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We produced hydrated clusters of the sulfate dianion, SO4
2-(H2O)n (n ) 4-40), using electrospray ionization

and investigated their energetics and stabilities using photodetachment photoelectron spectroscopy (PES) at
four photon energies. The adiabatic electron detachment energies of the hydrated cluster dianions were observed
to increase with the number of water, from∼0.4 eV for n ) 3, the smallest number of water to stabilize
SO4

2- in the gas phase, to∼5.7 eV forn ) 40. The PES features of the smaller clusters are similar, all due
to the SO4

2- dianion, which was found to be in the center of the solvated clusters. The intensity of the SO4
2-

solute PES features was observed to decrease with solvent coverage beyond the first solvation shell (n ≈ 12),
whereas a strong high binding energy feature due to ionization of the solvent emerged. Forn > 30, the solute
PES features almost completely disappeared, and the water feature became dominant. The photon energy
dependent studies allowed us to examine the repulsive Coulomb barrier (RCB), which was observed to decrease
as the size of the solvated clusters increased. The RCB was also evaluated using a simple electrostatic model
taking into account of both Coulomb repulsion and polarization interactions between the departing electron
and the remaining singly charged solvated cluster. The RCB for ionization of water was observed to be
systematically smaller than that of the solute SO4

2-. The trapping of the solute photoelectrons by the solvent
and the lowering of the RCB for the solvent ionization channel both contributed to the observed spectral
evolution from dominance of the solute at smalln to the dominance of the solvent at largen. Extrapolation
of the adiabatic detachment energies of SO4

2- and the ionization thresholds of water in the solvated SO4
2-(H2O)n

clusters yielded bulk ionization potentials for aqueous SO4
2- and water to be 12.3 and 10.05 eV, respectively.

1. Introduction

Multiply charged anions (MCAs) are ubiquitous in the
condensed phase, but are rare in the gas phase.1-6 Many familiar
inorganic MCAs are not stable as isolated species because of
the strong intramolecular Coulomb repulsion among the excess
charges, whereas they are stabilized in the condensed phase by
solvation in solution or counterions in solid. Thus, it would be
of fundamental chemical and physical significance to understand
how these MCAs are stabilized in the gas phase by solvent.
Furthermore, such investigations provide a rare opportunity to
probe the solute-solvent interactions for a class of important
anions.7-9 Understanding the properties of aqueous electrolyte
solutions at a molecular level has been the focus of intensive
research lately.10-15 Singly charged cations, due to their small
sizes and strong solute-water interactions, often exhibit definite
solvation shells both in aqueous solutions11,16-18 and in water
clusters.19-22 Substantial progress has recently been made in
studying the solvation of multiply charged cations.23-26 How-
ever, the solvation of anions is more complicated and micro-
scopic information about their solvation is relatively limited,
despite their importance in chemistry and biochemistry.27-30

Most of the current research efforts on solvated anion clusters
have been devoted to the simple halide anions,31-39 with few

efforts on more complex anions.40-42 The delicate balance
between water-anion and water-water interactions determines
the structure of hydrated anions, which can exhibit either
“surface” or “interior” state, depending on the size of the anions
and the strength of the anion-water interactions.15,34,36,38,39

MCAs are common in aqueous solutions and biomolecules and
constitute a vital class of complex anions.2-6 But there has been
relatively very little experimental and theoretical effort to
elucidate their stability and solvation at a molecular level.7-9,43-46

Photoelectron spectroscopy (PES) is a powerful technique
to probe the energetics and dynamics of solvated anions. We
have recently developed an experimental technique to probe
gaseous MCAs using PES and an electrospray ionization (ESI)
source.6,47 The ESI technique is not only ideal to generate
gaseous MCAs from solution samples,48,49but is also uniquely
suitable for producing solvated MCAs,7-9,43 in particular, for
those MCAs that are not stable as isolated species. We have
been interested in the issue of how MCAs are stabilized in the
gas-phase either by counterions50 or by solvation7 and have
mainly focused on the SO42- dianion,8,9,51,52arguably one of
the most common inorganic MCAs. We were able to produce
hydrated sulfate clusters for a broad size range and investigated
them carefully using PES. A brief account on our investigation
of the stability, structures and energetics of small hydrated
sulfate dianion clusters, SO4

2-(H2O)n (n ) 3-13), have been
reported.8 We showed definitively that SO42- requires at least
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three waters in the gas phase to be stabilized. We have recently
reported observation of the transition from molecular behavior
to bulklike features for large hydrated clusters involving both
sulfate and oxalate (C2O4

2-).9

In the current paper, we report the details of our experiment
and provide a full account of our investigation of the hydrated
sulfate clusters, SO42-(H2O)n (n ) 4-40), at four photon
energies: 355, 266, 193, and 157 nm. The photon energy
dependent studies allowed us to probe the repulsive Coulomb
barrier (RCB), one of the most important characteristics of
MCAs.6,53-56 We observed that the RCB, which cut off high
binding energy features in PES spectra, decreased asn increased.
We also calculated the RCB in the hydrated sulfate clusters using
a simple electrostatic model and observed good agreement with
the experimentally obtained RCB as a function of cluster size.
We showed that the SO42- dianion is solvated in the center of
the hydrated clusters. PES features were dominated by photo-
emission from the solute dianion chromophore in the small
clusters. As the solvent number increased, we observed that PES
features from the solute diminished as a result of increased
solvent coverage and additional features from ionization of the
solvent emerged. The RCB for the ionization of water was found
to be consistently smaller than that of the solute, which is the
charge carrier. The smaller RCB for the solvent ionization
channel, along with the solvent trapping of photoelectrons from
the centrally located solute, was attributed to the observed
disappearance of solute PES features and the dominance of
photoemission from the solvent in the large clusters.

2. Experimental Method

The experiment was carried out with a PES apparatus
equipped with a magnetic-bottle time-of-flight photoelectron
analyzer and an ESI source. Details of the experimental method
have been given elsewhere.47 Briefly, the SO4

2-(H2O)n clusters
were produced from electrospray of a 10-3 M tetra-butylam-
monium sulfate solution in a water/acetonitrile (15/85 volume
ratio) mixed solvent at neutral pH. Anions produced from the
ESI source were accumulated in an ion-trap for 0.1 s before
being analyzed by a time-of-flight mass spectrometer. Optimal
humidity and careful control of collision-induced dissociation
in the ESI source were critical for producing the hydrated sulfate
clusters.

During the PES experiment, a cluster of interest was selected
and decelerated before being intercepted by a probe laser beam
in the photodetachment zone of the magnetic-bottle photoelec-
tron analyzer. As we have shown previously,6,54-56 various
photon energies are critical in PES of MCAs due to the RCB.
In the current study, we employed four detachment photon
energies, 157 nm (7.866 eV) and 193 nm (6.424 eV) from an
excimer laser, and 266 nm (4.661 eV) and 355 nm (3.496 eV)
from a Nd:YAG laser. All experiments were performed at 20
Hz repetition rate with the ion beam off at alternating laser shots
for background subtraction, which was critical for high photon
energy experiments (>4.661 eV) due to severe background
noises. Photoelectrons were collected at nearly 100% efficiency
by the magnetic-bottle and analyzed in a 4-meter long electron
flight tube. Photoelectron time-of-flight spectra were collected
and then converted to kinetic energy spectra, calibrated by the
known spectra of I- and O-. The electron binding energy spectra
presented here were obtained by subtracting the kinetic energy
spectra from the detachment photon energies. The resolution
of our apparatus was about 2%(∆E/E), i.e., about 20 meV for
1 eV electrons at full anion deceleration.47

3. Results

3.1. Mass Spectra.Typical mass spectra of SO4
2-(H2O)n

from our ESI source are shown in Figure 1. Due to the mass
bias of our mass spectrometer, we can only optimize the mass
signals for a limited mass range. Figure 1 shows four separately
optimized mass spectra, covering the full mass range of interest
currently. Hydrated sulfate dianion clusters with up to 60 water
molecules were readily produced. In general, we observed
monotonically decreasing mass intensities asn increased in the
large cluster size range. SO4

2-(H2O)36 appeared to be an
exception (Figure 1d) and its intensity seemed to be higher than
its neighbors. This may suggest a particularly stable solvation
structure for then ) 36 cluster. However, as will be seen below,
its PES spectrum is not unusual relative to that of its neighbors.
The smallest cluster that we were able to observe is SO4

2-(H2O)3
(Figure 1a), though the intensity of this cluster was very weak
and extremely sensitive to source conditions. We never detected
any smaller clusters withn < 3. The dominant mass peak was
HSO4

- (out of scale in Figure 1a). Interestingly, we also
observed SO4-, which should come from autodetachment of
SO4

2- in the source. The mass spectra suggested that SO4
2-

needed at least three H2O molecules to be stabilized in the gas
phase, which was supported and confirmed by our PES results
and theoretical calculations previously.8

3.2. PES at 355 nm.As we showed previously,8 it was
difficult to obtain the PES spectrum of SO4

2-(H2O)3 due to its
extremely weak mass signal even though it is an electronically
stable dianion. Thus, the smallest cluster that we were able to
obtain good quality data was then ) 4 species. Figure 2 shows
the PES spectra of SO42-(H2O)n that we obtained at 355 nm.
Despite the low electron binding energies of the small clusters,
we were only able to observe PES features for then ) 4 and
5 species because of the RCB. As we will show later, the 355
nm photon energy was likely below the RCB even for then )
4 and 5 species and the relatively weak PES signals observed
were actually due to electron tunneling.56

3.3. PES at 266 nm.The PES spectra at 266 nm are given
in Figure 3. At this photon energy, we were able to obtain PES
signals up ton ) 8. The signals for the spectrum of SO4

2-(H2O)8
were very weak and they were in fact due to electron tunneling.
In all the 266 spectra, only one PES band was observed and its
binding energy systematically increased withn.

3.4. PES at 193 nm.The 193 nm spectra are shown in Figure
4. We reported the 193-nm data forn ) 4-10 previously.8 In
the current study, we were able to obtain 193-nm spectra forn
up to 18. Two additional high binding energy features were
revealed at this photon energy, following a large energy gap.
Throughout this size range, the PES spectra remain similar and
their binding energies shift gradually to the higher side with
each addition of a solvent molecule. The highest binding energy
feature was very broad and was cut off by the RCB starting in
the spectrum of SO42-(H2O)8. Starting fromn ) 10, the second
band was also cut off by the RCB and it completely disappeared
beyond the spectra ofn ) 14. Finally, the PES signals began
to decrease even for the first band for the large clusters and no
signals could be observed beyondn ) 18 at 193 nm.

3.5. PES at 157 nm.The most complete data set was obtained
at 157 nm. The PES spectra at this photon energy are shown in
Figure 5 fromn ) 4-40. In the smaller size range, the 157 nm
spectra are similar to those at 193 nm without any new spectral
features. However, as the solvent number increased aboven ≈
12, three gradual changes were observed in the 157-nm spectra.
First, the relative intensity of the low binding energy feature
from SO4

2- seemed to decrease and almost disappeared in the
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large clusters (n ) 30). Second, a very intense peak emerged
at the high binding energy side, whereas no such bands were
observed in the 193-nm spectra. Third, aboven ≈ 12, the gap
between the first two bands became smaller, whereas it remained
constant in the small clusters.

3.6. Adiabatic Detachment Energies (ADEs).The electronic
stability of SO4

2-(H2O)n, measured from the ADE of the lowest
binding energy bands, increases steadily with the number of
water, from∼0.4 eV (n ) 3) to ∼5.7 eV (n ) 40). The ADE

Figure 2. Photoelectron spectra of SO4
2-(H2O)n (n ) 4 and 5) at 355

nm (3.496 eV).

Figure 3. Photoelectron spectra of SO4
2-(H2O)n (n ) 4-8) at 266

nm (4.661 eV).

Figure 1. Typical mass spectra of SO4
2-(H2O)n using electrospray of a tetra-butylammonium sulfate solution and optimized for different cluster

size ranges. (a)n ) 3-16, (b)n ) 12-20, (c)n ) 20-31, and (d)n ) 31-41. Note the general monotonic decrease of ion intensity as a function
of size and the intense peak ofn ) 36.

Photodetachment of Doubly Charged Anions J. Phys. Chem. A, Vol. 106, No. 33, 20027609



for the smallest stable cluster, SO4
2-(H2O)3, was estimated from

a very weak detachment band obtained at 355 nm, as reported
previously.8 The broadness of the first feature made it difficult
to determine the ADEs accurately, particularly for the large
clusters ofn > 30, where the first PES feature almost completely
disappeared. The ADEs were estimated by drawing a straight
line at the leading edge of the relevant photodetachment band
and adding the instrumental resolution to the intersection with
the binding energy axis. This procedure, though rather ap-
proximate, yielded relatively accurate and consistent ADEs for
the smaller clusters, where the first PES band was well resolved.
However, for larger clusters beyondn ) 30, the uncertainties
of the obtained ADEs were relatively large because of the very
weak PES band. The obtained ADEs were given in Table 1
and plotted in Figure 6 as a function ofn.

4. Discussion

4.1. Nature of the PES Features of SO42-(H2O)n: Com-
parison to Na+(SO4

2-). The spectral shift of SO42-(H2O)n as
a function of solvent number is rather rigid, i.e., all the spectra
of the small clusters are very similar. Interestingly, the PES
features of SO42-(H2O)n are nearly identical to those of
Na+(SO4

2-),50 indicating that the SO42- dianion is responsible
for the PES features and that it remained intact in the solvated
clusters.

Figure 7 compares the 157-nm spectra of SO4
2-(H2O)n (n )

4 to 6) and Na+(SO4
2-). The spectrum of the latter is well

understood.50 The lowest binding energy peak (X′) at∼2 eV in
the spectrum of Na+(SO4

2-) (Figure 7d) was due to the ion-
pair dimer dianion, [Na+(SO4

2-)]2, which has identicalm/z as

the monomer, Na+(SO4
2-). The intensity of the dimer and,

hence, the intensity of theX′ peak could be minimized by
changing the ESI source conditions, but could not be completely
eliminated. We have previously shown that the second band of
the [Na+(SO4

2-)]2 dimer had about the same binding energy as
the first band of the monomer.50 Therefore, the intensity of the
first band of Na+(SO4

2-) (theX feature in Figure 7d) contained
contributions from the second band of the dimer. As we showed
previously, the three detachment features of the ion-pair can be
understood by considering the valence molecular orbitals (MOs)
of Td SO4

2-. The highest occupied MO (HOMO) of SO4
2- is

the triplet degeneratet1 orbital and the MO below the HOMO
(HOMO-1) is another triplet degenerate MO,t2.51 Electron
detachments from these two MOs are responsible for the
observed PES features of Na+(SO4

2-). Under the reduced
symmetry (C3V) of Na+(SO4

2-), the two degenerate MOs of
SO4

2- will be split. However, the splitting of thet1 HOMO is
too small to be resolved and it corresponds to theX band in the
PES spectrum. The splitting of thet2 MO is large enough,
resulting in theA and B bands in the PES spectrum (Figure
7d).50

The PES features of the SO4
2-(H2O)n solvated species can

be interpreted similarly.8 The spectra of the solvated species
are slightly broader, probably due to the reduced symmetry and
the cluster temperatures. But the observed features and their
relative positions are identical. The separation between theX
andA bands is 2 eV and it remains the same in the spectra of
the smaller solvated clusters independent of the solvent number.
The relatively high intensity of theX band in the spectrum of
the ion-pair was due to the contributions from the dimer, as

Figure 4. Photoelectron spectra of SO4
2-(H2O)n (n ) 4-18) at 193

nm (6.424 eV). Figure 5. Photoelectron spectra of SO4
2-(H2O)n (n ) 4-40) at 157

nm (7.866 eV).
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mentioned above. However, theB band of the solvated clusters
appeared to be quite different. It was much broader and had
much higher intensity, which appeared to increase in the large
clusters. As we will discuss below, theB feature of SO42-(H2O)n
(n ) 4 to 6) contained considerable contributions from ionization
of the solvent water molecules, which would eventually
dominate the PES spectra of the large systems.

4.2. Spectral Evolution with Size and the Centrally
Solvated SO4

2- Dianion. The most surprising observation is
the apparently gradual decrease of the first PES band of the
SO4

2- features and the increase of the second band with
increasing solvation in the 157-nm spectra (Figure 5). The ratio
of the first to the second band, measured from the 157-nm
spectra, began to decrease significantly fromn ) 13, as shown
in Figure 8. In fact, we noted that the photoelectron yield or
detachment cross section in the 193 nm spectra, also plotted in
Figure 8, also decrease fromn ) 13, when normalized to the
ion intensity and photon flux. More surprisingly, the SO4

2-

features almost completely disappeared and the high binding
energy peak became the dominant feature in the spectra of the
large clusters (n > 30).

The PES spectra presented in Figures 2-5 represent transi-
tions from the doubly charged solvated clusters to singly charged
species. The spectral changes observed in the large solvated

clusters were not anticipated because, as the solvent number
increased, the solutes were expected to remain intact. In
particular, the loss of the solute PES features in the large clusters
was a total surprise. Chemical changes, such as intra-cluster
proton transfer, could be ruled out because the large solvated
clusters represented more “diluted solutions,” and the chemical
equilibrium should favor the intact dianions as solvent number
increased. In the only previous PES studies of large hydrated
anions, i.e., I-(H2O)n, PES features from the solute I- were
observed forn as large as 60.32 PES of the hydrated electron
also showed strong emission for up to 69 water molecules.57

Interestingly, the I- anion has since been known to be on the
surface of the water clusters.36,38,39 The disappearance of the
solute signals in the large SO4

2-(H2O)n clusters suggested that
the SO4

2- dianion might be solvated in the center of the water
clusters such that photoelectrons from the centrally located solute
might not readily escape the increasing solvent layers. This
difference between SO42- and I- could arise from the stronger
charge-dipole interactions between the dianion and the water
compared to the single diffuse charge of I-. Previous ab initio
calculations for up to six waters showed that indeed the water
molecules tend to solvate symmetrically around SO4

2-.8

This interpretation is supported by a previous PES study at
21.2 eV of a highly concentrated aqueous solution of CsF.58 In
this experiment, PES from F- were significantly reduced by a
one-layer water solvation shell on F- at the solution-vacuum
interface.59 Furthermore, a small mixture of CsI into the CsF
solution showed that PES features from I- were actually
enhanced because I- was more surface-active. These observa-
tions in the bulk electrolyte solutions were consistent with the
observations in the gas-phase solvated clusters, where I- is

TABLE 1: Adiabatic Electron Detachment Energies (ADE)
of SO4

2- and Threshold Ionization Potentials (IP) of Water
in Hydrated SO4

2-(H2O)n Clusters (n ) 3-40)a

n ADE (eV) IP(eV)

3 0.4( 0.1
4 0.92( 0.08
5 1.36( 0.08
6 1.71( 0.08
7 2.08( 0.08
8 2.38( 0.08
9 2.68( 0.08

10 2.96( 0.08
11 3.16( 0.08
12 3.34( 0.08
13 3.51( 0.08
14 3.66( 0.08 5.44( 0.10
15 3.84( 0.08 5.53( 0.10
16 3.96( 0.08 5.63( 0.10
17 4.07( 0.10 5.73( 0.10
18 4.22( 0.10 5.82( 0.10
19 4.35( 0.10 5.89( 0.10
20 4.43( 0.10 5.97( 0.10
21 4.64( 0.10 6.03( 0.10
22 4.70( 0.10 6.08( 0.10
23 4.76( 0.10 6.15( 0.10
24 4.97( 0.10 6.21( 0.10
25 5.11( 0.10 6.25( 0.10
26 5.19( 0.10 6.26( 0.10
27 5.15( 0.10 6.32( 0.10
28 5.20( 0.10 6.28( 0.10
29 5.22( 0.10 6.37( 0.10
30 5.22( 0.15 6.40( 0.10
31 5.32( 0.15 6.42( 0.10
32 5.42( 0.15 6.47( 0.10
33 5.43( 0.15 6.51( 0.10
34 5.48( 0.15 6.50( 0.10
35 5.65( 0.15 6.51( 0.10
36 5.66( 0.15 6.58( 0.10
37 5.60( 0.15 6.61( 0.10
38 5.70( 0.15 6.59( 0.10
39 5.73( 0.15 6.60( 0.10
40 5.73( 0.15 6.61( 0.10

a The ADEs forn ) 3-5 were measured from the 355 nm spectra,
those forn ) 6-8 from the 266 nm spectra, and those forn ) 9-18
from the 193 nm spectra. The ADEs forn >18 and all IP data were
from the 157 nm spectra.

Figure 6. (a) Adiabatic detachment energies (ADE) of SO4
2- (solid

squares) and ionization thresholds of H2O (open squares) in SO4
2-(H2O)n

as a function of solvent number (n). (b) ADE of SO4
2- (solid squares)

and ionization thresholds of H2O (open squares) in SO42-(H2O)n as a
function of (n+4)-1/3 (proportional to 1/cluster-radius).
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known to be solvated on the outside of the water clusters36,38,39

and F- on the inside due to its strong charge-dipole interactions
with water.34,39

4.3. Spectral Evolution with Size and the Appearance of
Ionization Feature from the Solvent.As pointed out earlier,
the spectral shift in the small SO4

2-(H2O)n clusters are rigid,
because the SO42- dianion remains intact and the same in each
cluster. However, forn > 13, the first band clearly began to
decrease. At the same time, the separation between the first two
bands also appeared to become smaller. If we assume that the
SO4

2- features were to remain the same in all clusters, the above
observations suggested that there might be a new feature
growing in as a function of cluster size and contributing to the

second band of the SO42- PES features. Eventually, this new
feature became the dominant one in the PES spectra of the large
clusters, as the SO42- signals began to diminish.

What is the nature of this high binding energy feature?
Inelastic scatterings60 of photoelectrons from the centrally
solvated SO42- by the water layer can be ruled out as the major
contributor for two reasons. First, this new feature is too intense
and the signals seemed to increase with the number of solvent
molecules, despite the fact that the mass signals of the large
clusters gradually decreased. Second, this band did not exist in
the 193-nm spectra (Figure 4). If it were due to inelastic
scatterings, it would be expected to exist in the 193-nm spectra
for n > 13. Therefore, the high binding energy feature must be
due to a new detachment channel that gained cross section with
cluster size and cannot be accessed at 193 nm. This new
detachment channel was attributed to ionization of water. The
ionization potential of water clusters should be between that of
gaseous water molecules at 12.6 eV and that of liquid water at
10.06 eV.61 Because our solvated clusters were negatively
charged, the ionization potentials of water should be lowered.
In fact, we recently observed that the ionization potential of a
water molecule was reduced from 12.6 eV to about 6.1 eV in
the F-H2O complex, because of the strong Coulomb repulsion
experienced by the valence electrons in H2O from F-.62

In fact, we suspected that theB band in the PES spectra of
the smaller SO42-(H2O)n clusters, which was broad and intense
when compared to the corresponding feature in the spectrum
of Na+(SO4

2-) (Figure 7), already contained contributions from
the ionization of water. This was confirmed by preliminary MO
calculations,63 which showed that for SO42-(H2O)4 the MOs
derived from waters closely followed thet2 MOs of the SO4

2-.
Because of the overlap between the solvent ionization feature
and those due to the solute, we could not definitively determine
the solvent ionization potentials in the smaller clusters. However,
as the cluster size increased, the cross section of the solvent
ionization increased. And at the same time, its relative ionization
potential decreased, such that it began to overlap with theA
band of the solute features. We suspected that the relative
intensity change between the first two solute bands starting
aroundn ) 13 was due to contributions of the water ionization
feature to the second solute band. Furthermore, the closing
separation between the first and second bands starting in the
same size range suggested that the binding energy for the
ionization of water was actually smaller than that of the second
solute band. Therefore, the threshold of the second band at large
n actually represented the ionization threshold of water forn >
13. Our estimated solvent ionization thresholds, determined from
the second PES band, are also given in Table 1 and plotted in
Figure 6 as a function of solvent number.

Previous theoretical considerations of ion solvation in finite
clusters suggested that the ionization energies of a solvated anion
should be scaled to 1/R linearly,64,65 whereR is the radius of
the solvated clusters and is proportional to the solvent number
as (n + δ)-1/3 (δ is the equivalent solvent number for the solute
and accounts for the contribution of the solute to the cluster
volume66). For example, in I-(H2O)n, δ has been taken to be 2
for I-.32 We estimated thatδ is 4 for SO4

2-. In Figure 6, we
also plotted the ionization thresholds for the solutes and solvent
as a function of (n+δ)-1/3. The ionization thresholds for the
solutes as well as that for water were indeed linearly dependent
on (n + δ)-1/3. Importantly, the ionization energies for water
extrapolated to 10.05 eV, for infinitiven, and are consistent
with the threshold ionization energy of bulk water at 10.06 eV.61

This observation lent considerable credence for the assignment

Figure 7. Comparison of the 157-nm spectra of SO4
2-(H2O)n (n )

4-6) to that of Na+(SO4
2-).

Figure 8. Ratio of the relative intensities of the first to the second
PES band at 157 nm (solid circles) and the normalized relative intensity
of the first PES band at 193 nm (open squares) as a function of number
of water.
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of the high binding energy feature to ionization of water in the
solvated systems. The ionization energies of the solute extrapo-
lated to a very large value, 12.3 eV for SO4

2-(H2O)n for
infinitely large clusters. In bulk aqueous solutions, the threshold
ionization energy of SO42- was measured to be 8.65 eV.61 We
attributed this discrepancy to the fact that the bulk value was
measured over the surface of aqueous solutions at relatively
high solute concentrations, whereas our extrapolations cor-
responded to a hypothetical situation in which a single solute
is solvated in the center of an infinitely large water cluster (i.e.,
an infinitely dilute solution).

4.4. Photon Energy Dependent Studies and the Repulsive
Coulomb Barriers (RCBs). One unique property of MCAs is
the existence of the intramolecular Coulomb repulsion between
the excess charges. When an electron is removed from an MCA
(ABn-), the two photoproducts (AB(n-1)- + e-) are both
negatively charged. The superposition of the long-range Cou-
lomb repulsion between the outgoing electron and the remaining
anion and the short-range electron binding produces an effective
potential barrier for the outgoing electron.6,53-56 If the detach-
ment photon energy is below the top of the RCB, no electron
detachment will occur even if the photon energy is above the
asymptotic electron binding energy. In this case, detachment
can only take place through electron tunneling, which depends
exponentially on the distance between the photon energy and
the RCB top and become negligible if the photon energy is far
below the barrier top. When the photon energy is around the
RCB top, the detachment signal may be reduced. In the
tunneling regime, the appearance of the PES peak tends to shift
to the lower binding energy side, due to a convolution of
Franck-Condon factors and tunneling probabilities,56 which
depend on the electron kinetic energies exponentially. The
intramolecular Coulomb repulsion and the resulting RCB have

profound effects on the chemical and physical properties of
MCAs. We have shown that the Coulomb repulsion is equal in
magnitude to the RCB if the detached electron corresponds to
the negative charge carrier or is localized on the charge carrier
group.55,67 In general, the RCB decreases with increasing
physical sizes for MCAs.

We have measured photon-energy-dependent PES spectra of
SO4

2-(H2O)n for n ) 4-18. For SO4
2-(H2O)4 and SO4

2-(H2O)5,
we were able to obtain their PES spectra at all four photon
energies, as compared in Figures 9 and 10, respectively. There
were no detectable electron signals at 355 nm forn > 6. At
266 nm, we were only able to obtain data for up ton ) 8 (Figure
3) and at 193 nm for up ton ) 18 (Figure 4). We can estimate
the magnitudes of the RCB from these photon-energy-dependent
data. Here, we use the spectra of SO4

2-(H2O)4 as an example
(Figure 9). Note that vertical detachment energies (VDEs) are
used in estimating the RCB. The disappearance of featureA in
the 266-nm spectrum indicates that the 266-nm photon energy
lies below the top of the RCB corresponding to this channel.
Thus, the RCB has to be larger than 1.2 eV (hυ - VDE of the
A state, i.e., 4.6-3.4). The strongX peak (VDE) 1.4 eV) in
the 266-nm spectrum implies that the 266-nm photon energy is
above the RCB of theX state. Thus, the RCB should be smaller
than 3.2 eV (4.6- 1.4 eV). At 355 nm, only the first feature
(X) was observed, but it appeared to be shifted to the low binding
energy side. The shift was due to the electron tunneling effect,56

indicating that the 355 nm photon energy was below the RCB
of the X state. This suggested that the RCB should be larger
than 2.1 eV (3.5 eV- 1.4 eV). So we obtained the RCB to be
in the range of 2.1 to 3.2 eV for SO42-(H2O)4. Similarly, we
estimated the RCB for SO42-(H2O)5 from the photon-energy-
dependent PES spectra in Figure 10 to be in the range of 1.7 to
2.8 eV. We were able to obtain upper and lower bounds for the
RCB for detaching an electron from SO4

2- in SO4
2-(H2O)n for

Figure 9. Photoelectron spectra of SO4
2-(H2O)4 at (a) 355, (b) 266,

(c) 193, and (d) 157 nm.

Figure 10. Photoelectron spectra of SO4
2-(H2O)5 at (a) 355, (b) 266,

(c) 193, and (d) 157 nm.
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n up to 18. These data (upper and lower bounds) were plotted
in Figure 11 as open circles and open squares. For SO4

2-(H2O)6,
its first PES band at 266 nm (Figure 3) was observed to be
strong, but slightly shifted to the lower binding energy side
relative to that in the 193-nm spectrum, suggesting that the 266-
nm photon energy was around the RCB top of theX band. Thus,
we obtained the most probable RCB to be∼2.4 eV [(4.6- 2.2
eV (the VDE of theX band)]. In such cases when the photon
energy happened to be near a barrier top, the most probable
RCB so obtained is more accurate than the bracketing procedure
can yield. These most probable RCBs obtained for certain cluster
sizes of SO42-(H2O)n are plotted in Figure 11 as solid squares.

The estimated RCBs for the solvated SO4
2- dianions decrease

with increasing solvent numbers from∼2.8 eV for n ) 4 to
∼1.7 eV for n ) 18. These results indicate that the intramo-
lecular Coulomb repulsion within the solvated SO4

2- clusters
decrease as a function of cluster size and represent a dramatic
reduction compared to that of bare SO4

2-, which is so high as
to rendering it electronically unstable.51 The S-O bond length
in bare SO4

2- was calculated to be 1.52 Å,8 which is very close
to the corresponding values of 1.47-1.50 Å in various crystals,
1.50 Å in molten salts and solutions.51 If we use a point charge
model and assume that the charges were localized on two O
atoms, we would evaluate a Coulomb repulsion of∼5.8 eV in
isolated SO42- using an O-O distance of 2.5 Å, which is
consistent with a recent resonance structure calculation.52 Such
a large intramolecular Coulomb repulsion makes SO4

2- ex-
tremely unstable as an isolated dianion against spontaneous
electron emission. In the solvated clusters, two factors contribute

to the stabilization of the dianion or the reduction of the
Coulomb repulsion: the strong H-bonds formed between the
dianion and H2O and the dielectric shielding effect of the
solvent.

4.5. Electrostatic Model of the RCB. The RCB can be
alternatively viewed as the potential barrier between an incoming
electron and the singly charged SO4

- solvated in the center of
a water cluster, which can be simply modeled as a water droplet
doped by a SO4- sphere, as shown schematically in Figure 12.
The potential energy of interaction between an electron and a
charged sphere (radiusR1) imbedded in a dielectric sphere (with
radiumR2, dielectric constantε) (Figure 12) is largely governed
by the long-range Coulomb repulsion and the polarization,68 as

whereA ) (14.4/2)R in (eVÅ4), B ) 14.4 in eVÅ, R is the
polarizability (Å3), andR is the distance between the center of
mass of the charged ball and the approaching electron (because
the R > R2, there is noε term).

The critical distanceRc, i.e., theR value corresponding to
the top of the RCB, is derived from the zero derivative ofW
with respect toR, ∂W/∂R ) 0

which yields

SubstituteRc into eq 1, we obtain

The explicit expression ofA or R in term of RCB is

For n ) 6, we know RCB) 2.4 eV, which yieldsR ) 45.56.
If we assumeR is linearly proportional to the number of water
molecules,R ) k‚n, wheren is the number of solvent water,
we obtaink ) 7.59, andA ) 7.2R ) 7.2‚k‚n ) 54.648‚n using
the RCB forn ) 6. Thus, we have

Figure 11. (a) Experimentally estimated RCBs for detachment from
SO4

2- (open circlessupper bounds, open squaresslower bounds, solid
squaressmost probable values obtained when photon energies were
near RCB tops. See Text.) and for ionization of water (open triangles)
as a function of solvent number (n). The solid curve is from a model
calculation of the RCB for electron detachment from SO4

2- (See Figure
12). (b) Calculated RCBs as a function of separation between the
outgoing electron and the remaining singly charged SO4

-(H2O)n anion
for n ) 4, 10, 20, and 50. The well depths correspond to the ADE of
each cluster (Table 1).

Figure 12. Electrostatic model used to calculate the RCB for detaching
an electron from SO42- in SO4

2-(H2O)n. The SO4
-(H2O)n solvated

clusters were modeled as a charged sphere (radiusR1) imbedded in a
dielectric sphere (with radiumR2, dielectric constantε).
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The calculated RCBs as a function ofn and R for different
clusters according to eqs 7-9 were plotted in Figure 11. The
agreement between the model and the experimentally determined
RCBs is excellent, indicating that the simple model provides a
reasonable description of the RCB and interactions between the
departing electron and the remaining anion.

4.6. RCB for the Solvent Ionization Channel.The RCB in
MCAs is created by the superimposition of the short-range
electron binding and the long-range Coulomb repulsion between
the outgoing electron and the remaining negatively charged
particle with one less electron. The charge distribution on the
remaining particle is expected to influence the barrier height.67,69

Detachment of one electron from the SO4
2- solute results in a

singly charged SO4- solvated by neutral water molecules,
whereas ionization of the solvent leaves the SO4

2- dianion intact
with a positive hole on the solvent layer. Therefore, the RCB
corresponding to detachment of an electron from the SO4

2-

solute or from ionization of water is expected to be different.
As we have shown previously, the high binding energy feature

of the 157-nm spectra (Figure 5) was dominated by the
ionization of water. More PES features were expected at even
higher binding energies to be derived from water. But they were
cut off by the RCB. Therefore, the RCB for the water
detachment channel could be approximately estimated from the
cutoff at the high binding energy side. The RCB so obtained
for the water ionization channel is also plotted in Figure 11 as
open triangles. Indeed, we observed that the RCB for detachment
from SO4

2- is consistently higher than the RCB for the water
ionization channel. The smaller RCB of the water ionization
channel and the relatively weak dependence of the water
ionization threshold on cluster size (as seen from the smaller
slope in Figure 6b) were responsible for the dominant water
photoemission signals observed in the 157-nm spectra of the
large clusters.

5. Conclusions

We report an extensive photoelectron spectroscopic study of
the hydrated sulfate dianions, SO4

2-(H2O)n (n ) 4-40), at four
photon energies, 355, 266, 193, and 157 nm. Lower photon
energies only allowed smaller clusters to be studied, and only
the 157 nm photon allowed the full cluster size range to be
studied. PES spectra of the small clusters were similar and
dominated by emission features from the solute dianion via
comparison with PES spectra of an ion-pair, Na+(SO4

2-). As
the cluster size increased beyondn ≈ 13, we observed that the
solute PES features began to decrease and a new feature due to
ionization of the solvent emerged. For large clusters withn >
30, the solute features almost completely disappeared. The
photon energy dependent spectra allowed us to estimate the
repulsive Coulomb barrier, or the intramolecular Coulomb
repulsion with the solvated doubly charged anions. We observed
that the RCB is significantly reduced in the solvated clusters
relative to the bare SO42- and it decreases as more solvent is
added. A simple electrostatic model was used to evaluate the
RCB and excellent agreement was observed with the experi-

mentally derived RCB. The RCB for the solvent ionization
channel, estimated from the spectral cutoff, was found to be
smaller than the RCB for detachment from the solute SO4

2-.
The bulk ionization potentials of water and aqueous SO4

2- were
determined from the extrapolation of the cluster data to be 10.05
and 12.3 eV, respectively.
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