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Despite its ubiquity in nature, SO4
22 as an isolated dianion has never been detected because of its

electronic instability as a result of the two negative charges. This study shows how the first few
waters solvate and stabilize an isolated SO4

22, molecule-by-molecule, using photodetachment
spectroscopy and theoretical calculations. We find that the minimum number of water required to
stabilize a free SO4

22 is three. The first four waters bind tightly to SO4
22, each forming two H-bonds

with SO4
22 without inter-water H-bonding. The charges of the dianion are stabilized sufficiently that

additional waters form only single H-bonds with SO4
22 and that inter-water H-bonding is observed

starting atn55. © 2000 American Institute of Physics.@S0021-9606~00!01748-7#
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Sulfate (SO4
22) is an important inorganic dianion com

monly found in solutions, solids, atmospheric aerosols,1 or in
extraterrestrial bodies.2 Due to its ubiquity in nature, the ex
istence of SO4

22 as a chemical structural unit has been tak
for granted. However, claims of experimental observation
SO4

22 in the gas phase have long been controversial. A d
nite answer has been reached only theoretically—becaus
the strong Coulomb repulsion between the two excess e
trons, a free SO4

22 was found to be unstable by;1.6 eV with
respect to autodetachment~to SO4

21e2).3 On the other
hand, SO4

22 is stabilized through solvation in solution an
counterions in solids. Indeed, only solvated SO4

22 has been
observed as a gaseous species.4 An interesting question con
cerns how an isolated SO4

22 is solvated and stabilized. An
swers to this question will provide molecular-level inform
tion about the solvation of a complex dianion, as well as h
understand its properties in electrolyte solutions, on surfa
and at interfaces. In this communication, we report the fi
spectroscopic characterization of water-solvated SO4

22 and
determine its electronic stability and the nature of the s
vated complexes, using photodetachment spectroscopy
theoretical calculations.

Gas-phase cluster spectroscopy combined with theo
cal calculations has become a powerful means of obtain
atomic-level information about ion solvation and structu
metastability.5 Solvated halide anions have attracted parti
lar attention.6–10 Beyond the halide anions, the most comp
cated hydrated anions that have been experimentally cha
terized are diatomic species, CN2 and O2
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processes such as the ‘‘cage’’ effect and cluster relaxa
have been revealed using ultrafast spectroscopy.13,14 Investi-
gation of hydrated sulfate clusters is challenging experim
tally. The most common means of generating solvated
ions, i.e., electron attachment in a supersonic free jet, can
generate SO4

22~H2O!n clusters, even though it is successful
making singly charged solvated anions.6–14 This is because:
~1! isolated SO4

22 is electronically unstable by 1.6 eV again
autodetachment~to SO4

221e2)3 and ~2! the dianion nature
of the clusters would require successive electron attachm
which is difficult due to the strong Coulomb repulsion b
tween the second attaching electron and a singly char
anion. The electrospray ionization technique15 has been
shown to be a powerful soft ionization technique to transp
ionic species from the solution to the gas phase. It can p
duce not only gaseous multiply-charged anions, but also
vated species.4 We have recently developed an experimen
technique, using electrospray and photodetachment ph
electron spectroscopy,16 to investigate the properties of fre
multiply charged anions,17–20 as well as solution phas
chemistry in the gas phase.20,21 This technique is uniquely
and ideally suitable to probe the electronic stability and m
crosolvation of SO4

22.
In our mass spectra of SO4

22~H2O!n clusters measured
using an ion-trap time-of-flight technique,16,22 the smallest
cluster observed wasn53. We could not detect any cluster
with one or two H2O, consistent with a previous experimen
in which the smallest cluster observed wasn54.4 The mass
spectrum indicated that SO4

22 needs at least three H2O to be
stabilized. This was quantified in the photodetachment
periments and confirmed by our theoretical calculations. F
ure 1 displays a set of photoelectron spectra for SO4

22~H2O!n

il:
7 © 2000 American Institute of Physics

to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.
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(n54 – 10), taken at a 6.424 eV~193 nm! photon energy.22

The spectra forn54 – 8 were also taken at several oth
photon energies~355, 266, and 157 nm!. Due to the ex-
tremely weak mass signal for SO4

22~H2O!3, we were only
able to measure its spectrum at 266 nm with very low co
rates. We obtained photoelectron spectra forn up to 13, but
the signal-to-noise ratios became poor at largen, due to the
decreasing mass signals. Several observations can be
from the data. First, the electron binding energy@Table I and
Fig. 2~a!#, i.e., the electronic stability of SO4

22~H2O!n , in-
creases steadily, but not linearly with the number of wate
from ;0.4 eV(n53) to ;3.5 eV(n513). Second, the spec
tral shift as a function of solvent number is rather rigid, i.
all the spectra were very similar, exhibiting two strong fe
tures. Third, all the spectra seemed to be cut off at;5 eV,
due to the repulsive Coulomb barrier, which is universa
present in gaseous multiply charged anions.17–21In the spec-
tra of the larger clusters (n.7), the barrier appeared to cu
off the third band, which was observable in the spectra of
smaller clusters. Fourth, the spectra of SO4

22~H2O!n are all
similar to that of Na1@SO4

22#,21 suggesting that SO4
22 re-

mains intact in the hydrated clusters, i.e., there is no pro
transfer, SO4

22~H2O!n→HSO4
2
•~H2O!n21•OH2. This result

is consistent with the fact that HSO4
2 is a stronger acid

than H2O.
From the previously calculated electron binding ene

FIG. 1. Photoelectron spectra of SO4
22~H2O!n (n54 – 10) at 193 nm~6.424

eV! ~Ref. 22!. The 193 nm spectrum of Na1@SO4
22# is also shown for

comparison~Ref. 21!.
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of 21.6 eV for free SO4
22,3 our measured electron bindin

energy of 1.0 eV forn54 implies that the first four H2O
stabilize SO4

22 by ;2.6 eV, giving an average stabilizatio
of ;0.65 eV per H2O. The measured increase of electr
binding energy fromn53 to 4 is;0.6 eV, suggesting tha
each of the first four waters has approximately the same
bilizing effect on SO4

22. From the 0.4 eV binding energ
measured currently for SO4

22~H2O!3, we extrapolate that one
or two H2O are not sufficient to stabilize SO4

22, each is still
electronically unstable by roughly20.9 and20.2 eV, re-
spectively. The photodetachment results thus provide
most conclusive evidence thatthree is the minimum number
of H2O needed to stabilize a free SO4

22. The first four waters
seem to have the strongest stabilizing effect. As shown
Table I and Fig. 2~b!, the incremental stabilization drops t
;0.4 eV forn55 and 6. For the larger clusters, the stepw
stabilization becomes even smaller, decreasing smoot
;0.3 eV for n57 and 8;;0.25 eV for n59 and 10, and
;0.2 eV forn.10.

We further performed theoretical calculations23 to deter-
mine the minimum energy structures of SO4

22~H2O!n and to
obtain a more quantitative picture about how SO4

22 is sol-
vated by H2O. Figure 3 shows the lowest energy optimiz
structures for the hydrated clusters withn51 – 6. The calcu-
lated adiabatic~ADE! and vertical~VDE! electron binding
energies24 corresponding to these structures are in excell
agreement with the experimental data~Table I and Fig. 2!,
lending considerable credence for the validity of these str
tures. The theoretical results confirmed indeed SO4

22~H2O!
and SO4

22~H2O!2 are electronically unstable; the calculate
ADEs for them are20.91 and20.22 eV, respectively, in
excellent agreement with our extrapolated ADEs discus
above. The calculations further confirmed that SO4

22 exists as
a distinct structural unit with minimal perturbations in all th
solvated clusters; the S–O bond lengths and angles d
only slightly from the ideal tetrahedral structure~calculated
S–O bond lengths are 1.52 Å in isolated SO4

22). Consistent
with this interpretation, there is little delocalization of char
from the SO4 species to the surrounding waters; the calc
lated charge on SO4 ranges from21.92ueu with one water
bound, to21.90ueu in the complex with six waters.

A clear picture of stepwise solvation and stabilization
SO4

22 emerges from the structures shown in Fig. 3. The fi
water strongly binds to SO4

22 ~calculated binding energy
527.7 kcal/mol), forming two strong H-bonds. The secon
third, and fourth H2O also form two strong H-bonds eac
with SO4

22. Thus in SO4
22~H2O!4 each oxygen on SO4

22 is
bonded to two H2O, forming a symmetric solvated cluste
(C2v). The incremental binding energies for the seco
third, and fourth H2O are 26.4, 24.9, and 23.5 kcal/mol, r
spectively. We expected that the fifth H2O would continue
the same pattern and double H-bond to SO4

22. However, the
lowest energy structure~Fig. 3! instead contains a water–
water H-bond, with one of the waters forming only a sing
H-bond with SO4

22. The predicted binding energy of the fift
water is 22.4 kcal/mol. Finally, we similarly expected th
SO4

22~H2O!6 would be tetrahedral, with all six H2O double
H-bonded to SO4

22. However, the lowest energy structure
SO4

22~H2O!6 ~Fig. 3! has only three H2O double H-bonded to
to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.
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TABLE I. Experimental and theoretical adiabatic~ADE! and vertical~VDE! electron binding energies fo
SO4

22~H2O!n in eV.a

n

ADE DADEb VDE DVDEc

Expt. Theor. Expt. Theor. Expt. Theor. Expt. Theor

0 21.60d

1 20.91 0.69 20.38

2 20.22 0.69 0.30 0.68

3 0.460.2 0.32 0.54 0.860.2 0.85 0.55

4 1.0060.10 0.90 0.6060.05 0.58 1.3360.10 1.47 0.5360.10 0.62

5 1.3860.10 1.27 0.3860.05 0.37 1.8060.10 1.82 0.4760.10 0.35

6 1.7560.10 1.69 0.3760.05 0.42 2.1860.10 2.18 0.3860.10 0.36

7 2.1060.10 0.3560.05 2.5460.10 0.3660.10

8 2.4360.10 0.3360.05 2.8460.10 0.3060.10

9 2.6960.10 0.2660.05 3.0860.10 0.2460.10

10 2.9360.10 0.2460.05 3.3360.10 0.2560.10

11 3.1260.10 0.1960.05 3.6060.10 0.2760.10

12 3.3160.10 0.1960.05 3.8060.10 0.2060.10

13 3.4960.10 0.1860.05 4.0160.10 0.2160.10

aThe VDEs were measured from the peak maximum of the first photodetachment feature in each spectru
ADEs were estimated by drawing a straight line at the leading edge of the first photodetachment featu
then adding a constant to the intersect with the binding energy axis to take into account the resolution
thermal effect.

bADE(n) – ADE(n21).
cVDE(n) – VDE(n21).
dReference 3.
tor.

for
een

of
FIG. 2. Experimental and theoretical electron binding energies.~a! Experi-
mental adiabatic~solid circle! and vertical~open circle! binding energies of
SO4

22~H2O!n (n53 – 13), along with the calculated values forn51 – 6
~lines with open diamond!. ~b! The experimental~solid circle! and calcu-
lated ~open diamond! incremental increase of binding energies, ADE(n)
2ADE(n21), as a function of solvent number.
ec 2000  to 192.101.100.146.  Redistribution subject 
SO4
22. Interestingly, the remaining three H2O form a cyclic

H2O trimer, with each H2O donating one H to H2O and one
to SO4

22, and thus also acting as a single H-bond recep
The calculated binding energy for the sixth H2O is 21.8 kcal/
mol. The stepwise solvation mechanism observed here
free SO4

22 is interesting. We see a delicate balance betw
H2O– SO4

22 interactions and H2O–H2O interactions. When
the solvent number is between one to four H2O, the two

FIG. 3. Optimized structures for the lowest energy isomers
SO4

22~H2O!n (n51 – 6) at the B3LYP/TZVP1 level. The H-bond lengths
~Å! are indicated.
to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.
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negative charges on SO4
22 attract water strongly enough tha

two H-bonds are formed with each water. As the solv
number increases (n.4), the negative charges on SO4

22 are
sufficiently screened that single H-bonds, plus H2O–H2O in-
teractions, are favored. These hydrated clusters may pro
good model systems to elucidate the molecular mechan
of SO4

22 solvation in bulk solutions.25–27
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