2O�nH+, and those labeled as Dn are the daughter ions
produced by loss of one H2O from its parent ion Pn+1 due to
metastable fragmentation in the drift tube of the reflectron
TOFMS. For both systems, the signal intensities of daughter
and parent ions switch dominance at ca. n�14/15. This
means that the protonated water cluster ions generated from
the two different samples have the same metastable dissocia-
tion rate constant in the field-free region.

With the concentration of SO2 in the backing gas in-
creased to 20% and the backing expansion pressure increased
to 80 psi �condition �2��, �SO2�n

+ cluster ions dominate the

FIG. 4. A plot of the metastable dissociation rate constants for �SO2�n
+ clus-

ter ions as a function of the cluster size n.
FIG. 5. A high resolution spectrum of mixed SO2–H2O clusters generated
by expansion of the mixed gas 5% SO2/water vapor/He at 30 psi backing
pressure. The protonated water cluster ions �H2O�nH+ dominate the mass
spectrum. The signal intensity of the mixed cluster ions �SO2��H2O�nH+ is
about 2% of the intensity of �H2O�nH+ at n=5,6.
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spectrum and the �H2O�nH+ ions are not detected as shown
in Fig. 7. All of the mixed cluster ions that are observed in
this spectrum are unprotonated �SO2�n�H2O�+ �1�n�5�.
The protonated mixed cluster ions �SO2��H2O�nH+ formed

under condition �1� are not observed. Signal intensities of
cluster ions �SO2�n�H2O�+ are about 5% of the intensities of
the �SO2�n

+ cluster ions, n=2,3 ,4.

IV. DISCUSSION

A. Distribution of „SO2…n clusters

Single photon, 26.5 eV ionization of water, methanol,
and ammonia clusters yields virtually no fragmentation of
those species associated with the ionization, per se.14 Al-
though the 26.5 eV photon energy is initially absorbed by the
neutral cluster, almost all the photon energy above the VIE
of the cluster is removed by the ejected electron. The energy
used by the cluster for metastable dissociation is either re-
lated to the difference between the VIE and �adiabatic� AIE
of the cluster or is derived from the heat of the proton trans-
fer reaction. Thus, distributions of hydrogen bonded �or pro-
ton transfer� clusters observed in those experiments are in
good agreement with near threshold ionization experiments,
such as single photon ionization by VUV resonance lamps
�9.75–11.85 eV� and 10.5 eV VUV lasers.18 In these experi-
ments, the VIE is always greater than the energy required to
drive a proton transfer reaction, and therefore protonated
products are always observed. This process cannot be
avoided, even when using threshold ionization methods.

FIG. 6. A comparison of metastable dissociation of protonated water cluster ions formed in a pure water/He expansion �curve A� and a mixed SO2/H2O/He
expansion �curve B�. The peaks labeled as Pn are the parent cluster ions �H2O�nH+, and the peaks marked as Dn are the daughter ions generated by the loss
of one H2O from its parent ions Pn+1 in the field-free region of the reflectron TOFMS. For both two systems, the signal intensities of daughter and parent ions
switch at n�14/15.

FIG. 7. A high resolution spectrum of mixed SO2–H2O clusters generated
by expansion of the mixed gas 20% SO2/water vapor/He at 80 psi backing
pressure. The cluster ions �SO2�n

+ dominate the mass spectrum. Signal inten-
sity of cluster ions �SO2�n�H2O�+ are about 5% of the intensity of the cluster
ions �SO2�n

+ at n=2,3 ,4.
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Sulfur dioxide clusters are bound by van der Waals in-
teractions �dispersion� and are more weakly bound than hy-
drogen bonded clusters such as water and methanol and even
non-hydrogen-bonded clusters such as ammonia. As shown
in Fig. 1 the distribution of �SO2�n

+ clusters decreases roughly
exponentially with increasing cluster size. �SO2�n

+ clusters
dominate the mass spectrum of sulfur dioxide clusters and
�SO2�n−1SO+ cluster ions become very weak at n�7. Multi-
photon ionization of �SO2�n by femtosecond laser excitation
shows much more extensive fragmentation, with
�SO2�n−1SO+ features being more intense than parent �SO2�n

+

features.19–21 One advantage of femtosecond versus nanosec-
ond multiphoton ionization is that up pumping to the ion
state typically precludes dissociation reactions for the neutral
cluster during the ultrafast ionization process. Apparently,
single photon, even 26.5 eV, ionization imparts much less
final energy “excess energy” over that required for vertical
ionization. Most �SO2�n clusters are pumped to the ground
state of the ion, and one observes that the �SO2�n

+ signal is
dominant in the mass spectrum. In this case the energy re-
quired to drive the metastable reaction comes from the en-
ergy difference between the vertical and adiabatic energy
levels. Very few �SO2�n neutral clusters are excited to elec-
tronically excited states of the ion.3,5 The few that are ex-
cited, ��SO2�n

+�*, have sufficient excess energy above the VIE
to facilitate the reaction �SO2�n

+→ �SO2�n−1SO++O; the ra-
tios I�SO2SO+� / I��SO2�2

+� �Fig. 2� depend on cluster size and
decrease with increasing cluster size. In our previous �H2O�n

and �CH3OH�n experiments,14 the dissociation reactions of
the monomer are detected, such as, H2O→OH++H and
CH3OH→CH3O++H; however, such dissociation does not
occur for water or methanol clusters. For example,
�H2O�nOH+ and �CH3OH�nCH3O+ ion signals are not ob-
served in the mass spectra. In the case of �NH3�n, molecular
dissociation is observed for the dimer �NH3�2 only, which
loses up to five H atoms. The different behaviors of these
clusters depend on specific characteristics of the cluster, such
as photoabsorption cross section of the excited state of the
cluster ion, which is sensitive to the cluster size and molecu-
lar properties.

We have measured the unimolecular �metastable� disso-
ciation rate constants for reactions involving loss of one neu-
tral molecule. These are �0.6–2.7��104 s−1 for water �5
�n�18�, �0.36–0.6��104 s−1 for methanol �5�n�10�,
and �0.8–2.0��104 s−1 for ammonia �5�n�18�. In the
present experiment, unimolecular dissociation rate constants
for loss of one SO2 molecule from �SO2�n

+ are �0.6–1.5�
�104 s−1 for cluster sizes 5�n�16. Note that even though
those clusters have a wide range of binding energies and
structures, these rate constants are similar. One can extract
two conclusions from these similar cluster kinetics: �1�
�SO2�n

+ cluster ions do not acquire much excess energy above
their VIE in single photon ionization in a similar manner to
water, methanol, and ammonia cluster ions; �2� cluster dy-
namics must be more related to cluster size, excess energy,
degrees of freedom, and densities of states than detailed clus-
ter structure and the approximate nature of the limiting po-
tential interaction functions �e.g., dipole-dipole, hydrogen
bonding, dispersion, etc.�. The situation is actually rather

complicated because the hydrogen bonded clusters ��H2O�n

and �CH3OH�n� and donor/acceptor clusters ��NH3�n� em-
ploy the excess cluster energy �over IE� to drive the proton
transfer reaction with �H�0 and fragment a OH, CH3O, or
NH2 radical before undergoing metastable fragmentation of a
consistent neutral molecule, while �SO2�n clusters simply
employ the VIE/AIE difference for metastable fragmentation
of SO2.

Based on our results, we consider that most neutral sul-
fur dioxide clusters �SO2�n are free of fragmentation directly
following single photon ionization by the soft x-ray laser.
This claim can be supported by three main observations.
First, the peaks observed in the mass spectra are sharp and
symmetrical, and thus fragmentation while the cluster is in
the high field ionization region ��1 �s� does not occur. Sec-
ond, the loss of only one sulfur dioxide molecule is observed
in the field-free region after ionization. The metastable rate
constants of the sulfur dioxide cluster ions are similar to
those for water, ammonia, and methanol.14 In Ref. 14 many
arguments are presented that support almost no fragmenta-
tion for these clusters. Similar rate constants indicate similar
behavior of the clusters as they undergo ionization. Third, we
observe unprotonated mixed water–sulfur dioxide clusters.
This shows that during ionization, the amount of energy left
in the mixed cluster is too small to drive a proton transfer
reaction. This will be discussed in more detail in the follow-
ing sections.

B. Effect of cluster size n on the photodissociation of
„SO2…n clusters

One can identify two distinct types of dissociation of the
clusters following ionization: �1� metastable dissociation in
which slow dissociation involves the breaking of a van der
Waals bond between one molecule member of the cluster and
the rest of the cluster and �2� intramolecular dissociation of a
cluster molecule followed by loss of a neutral atomic or mo-
lecular radical �e.g., O, OH, NH2, etc.�. In the first instance,
the dissociation rate constant increases with cluster size �see
Figs. 4 and 6�. In the second case, the rate constant for in-
tramolecular fragmentation decreases with increasing cluster
size �see Fig. 2�.

SO2 and �SO2�2 have been studied at high resolution by
photoionization spectroscopy in a molecular beam.3 The IE
�SO2�=12.35 eV and the appearance energy �AE� for the
reaction SO2+h�→SO++O+e− is 15.953 eV, 3.6 eV above
the ion ground state of SO2

+. The 26.5 eV photon can access
both of these processes. The IE �SO2�2 is 11.72 eV and the
AE for SO2SO+ is 15.38 eV. At 65 nm �19.07 eV� excita-
tion, the photoionization dissociation fraction
I�SO2SO+� / I��SO2�2

+��0.08 and I�SO+� / I�SO2
+��0.56.

This suggests that the ionization energy and dynamics of
photodissociation are different in the molecule and dimer. In
our 46.9 nm �26.5 eV� excitation experiment
I�SO2SO+� / I��SO2�2

+��0.23 and I�SO+� / I�SO2
+��1.1. For

larger clusters the dissociation fraction decreases rapidly
with increasing n as reported in Fig. 2. Under femtosecond
photodissociation and ionization, a sequential increase in
lifetime associated with the SO2 neutral E state is found and

154317-6 Dong et al. J. Chem. Phys. 125, 154317 �2006�

Downloaded 23 Oct 2006 to 129.82.233.53. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



attributed to steric hindrance for the dissociation reaction.5

Studies with CH3I and H2O have referred to a solvent cage
effect for these cluster processes.22–24

A more general approach to these relaxation and disso-
ciation phenomena in van der Waals clusters is through the
concepts of intracluster vibrational redistribution �IVR� of
energy and vibration predissociation �VP�.25–28 In this ap-
proach one need not assume or imagine a particular structure
for the cluster �e.g., ion in its center, ion on the surface, etc.�.
The two processes IVR and VP are considered as serial phe-
nomena in which energy flows from the initial site of exci-
tation following ionization to cluster modes and then the
cluster can dissociate. IVR is enhanced by larger clusters
�more density of states�, while VP is retarded by a large
density of states. For the case at hand, the 26.5 eV photon
ionizes a SO2 molecule in the cluster and the excess energy
above VIE is removed by the photoelectron for most of the
clusters �see Fig. 2�. The remaining energy above the IE of
the cluster is redistributed to the cluster modes through IVR;
this is apparently a small enough amount of energy such that
VP is slow ��1–80 �s�. In small clusters �e.g., �SO2�2� or
the SO2 monomer, the excess energy can stay in the excited
molecule for hundreds of picoseconds and local bond frag-
mentation �SO+, SO2SO+, etc.� can occur. In larger clusters,
IVR is fast �ca. 1–10 ps� and molecular photodissociation
VP would be generated, as observed.

C. Generation of mixed „SO2…n„H2O…m clusters

The binding energies of van der Waals clusters can vary
over a wide range, for example, 0.22 eV for �H2O�2 hydro-
gen bonded dimer29,30 to 0.03 eV for the �SO2�2 dimer.3 Thus
water clusters are more stable and more easily formed than
�SO2�n clusters in a molecular beam. For the condition of
low concentration of SO2 �5% SO2/He/water vapor� and low
backing pressure of the expansion gas mixture, protonated
water cluster ions dominate the mass spectrum, and only the
�SO2�2

+ dimer ion is detected �Fig. 5�. The distribution of
�H2O�nH+ cluster ions generated in this beam condition is the
same as that formed for a pure H2O/He expansion. Two
possible channels exist for the mixed SO2/H2O system to
form �H2O�nH+ in the expansion/ionization processes. First,
they can be directly generated from the neutral water cluster,

�H2O�n + h� → ��H2O�m
+ �* + e−

→ �H2O�n−1H+ + e− + OH. �5�

Second, they can be generated from a mixed cluster in a loss
of one or more SO2 molecules leading to the formation of
protonated water clusters as

�SO2�m�H2O�n + h� → ���SO2�m��H2O�n
+�* + e−

→ �H2O�n−1H+ + OH + e−

+ mSO2�m � 1� . �6�

Femtosecond studies of these clusters suggest that the proto-
nated water cluster ions �H2O�nH+ are generated from
�SO2��H2O�n neutrals.12,13,21 Nonetheless, results presented
in the present work �Fig. 6� lead to the conclusion that
�H2O�n−1H+ arise from �H2O�n neutrals. If SO2�H2O�n neu-

tral clusters were the parent of the �H2O�n−1H+ cluster ion,
then excess cluster energy in the ionization process would be
removed from the ion by loss of SO2 molecules as has been
found for the �H2O�nArm system. In this case �H2O�n

+ would
be observed and different metastable fragmentation kinetics
would be expected in the drift tube region. Neither is ob-
served, and thus one concludes that the �H2O�n−1H+ parent
ions come from �H2O�n neutrals. In a separate experiment on
carbon dioxide–water clusters, the unprotonated cluster ions
�H2O�n

+ are observed due to loss of several CO2 molecules
from the ionized cluster.31 No unprotonated �H2O�n

+ cluster
ions are observed for the SO2/H2O system presently under
consideration.

Weak signal intensity is also observed for cluster ions
�SO2��H2O�nH+ as seen in Fig. 5. Mixed SO2/H2O clusters
containing more than one SO2 moiety are not observed for
the 5% SO2/He low pressure expansion conditions that ap-
ply for this figure: SO2 is not easily dissolved in water clus-
ters. At high SO2 concentrations in the beam and high ex-
pansion pressures �20% SO2/H2O/He, 80 psi�, �SO2�n

+ is the
dominant product �Fig. 7�. Signal intensity of the mixed clus-
ter ion �SO2�n�H2O�+ is much weaker than that for the
�SO2�n

+ cluster ion. The mixed cluster series containing only
one H2O molecule, �SO2�n�H2O�+, is weakly observed. Thus
�SO2�n is not a good solvent for the water molecule.

D. Formation of unprotonated „SO2…nH2O clusters

The photon absorption cross sections of H2O and SO2

are 18�10−18 �Ref. 32� and 12�10−18 cm2,33 respectively,
at 26.5 eV photon energy. Both SO2 �IE=12.6 eV�3 and H2O
�12.74 eV�34 can function as the ionized molecular species in
the cluster. Following ionization the charge can remain in
either moiety and transfer between the two. The proton af-
finity of SO2 and H2O are 6.97 and 7.17 eV, respectively.35

The proton affinity of water increases with increasing cluster
size. For the mixed cluster �SO2��H2O�n �n�2�, after ion-
ization of H2O, the charge will stay on one water molecule
and a proton will transfer to another water molecule, gener-
ating the mixed cluster ions �SO2��H2O�nH+ �1�n�6� ob-
servable in the mass spectrum for low pressure, 5%
SO2/H2O/He expansions.

Theory and experiment give a stable �H2O��SO2� cluster
with a binding energy of ca. 3.5 kcal/mol �Ref. 10� and a
planar SO2 and H2O stacked on each other in a non-
hydrogen-bonded structure. The two molecular planes are at
an angle of about 45° to one another.8 Thus a barrier to
proton transfer may well exist in the mixed dimer. Femtosec-
ond ionization spectra show that the �SO2�H+ ion is detected
from the ionization of the mixed neutral dimer
�SO2��H2O�.12,13,21

In the present experiment with 26.5 eV ionization, obvi-
ous signals of the unprotonated mixed dimer ion �SO2�
��H2O�+ �Fig. 5� and mixed �SO2�n�H2O�+ ions �1�n�5�
�Fig. 7� are observed. Two possible channels for �SO2�
��H2O�+ generation are

�SO2��H2O� + h� → �SO2��H2O�+ + e− �channel A� ,

�7�
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�SO2�mH2O + h� → �SO2��H2O�+ + e−

+ �m − 1�SO2 �channel B� . �8�

�SO2��H2O�+ is generated directly from the mixed neutral
cluster upon ionization in channel A. �SO2��H2O�+ is gener-
ated from the mixed neutral cluster �SO2�n�H2O� in channel
B. Excess energy deposited in the cluster by the laser photon
�energy above AIE� is removed from the cluster by the loss
of �m−1� SO2 molecules in channel B to generate �SO2�
��H2O�+. This behavior is observed in the study of water
clusters in a 20% Ar/He expansion gas.14 The signal inten-
sity for �H2O�2

+ dimer ion is larger than that of the protonated
H3O+ ion, generated in a He expansion by proton transfer
and fragmentation of the �H2O�2

+ initial ion. Similar results
are obtained for CO2·H2O clusters studied in our
laboratory.31 Nonetheless, no unprotonated water clusters are
observed in either 5% or 20% SO2/H2O/He expansions at
any backing pressure. As we have argued above, �H2O�nH+

ions detected in mixed systems �5% SO2/H2O/He expan-
sion� are not generated from �SO2�m�H2O�n clusters by loss
of SO2 molecules. Thus we find that under our experimental
conditions �SO2��H2O�+ is generated directly from �SO2�
��H2O�.

The VIE for �H2O�2 is higher than the appearance poten-
tial of H3O++OH.36 Thus the proton transfer reaction almost
always occurs after ionization of the neutral water dimer.
Protonated water clusters thereby dominate the mass spec-
trum for a pure H2O/He expansion and only a very weak
signal for �H2O�2

+ is observed with 26.5 eV single photon
ionization.14 Proton transfer can occur for the mixed dimer
�SO2��H2O� after ionization as well, by the following reac-
tion:

�SO2��H2O� + h� → ��SO2��H2O�+�* → SO2H+ + OH + e−.

�9�

The proton affinity of OH �5.74 eV� is clearly smaller than
that of SO2 �6.97 eV�.35 But the SO2·H2O complex is a non-
hydrogen-bonded structure and more energy is probably re-
quired for the proton transfer reaction relative to the hydro-
gen bond �H2O�2 structure. In the present experiment, most
if not all of the energy of the 26.5 eV ionization photon
above the cluster VIE is removed by the exiting electron.
Independent of the moiety in the mixed �SO2� · �H2O� dimer
that is ionized, the charge probably remains on that species
�for Franck-Condon reason� as the energy remaining in the
cluster after ionization is insufficient to surmount the barrier
to charge and proton transfer. Even as the proton affinity of
the �SO2�n moiety of the �SO2�nH2O cluster increases with
increasing n, only unprotonated �SO2�nH2O+ clusters are de-
tected �see Fig. 7�.

The mixed dimer �SO2��H2O� has an isomer H2SO3.
Calculations indicate that the barrier to this isomerization is
high �37 kcal/mol�. Thermodynamic studies find an auto-
catalytic effect for the decomposition of H2SO3: this implies
that additional water molecules can act as a catalyst to lower
the reaction barrier for H2SO3→SO2+H2O. In these experi-

ments the mixed dimer is formed in the beam, but during the
expansion process �SO2��H2O� does not have enough energy
to convert to the H2SO3 molecule.

V. CONCLUSIONS

The van der Waals clusters �SO2�n and �SO2�m�H2O�n

are investigated by 26.5 eV single photon ionization and
TOFMS detection. The distribution of �SO2�n clusters de-
creases roughly exponentially with increasing cluster size n.
The loss of one SO2 molecule from the cluster ion �SO2�n

+ is
observed with a reflectron TOFMS. Metastable dissociation
rate constants for �SO2�n

+ to yield �SO2�n−1
+ are in the range of

�0.6–1.5��104 s−1 for cluster sizes 5�n�16. This is the
same range as found for similar rate constants for water,
methanol, and ammonia cluster ions. A minor fragmentation
path �loss of O atom� for the cluster ions is identified but this
process is found to decrease with increasing cluster size.

Mixed SO2·H2O clusters are studied under different
cluster generation conditions and the predominant signals in
the mass spectra are due to �H2O�nH+ and �SO2�n

+ cluster
ions as a function of conditions �concentration, expansion
pressure�. Mixed clusters of the form �SO2��H2O�nH+ and
�SO2�nH2O+ are also observed at low intensities. SO2 and
H2O are not good solvents for one another. Unprotonated
mixed cluster ions �SO2�nH2O+ �1�n�5� are observed at
high SO2 concentration and �SO2��H2O�nH+ are observed at
low SO2 concentration. Proton transfer between H2O and
SO2 in mixed clusters has a high activation energy.
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