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Fig. 4. Density profiles of three samples of 41K 
after 15 ms of expansion, showing the transition 
to BEC. (A) Thermal sample at T = 250 nK. (B) 
Mixed sample at T = 160 nK. (C) Almost pure 
condensate. The lines are the best fit with a 
Gaussian for the thermal component and with an 
inverted parabola for the condensate component. 

(27, 28), which may represent a new system 
for quantum computing (29). 

The possibility of sympathetic cooling to 
quantum degeneracy with a different species 
broadens the spectrum of coolable particles to 
include molecules as well (30). Because Rb is 
the workhorse for experiments on cold atoms, 
one could take advantage of recently demon- 
strated techniques for a simultaneous trapping 
of the partner species. For example, a BEC of 
"Rb has been produced in an optical dipole 
trap (31),which is an ideal tool to trap a large 
variety of atoms and molecules lacking a mag- 
netic moment in their ground state. Sympathetic 
cooling in this kind of trap would have reper- 
cussions for high-resolution spectroscopy and 
metrology (32), tests of fundamental theories 
(33),and ultracold chemistry. 
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Bulk-Like Features in the  
Photoemission Spectra of  
Hydrated Doubly Charged  

Anion Clusters  
Xue-Bin Wang,'s2 Xin Yang,'.2 John B. Nicholasn3  

Lai-Sheng Wang'*2*  

We produced gaseous hydrated clusters o f  sulfate and oxalate anions 
( H 2 0 ) ,  and Cz04Z-(HzO)n,where n = 4 t o  401. Photoelectron spectra of these 
clusters revealed that the solute dianions were in  the center of the water cluster, 
(H20) , .  For small clusters, these spectra were characteristic o f  the respective 
solutes, but beyond the first solvation shell (n - 12), features in  the spectra 
from the solutes were diminished and a new feature from ionization of water 
emerged, analogous t o  bulk aqueous solutions. For large clusters wi th  dimen- 
sions greater than 1 nanometer, the solute photoemission features disappeared 
and the spectra were dominated by the ionization o f  water as the solvent 
coverage increased. A smooth transition from gas-phase clusters t o  behavior of 
electrolyte solutions was clearly revealed, and the large solvated clusters can 
be used as molecular models t o  investigate the photophysics and chemistry of 
aqueous electrolyte solutions. 

Cations often exhibit definitive solvation tion about their solvation is relatively limited 
shells both in bulk aqueous solutions (1, 2) despite their importance in chemistry and 
and in water clusters (3)  because of their biochemistry (4-6) .  Most current research 
small sizes and strong solute-water interac- on solvated anion clusters has been devoted 
tions. However, the solvation of anions is to the simple halide anions (7-13), with few 
more complicated, and microscopic informa- studies on more complex anions (14-16). 
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Multiply charged anions are ubiquitous 
in aqueous solutions and biomolecules and 
constitute a vital class of complex anions 
(17). But there has been relatively little 
experimental and theoretical effort to elu- 
cidate their stability and solvation at a mo- 
lecular level (18-20). Here, we report pho- 
toelectron spectra (PES) of large solvated 
clusters of two common inorganic doubly 
charged anions, S042-(H20)n and C2042- 
(H20), (n = 4 to 40), that provide a bridge 
between hvdrated clusters and aaueous so- 
lutions and allow us to probe properties of 
aqueous electrolyte solutions in the gas 
phase. The analysis of the evolution of the 
PES with cluster size shows the dianions 
were solvated in the center of the water 
clusters. As the solvent number increased, 
PES features from the solutes diminished as 
a result of increased solvent coverage, and 
additional features from ionization of the 
solvent emerged. A gradual transition from 
molecular clusters to behavior of electro- 
lyte solutions was clearly observed, and the 
solvated clusters mav be viewed as molec- 
ular models for aqueous solutions. 

The application of photoelectron spec- 
troscopy to aqueous solutions has been ex- 
tremely challenging because of the difficul- 
ties of handling solution samples under 
high-vacuum conditions (21-23). The use 
of hydrated ion samples provides an alter- 
native approach (7, 24, 25) ,  but it has not 
been possible to examine multiply charged 
anions until recently (1 7, 26). We used an 
electrospray ion source to produce the sol- 
vated clusters. The experimental apparatus, 
equipped with the electrospray source, an 
ion trap, and photoemission capability, has 
been described in detail (27). In the current 
study, a l o p 4  M solution of Na2S04 or 
Na2C20, in a water-acetonitrile solution 
was used in the electrospray. Solvated clus- 
ters with a single doubly charged anion, 
S042-(H20)n or C2042-(H20)n, were readi- 
ly produced for n = 4 to 60. A given 
solvated cluster of interest was selected and 
irradiated with a laser beam in the interac- 
tion zone of a magnetic-bottle photoelec- 
tron analyzer. Three detachment photon en- 
ergies were used in the current experiment: 
266 nm (4.661 eV), 193 nm (6.424 eV), 
and 157 nm (7.866 eV). Because the elec- 
tron binding energies increase with cluster 
size, the highest photon energy at 157 nm 
was required to investigate the large clus- 
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ters, whereas for smaller clusters PES at 
various photon energies were obtained. 

Figure 1A shows the PES of 
(H20),, from n = 4 to 40 at 157 nm. The 
electron binding energies were observed to 
increase monotonically with the solvent 
number. All of the features in the PES of 
the small S042-(H20)n clusters-including 
two well-separated bands at lower binding 
energies and a broad feature at higher bind- 
ing energies-were due to electron emis- 
sion from and they were similar to 
the PES of Na+(S042-), as we showed in 
(26). The similarity among the spectra of 
the small clusters indicated that the 
dianion remained intact in the solvated 
clusters. However, as the solvent number 
increased above n = 12, three gradual 
changes were observed in the PES. First. 
the relative intensity of the low binding 
energy feature from seemed to de- 
crease and almost disappeared in the large 
clusters. Second, a very intense peak 
emerged at the high binding energy side. 
Third, above n = 12, the gap between the 
first two bands became smaller, whereas it 
remained constant in the small clusters and 
in Na+(S042-). The cutoff at the high bind- 

ing energy side in each spectrum was due to 
the repulsive Coulomb barrier (RCB), 
which exists universally in multiply 
charged anions and essentially prohibits 
slow electrons (high electron binding ener- 
gies) from being emitted (17). 

The onset of the three spectral changes 
mentioned above was between n = 12 and 15 
and became quite obvious beyond n = 16 
(Fig. 1A). The solute features almost com- 
pletely disappeared for n > 30. The high 
binding energy feature must be due to a new 
ionization channel that gained cross section 
with cluster size, whereas the detachment 
cross sections for the solute decreased with 
cluster size. The latter finding was confirmed 
when the experiment was performed at 193 
nm, where only the first solute band could be 
observed for n > 13 because of the RCB that 
cut off the higher binding energy features. A 
significant reduction of electron count rates 
was observed at 193 nm for n > 12, consis- 
tent with the observation at 157 nm (Fig. lA), 
and it became rather difficult for us to ob- 
serve photoemission signals beyond n = 18, 
despite the photon energy still being above 
the RCB and the reasonable strength of the 
cluster mass signals. 

Fig. 1. Representative 
PES of (A) S0,2-(H20), 
and (0) C20,2-(H20), 
( n = 4 t o 4 0 ) a t 1 5 7 n m  
(7.866 eV). [All of the 
spectra for n = 4 t o  40 
for the sulfate clusters 
can be viewed at  (37).] 

Binding Energy (eV) Binding Energy (eV) 

www.sciencemag.org SCIENCE VOL 294 9 NOVEMBER 2001 



Similar observations were made in the 
PES of C,042-(H,0),, (Fig. 1B). In smaller 
clusters (n = 4 to lo), PES features from 
the C204,- solute dominated. The three 
broad bands observed for n = 4 and 6 were 
similar to PES features observed for 
Nat(C,04,-) (28). As the solvent number 
increased, the features from the solute 
gradually diminished, accompanied by the 
appearance of a strong feature at the high 
binding energy side. The PES spectral 
changes occurred in a cluster size range 
similar to that seen in S042-(H20)n, except 
that the features from C , 0 4 ,  remained 
discernible even for n > 30, whereas in 
S042-(H20)n the solute features almost 
completely disappeared for n > 30. The 
new features that appeared in the large 
clusters in both solvated systems were 
nearly identical in spectral shape and bind- 
ing energy. 

The spectra presented in Fig. 1 represent 
transitions from the doubly charged solvated 
clusters to singly charged species. The spec- 
tral 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 chang- 
es, such as intracluster proton transfer, could 
be ruled out because the large solvated clus- 
ters 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., 1-(H20),], PES features 
from the solute I were observed for n as 
large as 60 (7). Interestingly, the I anion has 
since been found to be on the surface of the 
water clusters (8, 9). The disappearance of 
the solute signals in the current systems sug- 
gested that the dianions might be solvated in 
the center of the water clusters, so that pho- 
toelectrons from the centrally located solute 
might not readily escape the increasing sol- 
vent layers. This difference between the di- 
anions and I could arise from the stronger 
charge-dipole interactions between the dian- 
ions and water compared to the single diffuse 
charge of I-. Our ab initio calculations for up 
to six water molecules showed that the water 
molecules indeed tend to solvate symmetri- 
cally around the dianions for both SO4,- (26) 
and C,OA2 (28). 

Thh interpretation is supported by a pre- 
vious photoelectron study at 21.2 eV of a 
highly concentrated aqueous solution of CsF 
(22).In this experiment, PES features from 
F were significantly reduced by a one-layer 
water solvation shell on F at the solution- 
vacuum interface (29). Furthermore, a small 
mixture of CsI into the CsF solution showed 
that PES features from I were actually en- 
hanced because I displayed more surface 

activity (22). These observations in the bulk 
electrolyte solutions were consistent with the 
observations in the gas-phase solvated clus- 
ters, where I is known to be solvated on the 
outside of the water clusters (8, 9) and F is 
known to be solvated on the inside because of 
its strong charge-dipole interactions with wa- 
ter (8, 9, 11). 

Our data on the solvated sulfate and ox- 
alate dianions are consistent with those of the 
bulk electrolyte solutions. As the solvent 
number increased, the solutes were gradually 
being covered with water. The onset of the 
decreasing solute signals around n = 13 to 15 
may suggest the completion of the first sol- 
vation shell. Although the number of water 
molecules in the first solvation shell for the 
dianions in bulk solutions was not definitive- 
ly known (2), our observation was consistent 
with a previous molecular dynamics simula- 
tion that suggested that the first solvation 
shell for SO4'- consisted of about 13 water 
molecules (20). As more solvent molecules 
were added, the second solvation shell began 
to form, further reducing the solute PES sig- 
nals. With about 30 water molecules, the 
signals from SO4,- were almost completely 
damped. The signals from C2042- were still 
visible with 40 water molecules (Fig. lB), 
consistent with the relatively large size of 
C204,-, which would require more water to 
achieve the same coverage as in SO4,--
(H,O),,. 

But what is the nature of the intense 
high binding energy feature in the large 
solvated clusters? This feature could not be 
accounted for by inelastic scatterings of the 
solute photoelectrons by the solvent for two 
reasons. First, this peak was too intense. 
The mass signals became weaker for larger 
solvated clusters. However, we observed 
that the total electron count rates, almost all 
due to the high binding energy peak, were 
in fact very strong for the large clusters. 
Second, we did not observe significant in- 
elastic scatterings at 193 nm. The intense 
high binding energy feature must corre-
spond to a new detachment channel, which 
we attribute to ionization of the solvent. 
The ionization potentials of water clusters 
should be between that of gaseous water 
molecules at 12.6 eV and that of liquid 
water at 10.06 eV (30). Because our solvat- 
ed 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-H,O complex (31), because of the 
strong Coulomb repulsion experienced by 
the valence electrons in H 2 0  from F-. We 
further observed that the intensity of the 
solvent ionization peak increased rapidly 
with the solvent number. In the present 
study, the ionization of water could not be 

observed in the small clusters because of 
the cutoff due to the RCB (17). The de- 
crease of the RCB and the enhanced ion- 
ization cross section with increasing sol- 
vent number caused the signals from ioniz- 
ing the solvent to become the dominant 
PES feature in the large clusters of 
(H20), and C2042- (~20) , , .  

Because of the overlap between the sol- 
vent ionization feature and features due to 
the solute, we could not definitively iden- 
tify the precise cluster size where the sol- 
vent ionization feature appeared. However, 

5 10 15 20 25 30 35 40 
Number of Hz0  (n) 

(A) Adiabatic detachment energies 
(ADE) or ionization thresholds of (0)
and H,O (0 )  in SO,~-(H,O)~ and C,O,~- (m) 
and H 2 0  (U) in C 0,'-(H20), as a function of 
solvent number (h.(B) ADE of SO4'- (0)and 

(*) in S04f-(H20)n as a (n + 

4)-lI3 (proport~onal to  the reciprocal of the 
cluster radius), of C 2 0 4 2  and H20 

(U)  in C204'-(H,O), as a function of (n + 
6)-'I3 (proportional t o  the reciprocal of the 
cluster radius). 
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we suspected that for the S042-(H20)n sys- 
tem (Fig. lA), the relative intensity change 
between the first two solute bands starting 
around n = 12 was due to the contribution 
of the water ionization feature to the second 
solute band. Furthermore, the closing sep- 
aration 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 thresh- 
old of the second band at large n actually 
represented the ionization threshold of the 
solvent. For the S042-(H20)n system, we 
obtained the ionization threshold of water 
for n > 13. The spectra of C2042--(H20)n 
(Fig. 1B) showed that the third PES band 
began to dominate above n = 10, again 
indicating major contributions of solvent 
ionization to this band. Our estimated sol- 
vent ionization thresholds for the two sys- 
tems, along with those obtained for the 
solutes, are plotted in Fig. 2A as a function 
of solvent number (32). We note that the 
solvent ionization thresholds were nearly 
identical in the two systems, but the detach- 
ment thresholds of were systemati- 
cally larger than that of C2042- for a given 
solvent number. 

Previous theoretical considerations of 
ion solvation in finite clusters suggested 
that the ionization energies of a solvated 
anion should be scaled to 1IR linearly (13, 
33), where R is the radius of the solvated 
clusters and is proportional to the solvent 
number as (n + 8)-'I3 (where 6 is the 
equivalent solvent number for the solute 
and accounts for the contribution of the 
solute to the cluster volume). For example, 
in I-(H20),, 6 has been taken to be 2 for I- 
(7). We estimated that 6 is 4 for and 
6 for C2042-. In Fig. 2, B and C, we plot the 
ionization thresholds for the solutes and 
solvent as a function of (n + 8)-'I3. The 
ionization thresholds for the solutes as well 
as that for water were indeed linearly de- 

Fig. 3. Schematic illustration of the photo- 
physical processes taking place in the water 
nanodroplets doped with a doubly charged an- 
ion, showing the trapping of the photoelectron 
from the solute (top) and the ionization of the 
solvent (bottom). 

pendent on (n + 8)-'I3 for both solvated 
systems. 

For infinite n, the ionization energies for 
water can be extrapolated to 10.05 and 10.2 
eV for the S042-(H20)n and C2042-(H20)n 
systems, respectively; these values are con- 
sistent with the threshold ionization energy 
of bulk water at 10.06 eV. This observation 
lent considerable credence for the assign- 
ment of the high binding energy feature to 
ionization of water in both solvated sys- 
tems. The ionization energies of the solutes 
can each be extrapolated to a very large 
value for infinitely large clusters: 12.3 eV 
for S042-(H20)n and 11.5 eV for C2042-- 
(H20),. In bulk aqueous solutions, the 
threshold ionization energies of SO4'- and 
C2042- were measured to be 8.65 and 7.32 
eV, respectively (30). The discrepancies 
between our extrapolated values and the 
bulk values can be attributed to the fact that 
the bulk values were measured over the 
surface of electrolyte solutions at relatively 
high solute concentrations, whereas our ex- 
trapolations corresponded to a hypothetical 
situation in which a single solute is solvat- 
ed in the center of an infinitely large water 
cluster (i.e., an infinitely dilute solution). 

The dimensions of our largest solvated 
clusters were greater than 1 nm. We ob- 
served that these water nanodroplets doped 
with a single solute molecule began to ex- 
hibit electronic properties similar to bulk 
electrolyte solutions. A smooth transition 
from solvated molecular clusters to behav- 
iors of electrolyte solutions was thus ob- 
served one solvent molecule at a time. The 
photophysical process in the large solvated 
clusters is schematically illustrated in Fig. 
3. Although photoemission from the solute 
dominated in small clusters, photoelectrons 
from the solutes were trapped by the sol- 
vent in the large clusters, producing "sol- 
vated" electrons (instead of electron emis- 
sion to vacuum), analogous to the genera- 
tion of solvated electrons in bulk aqueous 
solutions (34). The ionization of the sol- 
vent, however, would produce a "hole" that 
could react with the solutes through charge 
migration or react with a neighboring water 
molecule to generate OH + H,O+, a pro- 
cess known to occur in bulk solutions (34). 
These photophysical processes taking place 
in the solvated clusters may be investigated 
using pump-probe experiments (12, 35, 
36). Therefore, the solvated nanoclusters, 
in addition to being structural models, may 
be used as molecular analogs for the inves- 
tigation of a variety of properties of aque- 
ous electrolyte solutions. 
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