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Abstract 

The structures, energetics and infrared spectra of SO4
2-(H2O)12 and SO4

2-(H2O)13 have been 

investigated by a combination of classical polarizable molecular dynamics and static quantum 

chemical calculations. Snapshots extracted from MD trajectories were used as input for local 

DFT optimization. Energies of the most stable structures were further refined at the ab initio 

level. A number of new low energy structures have thus been identified. The most stable 

structures of SO4
2-(H2O)12 have the sulfate on the surface of the water cluster, while it may be 

slightly more burried in SO4
2-(H2O)13, however still with an incomplete first hydration shell. 

Differences in the infrared spectra arise in part from mixing of sulfate stretching and water 

librational modes in the 900-1100 cm-1 region, leading to some sensitivity of the IR spectrum to 

structure. Second shell water molecules however do not generate signatures that are specific 

enough to relate spectra to structures straightforwardly, at least in this frequency range. Thus 

the emergence of a new band at 970 cm-1 in the SO4
2-(H2O)13 spectrum cannot be taken as a 

clue as to the number of water molecules which is necessary for a cluster to close the first 

hydration shell of sulfate. This number is at least 14 and possibly larger. However the density of 

low energy isomers is large enough that individual structures may loose meaning at all but the 

lowest temperatures. 
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1. Introduction  

Hydrates of the sulfate dianion SO4
2- are found to be a key component in the environment as 

well as in several biological contexts. They are present in the atmosphere as in aerosol 

particles.1,2 Field measurements show that nucleation rates correlate with the concentration of 

sulfuric acid, eventually leading to the formation of cloud condensation nuclei.3 Aerosols of 

hydrated sulfate also play a key role in the homogeneous nucleation of ice particles in the 

upper troposphere.4 In biological context, SO4
2- is an important cell nutriment and the fourth 

most abundant anion in mammalian plasma. However as a hydrophilic anion, it requires a 

transporter inward and outward of cells. Such a mechanism is regulated by the competition 

between ion hydration and capture by a macromolecule.5 Thus a detailed understanding of 

sulfate hydration and its competition with other media is of high importance in a number of 

contexts. 

A first step towards this understanding is the knowledge of the structure and dynamics of bare 

sulfate in water. To this end, sulfate−water clusters SO4
2-(H2O)n in the gas phase are appropriate 

prototype systems. Thus it is not surprising that these clusters have been the subject of intense 

research for more than a decade. While most early studies focused on small clusters in the n=3-

6 range, data have now grown to encompass n ranging from 3 to 806 and even ca.250.7 

The gaseous sulfate dianion is unstable against electron detachment.8-10 It has been shown that 

stabilizing the dianion requires three water molecules, i.e. SO4
2-(H2O)3 is the smallest stable 

sulfate hydrate in the gas phase.10,11 Small clusters in the n=3-7 range have been extensively 

characterized.12-21 In particular computational investigations by Head-Gordon et al. have 

provided both a comprehensive picture of the low energy structure manifold19 and a thorough 

calibration of the performances of quantum chemical methods.20 Many density functionals 

were compared to ab initio results at the current accuracy limit.21 

 There have been several reports of quantum chemical computations for n=12.13,14,23,24,27 They 

were largely limited to  the same shell-closing 12+0 structure (named W12-AN below) although 

Wong and Williams24 found that many structures with varying numbers of molecules in the 
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second shell are expected to lie in a small energy window, and Gao and Liu14 did report a 9+3 

structure (named W12-GL below) which they found to be significantly more stable than the 

12+0. Recent work reported by Galli et al.27 appears to be the first to address the issue of 

whether or not the first hydration shell of sulfate is closed at n=12. In a Born-Oppenheimer 

molecular dynamics (MD) study carried out using the PBE and PBE0 functionals, these authors 

found structures with the sulfate on the clusters surface which were slightly more stable than 

those invoked previously, with the sulfate in the interior of the water cluster. Comparison 

between computed and experimental IR spectra showed that both types of structure are 

compatible with experiment (both IR and photoelectron spectra). The authors concluded that 

both may be formed as a mixture in the experimental  conditions used. 

A number of experimental techniques have been used to characterize the properties of  SO4
2-

(H2O)n in a wide size range. Photoelectron spectra at room temperature of n=3-4022 displayed 

several bands corresponding to rather different binding energies, and gradual changes with 

increasing size. In particular, the relative intensity of the low binding energy feature arising 

from SO4
2- decreases and almost disappears in the large clusters, while a very intense peak 

emerges at the high binding energy side. This was interpreted as indicating that electron 

detachment occurs from the sulfate in the small size regime, while it occurs from the water 

cluster for larger sizes. While this strongly suggests that the sulfate ion is deeply burried inside 

the water droplet for the larger clusters, there appeared to be no breaking point which would 

provide a clear indication of a structural transition in a specific size range. 

Infrared (IR) spectra were recorded at low temperature in the n=3-24 range.23 Direct 

comparison with the spectrum in bulk water suggested easy band assignments to either sulfate 

or water bands. Splittings observed for specific sizes between the sulfate antisymmetric 

stretching bands were used to infer structure information. In addition, the appearance of a new 

band in the  n=13 spectrum was taken as an indication that the first hydration shell may be 

complete at n=12, with the 13th molecule bound in a different manner, most probably in the 

second shell. Earlier BIRD experiments,24 whereby the rate of water evaporation can be 

determined for each cluster size, did indicate a break at n=12, with a similar interpretation. 

Finally, high pressure mass spectrometric experiments25,26 yielded size-selective binding 
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enthalpies and entropies. These results showed a relatively uniform trend with size, with no 

specific property for n=12. However the authors noted that the populations of structures 

undergoing dissociation may be different if BIRD experiments involve non-Boltzmann 

distributions. The temperature dependence of isomer populations has also been pointed out 

for smaller clusters in the discussion of photoelectron spectra.18 Thus the question of the 

existence of a structural transition between n=12 and 13 remains partly unsettled from the 

experimental point of view. 

In the present paper we reconsider the structures of SO4
2-(H2O)12 and SO4

2-(H2O)13 from a 

computational viewpoint and attempt to provide answers to the following questions : (i) is 

there a shell-closing transition for these clusters, and (ii) how structure-telling are IR spectra in 

the fingerprint region in this size range ? 

 

2. Computational details 

The potential energy surfaces for n=12 and 13 were explored using a combination of molecular 

dynamics (MD) using a classical force field and of quantum chemical calculations. MD 

simulations were carried out using the polarizable AMOEBA force field (using the AMOEBA03 

parameters for water as available in the Tinker software31 and the sulfate parameters from 

reference 19). They were propagated from several starting points chosen to ensure both 

structural and energetic diversity. Snapshots extracted from these trajectories at regular 

intervals were then used as starting points for local geometry optimization using density 

functional theory (DFT), followed by vibrational spectrum calculations in the harmonic 

approximation. Final energetics were refined at the ab initio level. The details of these 

procedures are detailed below. 

Simulations for n=12 started from 3 structures: the most often invoked in the 

literature13,14,23,24,27 has all water molecules, arranged in four (H2O)3 clusters, interacting with 

the sulfate oxygens thereby forming a closed first hydration shell. With no H2O in the second 

shell, this structure is thus described as 12+0. A second structure from the literature,14 

described as more stable than the previous, in which three (H2O)4 clusters surround the sulfate 
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ion. Each has one H2O in the second shell, making this a 9+3 type structure. (iii) another 12+0 

structure manually generated to be less symmetrical than the previous, in which the sulfate ion 

is closer to the cluster surface, although the total numbers of sulfate-water (12) and water-

water (12) hydrogen bonds are the same. From each of these 3 structures, MD trajectories 

were propagated using the Beeman integrator, and a time step of 1 fs. The temperature was 

first raised from 0 to 200 K in the NVT ensemble for 2 ps, using the Nosé-Hoover thermostat. 

The trajectory was then propagated for 3 ns at 200 K in the NVE ensemble. Snapshots were 

extracted at 100 ps time intervals. This time step is much larger than that for any relevant 

vibrational mode. We expect that exchange between conformations may require a number of 

vibration periods, thus selecting snapshots with a much smaller time interval may generate a 

large fraction of redundancies. In order to scan the energy surface extensively, a large time 

interval may be more efficient. On the other hand, the value taken here is probably too large to 

ensure a thorough identification of all low energy structures. Rather, our aim here is to identify 

all low energy structural families. Snapshots at 200 ps intervals were then subjected to 

geometry optimization using the M11 density functional and the 6-311++G(d,p) atomic basis 

set; M11 has been shown to be accurate on relative energies for n=3-7 by Head-Gordon et al.21 

Whenever two consecutive optimized structures were within 10 kJ.mol-1 of the lowest in energy 

so far, an additional calculation was run using the intermediate snapshot from MD, thus 

reducing the time interval from 200 to 100 ps. A total of 71 DFT calculations were run in this 

manner.  

Simulations for n=13 followed essentially the same lines as for n=12. Starting structures were 

manually constructed by adding one H2O to previously obtained structures of SO4
2-(H2O)12 from 

four different families : the three used as starting points for n=12 and the most stable, 9+3 type 

structure found at the ab initio level. This ensures structural diversity as well as some very low 

energy starting points. The exact same procedure was used throughout as described above for 

n=12, except for using 4 starting structures instead of 3 and propagating each trajectory for 4 

instead of 3 ns. This generated a total of 99 DFT calculations. 

Some considerations of the efficiency of the exploration procedure are provided in the 

Supplementary Information, see section S-1. 
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As described previously for clusters with n=3-7,19 the energy ordering is modified by inclusion of 

zero-point vibrational energy (ZPE). Thus all results below include ZPE computed at the M11 

level. There are however not corrected for entropy effects since experiments in reference 23 

were carried out at 17 K, where they are negligible. Computations indicate that entropy effects 

would be significant at room temperature. 

Vibrational spectra were computed at the M11/6-311++G(d,p) level. Sulfate frequencies, 

especially those of the antisymmetric group of bands of central interest in this work, turned out 

not to require scaling. This has been observed before with other density functionals28 and also 

for the phosphate vibrational frequencies.29 It would be conceivable to use a standard scaling 

for water bands and none for sulfate bands, however the 900-1100 cm-1 region was found to 

involve significant mixing between some water libration and sulfate stretching motions. 

Therefore it appeared more appropriate to use no scaling for any band. 

Considering the rather complex manifolds of low energy structures, it was deemed important 

to obtain final energetics at more accurate levels than M11/6-311++G(d,p). To this end, 

energetics at the M11 geometries were obtained at a number of levels, including M11/aug-cc-

pVTZ,  MP2, CC2 and the recently developed Domain-based Local Pair Natural Orbital 

approximation to CCSD(T) [DLPNO-CCSD(T)]30 levels. Each of these post-Hartree-Fock levels was 

combined with both the TZVPP and aug-cc-pVTZ basis sets. All results are gathered in Tables S1 

for n=12 and S2 for n=13. Only those obtained at the highest level, DLPNO-CCSD(T)/aug-cc-

pVTZ//M11/6-311++G(d,p), are reported in Tables 1 and 2 and in the text below. 

MD calculations were run using the Tinker 6 package.31 DFT calculations were done using the 

Gaussian09 package.32 MP2 and CC2 wavefunctions were computed with the Turbomole 6.6 

package.33 DLPNO-CCSD(T) wavefunctions were computed using the Orca 3.0.3 package.34 

 

3. Results 

A. Structures and energetics for SO4
2-

(H2O)12 
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A total of 71 structure optimizations were carried out at the DFT level for SO4
2-(H2O)12. The low-

energy results are summarized in Figures 1 and 2 and in Table 1. A recurring motif, well known 

in pure water clusters is the cyclic tetramer. It bears one dangling OH bond per water molecule, 

in alternating orientations relative to the oxygen network in the most stable structure of (H2O)4. 

Only slightly higher in energy lies the cyclic tetramer with all dangling OH bonds pointing in 

roughly the same direction. Among the most stable hydrated sulfate clusters studied herein, 

this (H2O)4 structure is found as a common building block, as it is well adapted to binding to 

three sulfate oxygens, while the fourth dangling OH can be oriented towards an oxygen of 

another water cluster (e. g. another tetramer). This fourth OH belongs to a water molecule lying 

in the second hydration shell of the sulfate ion, while the other three are in the first shell. The 

cluster can also receive a hydrogen bond from a third water cluster on its other side. Putting 

side to side three such clusters makes the most stable structure of SO4
2-(H2O)12, W12-1a as 

shown in Figure 1. It is of 9+3 type, indicating that 9 water molecules are in the first and 3 are in 

the second hydration shell. In addition, each tetramer can accommodate degenerate reversal of 

its cyclic hydrogen bonding orientation. Interactions with sulfate and with other water clusters 

make this reversal no longer degenerate in the present case; however energy differences were 

found to be only a few kJ.mol-1, see W12-1b to W12-d. Since hydrogen bonding orientation 

reversal can occur in a single tetramer or in two or three simultaneously, seven very similar 

structures can thus be generated for this particular motif. 

With a heavy atom skeleton of C3 symmetry, three of the sulfate oxygens in the most stable 

structures W12-1a to W12-1d are 2-coordinated and lie at the cluster surface while the fourth 

oxygen is 3-coordinated in the cluster interior. Thus the coordination shell scheme is 9+3 and 

the sulfate oxygen coordination pattern is [3,2,2,2]. W12-b to W12-d are all deduced from 

W12-a by reversal of some of the hydrogen bonds. Two views of W12-1b are shown in Scheme 

1; the left view highlights the position of the sulfate ion near the water cluster surface. The 

right view is a top view along an S-O axis with the interior O in the back. The latter perspective 

is chosen for all other W12-1 isomers in Figure 1 to highlight the hydrogen bond network. 
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Scheme 1 

The first structure with a complete hydration shell around the ion is W12-2. It is made of 3 

water trimers, each making a 4-membered ring with one of the sulfate oxygens. This motif is 

quite stable, probably one of the low energy structures of SO4
2-(H2O)9. W12-2 is completed with 

a cyclic water trimer donating 3 hydrogen bonds to 3 sulfate oxygens (shown at the top of W12-

2 in Figure 1). This structure is less stable than W12-1 by 8.2 kJ.mol-1. It is quite different from, 

and much more stable than, the shell-completing isomer W12-AN invoked previously as the 

most stable of SO4
2-(H2O)12 : the latter is computed to lie 27.0 kJ.mol-1 higher in energy than 

W12-1 and 18.8 kJ.mol-1 higher than W12-2. Another isomer, W12-3, although it is quite 

different than W12-2, has a nearly complete hydration shell, although a single water molecule 

bridges between two sulfate oxygens with larger hydrogen bonding distances.  

The next most stable structure W12-4 is distorted from W12-1 with only two water tetramers 

connected in a fused manner by a (H2O)5 cluster. It is also of 9+3 and [3,2,2,2] type. W12-5 has 

two distorted “cube-like” structures involving five H2O and the sulfate. The next structures in 

the energy list (W12-6 and W12-7) have rather similar global shapes, somewhat “2-

dimensional” with the sulfate again near the cluster surface. Finally, the 9+3 isomer W12-GL, 

the most stable found in a previous study14 is also included for comparison. It is confirmed to be 

significantly more stable than W12-AN, however the large difference with W12-1 makes it very 

unlikely to be observable experimentally. The present search thus leads to a complete 

reappraisal of the structures and energies of SO4
2-(H2O)12, since most of the above structures 

had not been identified before. The notable exception is the work by Galli et al.27 who did find 

surface-bound sulfate among the low energy structures. 

In the most stable structures W12-1a to W12-1d, the water-water hydrogen bond lengths range 

from 1.86 to 1.95 Å, the shortest are made by water molecules interacting with the sulfate; 
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globally expanded relative to those in the equivalent free water tetramer (1.83 and 1.91 Å in a 

puckered conformation). The inter-cluster bonds are all near 1.91 Å. The water-sulfate 

hydrogen bonds are all very similar, ranging from 1.86-1.90 Å. While these values are typical of 

many other structures, there is some variation associated with the types of water cluster 

formed around the ion : in the 3-membered rings of W12-AN, they are significantly longer at 

1.98 Å because of larger cyclic strain, while the water-sulfate distances of 1.92 Å are only 

slightly longer than for 4-membered rings. 

Very recently, a sophisticated basin-hopping Monte Carlo algorithm for potential energy 

surface exploration was used to survey the low energy structures of SO4
2-(H2O)n, n=3-50.35 A 

rigid-body potential was used to calculate energies, TIP4P for water and fixed atomic charge 

electrostatic plus 12-6 Lennard-Jones interaction terms for the sulfate ion.36 The low energy 

structures identified are W12-AN and (similar to) W13-AN for SO4
2-(H2O)12 and SO4

2-(H2O)13, 

respectively. As described above, these are high energy structures, at least 20 kJ.mol-1 above 

the lowest energy structure found herein. This large energy discrepancy is reflected by rather 

different mean hydrogen bond lengths computed with the force field and with M11/6-

311++G(d,p), for the 12+0 structure of SO4
2-(H2O)12 : ~1.87 vs. 1.98 Å for water-water and ~1.79 

vs. 1.92 Å for sulfate-water hydrogen bonds, respectively. This force field favors 3-membered 

water rings interacting with 2 sulfate O’s, while we find that 4-membered rings are distinctly 

more stable, at least in this size range. Thus the use of a rigid-body, non-polarizable potential 

with simple electrostatics to calculate energies does not appear to provide enough accuracy to 

identify low energy structures reliably. 

 

B. IR spectra for SO4
2-

(H2O)12 

As discussed in reference 23, the IR spectra of SO4
2-(H2O)n are expected to be easy to interpret, 

based on the known IR spectrum of sulfate in bulk water. The sulfate bending and 

antisymmetric stretching bands are expected to arise near 600 and 1100 cm-1, respectively, 

while water libration and bends should appear as wide features centered around 800 and 1600 

cm-1, respectively. This is what is observed in most experimental spectra for n=3-14, 18 and 
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24,23 with water bands rising in width and intensity relative to those of sulfate, for clusters of 

growing size. Some of the details in band shapes were used as structural fingerprints, especially 

for structures involving different levels of symmetry breaking in small clusters. As shown below, 

this simple scenario does not appear to hold in the 900-1100 cm-1 range with extensive water-

sulfate mixing in some of the normal modes for n=12 and n=13. 

Computed spectra are displayed in Figure 2. The lowest energy structures W12-1a-d have 

rather similar spectra as expected, except in the water libration massif for W12-1c and W12-1d. 

Band assignments will therefore be detailed for W12-1a only. Three intense bands appear in 

the 1000-1200 cm-1 range. The most intense at 1136 and 1143 cm-1 correspond to sulfate 

stretching motions involving primarily the three S-O bonds on the cluster surface. The band at 

1034 cm-1 is a combination dominated by the libration of several water molecules, with a minor 

contribution of sulfate stretching arising mainly from the S-O bond pointing towards the water 

cluster. These three bands account well for the experimental doublet in the 1000-1200 cm-1 

area with the component to the blue being much more intense. A second combination with the 

“inside” sulfate stretching as the major component and water libration the minor is found at 

938 cm-1, to the blue of two more intense, delocalized water libration bands at 901 and 902 cm-

1. There are several weak bands in the 600-620 cm-1 range with significant components of 

sulfate bending modes, in addition to water. All of the features above, plus the water bending 

feature in the 1630-1710 cm-1 region, agree rather well with the experimental bands. It is less 

true for the large feature from 600 to 800 cm-1, for which the computed frequencies appear to 

be systematically overestimated. 

The computed spectra for W12-4 and W12-7 are similar to those of the W12-1 series in the 

1000-1200 cm-1 range, while the higher IR activity in 900-1000 cm-1 range appears to be in less 

good agreement with experiment. The spectra of W12-2, W12-3 and W12-AN all have a single 

feature between 1000 and 1200 cm-1, in disagreement with experiment. These 3 structures 

have complete or nearly complete hydration shells forming identical or similar bonding 

environments for all sulfate oxygens, leading to three very similar sulfate stretching 

frequencies. This highlights the inconsistency of the n=12 spectrum with a saturated first shell. 

The reverse situation occurs for W12-6 in which although the sulfate is on the cluster surface, it 
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has an unsymmetrical coordination motif with one of the surface oxygen bound to three H2O. 

This lifts band degeneracy to yield three well separated bands at 1054, 1105 and 1146 cm-1, 

clearly at variance with the experimental spectrum. For all of these structures the sulfate and 

water bending frequencies are rather insensitive to structural details, while the water libration 

group of bands is much more sensitive, however always to the blue of the experimental feature 

except in the case of W12-AN for which it is well positioned, albeit much too narrow because of 

the high symmetry. 

The results described above do not fit with the shell-closing picture at n=12, both from 

computed energetics and from comparison of computed and experimental IR spectra. Three S-

O bonds of the sulfate are found to lie at the cluster surface in the several most stable 

structures, with the first 12+0 isomer lying 8.2 kJ.mol-1 higher in energy than the most stable 

one. The computed IR spectra also challenge the view that band assignments can be safely 

made on the basis of those established for the bulk spectrum in the 900-1200 cm-1 region.  

C. Structures and energetics for SO4
2-

(H2O)13 

A total of 99 structure optimizations were carried out at the DFT level for SO4
2-(H2O)13. The low-

energy results are summarized in Figures 3 and 4 and in Table 2. All structures lying in an energy 

window of 10 kJ.mol-1 are listed in Table 2, and a selection is shown in Figures 3 and 4. 

As for SO4
2-(H2O)12, a number of isomers of SO4

2-(H2O)13 were found to be similar in the sense 

that their oxygen network and connectivity are identical and they differ only by the partial 

reversal of the hydrogen bonds. Another type of similarity is when the 13th water molecule is 

added to one of several sites of a single SO4
2-(H2O)12 core. A particularly clear case is that of 

W12-1. To this structure, the 13th water can be added either to a “vertical” or a “horizontal” 

edge of one of the (H2O)4 clusters (in the orientation shown in Figure 3, see W13-1d and W13-

1c), or bridging between two such clusters (W13-1a), or bridging between one cluster and a 

sulfate oxygen (W13-1e), or bridging between two sulfate oxygens (W13-1b). This W13-1 

structural family is found to span an energy range of at least 6.5 kJ.mol-1 (see Table 2).  

While W13-1a is the most stable structure found for n=13, there are several other structure 

types which appear in the lower energy manifold. They are based on the same building blocks 
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described above for n=12. Cubic-like fragments can be seen in most structures among W13-2 to 

W13-7. Additional water cluster fragments are also found, including a cyclic pentamer. As for 

the tetramer described above, the pentamer can donate OH’s to three sulfate oxygens, 

however its larger size allows it to donate two and receive one hydrogen bonds with other 

water clusters. The most stable structures with nearly complete first hydrations shells are W13-

9 and W13-10 (not shown in Figures 3 and 4), 6.1 and 6.5 kJ.mol-1 higher in energy than W13-

1a. Both have a water molecule bridging between two sulfate O’s, with bond distances larger 

than those for a truly saturated case such as W13-AN, the structure previously invoked in 

reference 23 whose energy is 19.5 kJ.mol-1 higher than that of W13-1a. Thus this 12+1 structure 

cannot contribute to the IR spectrum. 

Finally, comparison of Tables 1 and 2 shows that the low energy density of isomers is 

significantly larger for n=13 than it is for n=12. 

D. IR spectra for SO4
2-

(H2O)13 

As discussed above for SO4
2-(H2O)12, most of the bands in the IR spectrum of SO4

2-(H2O)13 can be 

readily assigned to specific sulfate or water motions, except in the 900-1100 cm-1 range where 

coupling occurs between the stretching of the inside S-O bond and some water librations. 

The lowest energy structure, W13-1a, has a (H2O)12 core identical to W12-1. Most of their 

vibrational bands being very similar, only the most relevant features and the main differences 

will be mentioned below. For instance the pure sulfate antisymmetric stretching bands appear 

at 1130 and 1153 instead of 1136 and 1143 cm-1, slightly more different because of the 

symmetry breaking effect of the 13th water. Again the band at 1037 cm-1 is a combination 

dominated by the libration of several water molecules, with a minor contribution of sulfate 

stretching arising mainly from the S-O bond pointing towards the water cluster. These three 

bands account well for the intense experimental features in the 1000-1200 cm-1 area. A second 

combination with the “inside” sulfate stretching being the major component and water 

libration minor is found at 946 cm-1. It is our best candidate to account for the experimental 

band at 970 cm-1. To the blue of the previous lie two more intense water libration bands at 917 

and 925 cm-1, blue-shifted relative to the analogous bands in the spectrum of W12-1. None of 

the above libration motions involve significant component from the “13th“ water molecule. The 
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most intense is the coupled motion of the two water molecules which are bound to the sulfate 

and receive hydrogen bonds for the outer water, the latter making their motion more 

constrained and thus blue-shifted. Finally a less intense band at 992 cm-1 arises from coupled 

librations in one of the water tetramers, to which the outer water is bound. This is a second 

possible assignment for the experimental band at 992 cm-1. As for SO4
2-(H2O)12, there are 

several weak bands in the 600-620 cm-1 range with significant components of sulfate bending 

modes. All of the features above, plus the water bending bands in the 1630-1710 cm-1 region, 

agree rather well with the experimental bands. It is less true for the large feature from 600 to 

900 cm-1, for which the computed frequencies appear to be systematically overestimated. 

Structures W13-1b to W13-1e, in which the 13th water molecule occupies different binding sites 

of a common SO4
2-(H2O)12 core which is essentially the same as W12-1, have similar computed 

spectra as expected. Some easily discernible differences arise from the local interactions in the 

various binding sites. Near degeneracy of the surface S-O bond stretch frequencies occurs for 

W13-1c and W13-1d in which the additional water molecule bind to an edge of a (H2O)4 cluster, 

either horizontal in 1c or vertical in 1d, far away from the sulfate ion. When it bridges between 

a sulfate and a water O, or between two of the sulfate Os, degeneracy is lifted again (W13-1e 

and W13-1b). In all cases a sulfate stretch motion combined to some water libration gives rise 

to a relatively weak band in the 940-950 cm-1 range. 

Inspection of Figure 4 indicates that the spectra computed for the other low energy structures, 

W13-2 to W13-6 are all relatively similar to those described above for W13-1b to W13-1e. 

Again the varying degree of degeneracy of the sulfate stretching bands can be traced to the 

more or less symmetrical environment of the sulfate S-O bonds, both on the surface and in the 

interior of the water cluster since the structures are more different. The spectra of W13-2, 

W13-4 and W13-5 all display a sulfate stretching band in the 940-970 cm-1 range.  

The spectrum of W13-4 may have the best overall agreement with the experimental spectrum, 

especially since it displays a band at 969 cm-1 and a weaker one at 953 cm-1 (not resolved in 

Figure 4). Both arise from libration of water molecules in a four-membered ring, coupled to 

stretching of the interior S-O. The (H2O)4 cluster has different H bonding pattern to the rest of 

the water cluster than has W13-1, thus the band shifting. 

Page 13 of 26 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



14 
 

A discussion of the computed spectra for W13-5 and W13-7 may be found as section S62 in the 

Supplementary Information. 

Comparison of experimental and computed spectra makes it clear that the shell-closing 12+1 

structure W13-AN described in the literature does not fit. A clear indication is provided by the 

sulfate antisymmetric stretch bands. While the H2O molecule in the second shell breaks the 

quasi-C3 symmetry of the SO4
2-(H2O)12 core, the degeneracy lift of the 3 frequencies is clearly 

insufficient to account for the experimental width of ca. 200 cm-1, contrary to those of the 

structures described above. In addition, the band at 902 cm-1 is in significantly worse 

agreement with the 970 cm-1 experimental band than those of most structures described 

above, which lie either in the 940-960 or 990 cm-1 range. Thus the inescapable conclusion is 

that the first hydration shell is not closed at n=13. Interestingly, the wide water libration massif 

is somewhat different for W13-AN than for the others displayed in Figure 4, better matching 

the experimental features on the red side. 

 

4. Discussion 

A. Comparison with previous computations 

The present results indicate that nearly all structures published previously for SO4
2-(H2O)12 are 

of high energy. The single exception is from the work of Galli et al.27 with which the present 

results are qualitatively consistent. There are however considerable quantitative differences, as 

the more extensive structural search performed herein has allowed identification of a number 

of new low energy structures. The present results, obtained at the DLPNO-CCSD(T)/aug-cc-pVTZ 

level, are also expected to be more reliable than the PBE0 results obtained previously. As a 

consequence, the interpretation27 of IR spectra in terms of a mixture of surface and interior 

structures being formed experimentally is unlikely to hold, both in terms of energy and of IR 

spectra. Kinetic trapping of high energy structures such as W12-AN and W13-AN during 

cryogenic cooling is not expected to occur for non-covalent complexes which can interconvert 

through small energy barriers. Our results do support a mixture of several structures of very 
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similar stability, especially for n=13, however at very low temperature all have the sulfate near 

the cluster surface. 

It remains that the agreement between the present computations and experimental spectra is 

unsatisfactory in the 600-900 cm-1 region. BOMD computations by Galli et al. 27 have shown 

significant improvement over static calculations in this frequency range. It would be very 

interesting to run BOMD calculations with the lowest energy structures found herein as starting 

point. In addition, our picture for n=13, in which the 13th water molecule can move around a 

compact SO4
2-(H2O)12 core, may be associated with large configurational entropy, which our 

current approach does not treat. BOMD calculations on such structures may be revealing in this 

respect. 

  

B. Comparison of IR spectra of SO4
2-

(H2O)12 and SO4
2-

(H2O)13 

The most stable structure for n=13 has lowered symmetry compared to that for n=12 because 

of the additional water molecule. This leads to a larger degeneracy breaking of the sulfate 

antisymmetric stretching frequencies at 1130-1150 cm-1, accounting for the larger experimental 

feature for n=13, which extends toward 1200 cm-1.  Coupling of the sulfate inner S-O stretch 

with water librations, dominated by those waters interacting with the inner S-O bond, leads to 

two bands of very similar positions for n=12 and 13. The sulfate-dominated motion has 

frequencies of 937 and 946 cm-1, respectively while the water-dominated motion has 

frequencies of 1034 and 1037 cm-1, respectively. As these motions are remote from the outer 

water molecule, their similarity is expected. The computed water libration bands for both n=12 

and 13 do not reproduce the experimental features very well, since the latter extend down to 

600 cm-1 while calculated intensities are rather small below 700 cm-1. This may be due to the 

static, harmonic approximation used. They do reproduce, however, the overall blue shift of the 

blue part of the massif for n=13 as compared to n=12, with significantly more numerous bands 

in the 800-950 cm-1 area. This extends as far as a band at 992 cm-1, corresponding to coupled 

librations in one of the water tetramers, to which the outer water is bound. Since this band 

appears in a completely silent portion of the n=12 spectrum, it is one of two possible 

assignments for the experimental band at 970 cm-1. In such a scenario, the experimental 
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differences observed in the spectra of n=12 and 13 do arise from a 13th water molecule lying in 

the second solvation shell, even though it is unrelated to closing the first. In addition the new 

band at 970 cm-1 is not related to this outer molecule’s motion. It is the perturbation of several 

of the inner water librations modes by this additional molecule which leads to the most visible 

spectral changes, let aside the degeneracy lift of the sulfate stretches discussed above. The 

outer water molecule donates two hydrogen bonds, however it receives none. This weaker 

participation to the hydrogen bond network makes its libration less constrained thus the bands 

for which its contribution is major appear much farther to the red, around 700 cm-1. 

The computed IR spectra also challenge the view that band assignments can be safely made on 

the basis of those established for the bulk solution spectrum in the 900-1200 cm-1 region. It 

should be noted that the series of experimental spectra,23 encompassing n=4-14, 18 and 24 

does show progressive overlap between the water libration and sulfate antisymmetric stretch 

features from n=10 to 14, while this no longer exists for n=18 and 24. There appears to exist a 

region of intermediate size in which the first and second hydration shells are perturbed enough, 

compared to the bulk, that some parts of their spectra are not directly comparable. 

C. Closure of the first hydration shell 

The appearance of a band at 970 cm-1 at n=13 appears not to be related to hydration shell 

closure at n=12. The single low-energy saturated isomer found for n=12 (W12-2) does not 

appear to generate a low-energy isomer for n=13 by simple addition of H2O. This is likely due to 

the smaller binding energy at any site that has to be remote from the ion, compared to W12-1 

for which direct access to the charge is possible. The computed energetics and spectra show 

that shell closure is still not effected at n=13. In addition, the experimental spectra for n=13 and 

14 are strongly similar,23 including the 970 cm-1 band which is common to both.  Finally, the 

shapes of the lowest energy structures for n=13 shown in Figure 3 suggest that at least one 

more strongly bound water molecule could easily be accommodated in the second shell. All of 

these points suggest that closure of the first hydration shell might occur even beyond n=14. At 

least the experimental IRPD spectra do not provide any indication of shell closure at n=14. 
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5. Conclusions 

Extensive exploration of the potential energy surfaces of SO4
2-(H2O)12 and SO4

2-(H2O)13 and 

computation of the structures, energetics and IR spectra have been carried out near the current 

computational accuracy limit. The results provide a new picture of these clusters, as most of the 

low energy structures identified herein have not been described previously. While the 

difference in spectra between n=12 and n=13 does provide a structural fingerprint, the latter 

turns out not to correspond to a qualitative transition in cluster structure. In particular, it 

appears not to be related to hydration shell closure at n=12. The computed energetics and 

spectra show that this closure is still not effected at n=13. In addition, the experimental IRPD 

spectra for n=12-14 do not provide any indication in favor (nor against) shell closure at n=14.  

Comparison of experimental and computed IR spectra also demonstrates that the IR 

“fingerprint” region does not provide a clear identification of a single or a few structures being 

populated, even at very low temperature. There exists a number of structures, computed to lie 

in a few kJ.mol-1 window, whose spectra are compatible with the experimental spectrum. It 

would be particularly interesting to investigate the O-H stretching portion of IRPD spectra in the 

3200-3800 cm-1 range to see if more discriminating features can be obtained there. 

Finally, it is apparent from the results in Tables 1 and 2 that even for the small-sized clusters 

discussed herein, the few most stable isomers may not be the most appropriate tool for 

structural characterization. Their energies are so similar that except at the very lowest 

temperatures, a collection of structure families may be required to describe these objects. This 

will become even truer for larger clusters. To this end, resorting to molecular dynamics (MD) 

appears to be the method of choice. The results of the present structural search indicate that 

AMOEBA is a good candidate for running classical MD simulations on hydrated sulfate clusters. 

IR spectra may then be computed directly from the simulations, as described recently.37 Such 

studies are currently underway. 
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W12-1a    W12-1b    W12-1c 

 

          

W12-1d    W12-2     W12-3 

 

          

W12-4     W12-5     W12-6 

 

           

 W12-7     W12-GL    W12-AN 

 

Figure 1. Structures of low energy isomers of SO4
2-(H2O)12. The ordering in W12-“x” is based on 

DLPNO-CCSD(T)/aug-cc-pVTZ//M11/6-311++G(d,p) relative energies, including M11 zero-point 

vibrational energies. 
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Figure 2. Experimental IRPD spectrum (ref. 23, top) and computed absorption spectra of several 

low energy isomers of SO4
2-(H2O)12. Structures and spectra are at the M11/6-311++G(d,p) level. 

Relative energies, in kJ.mol-1, are at the DLPNO-CCSD(T)/aug-cc-pVTZ level using the same 

geometries. 
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 W13-1a    W13-1b   W13-1c 

 

        

 W13-1d    W13-1e   W13-2 

 

       

 W13-3     W13-4    W13-5 

 

        

 W13-6     W13-7    W13-AN 

Figure 3. Structures of low energy isomers of SO4
2-(H2O)13. W13-AN is from reference 23. 
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Figure 4. Experimental IRPD spectrum (ref. 23, top) and computed absorption spectra of several 

low energy isomers of SO4
2-(H2O)13. Structures and spectra are at the M11/6-311++G(d,p) level. 

Relative energies, in kJ.mol-1, are at the DLPNO-CCSD(T)/aug-cc-pVTZ level using the same 

geometries. 
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Structure name 
Coordination of 

sulfate oxygens 
Relative 
energy 

W12-1a [3,2,2,2] 0.0 

W12-1b [3,2,2,2] 0.0 

W12-1c [3,2,2,2] 2.1 

W12-1d [3,2,2,2] 6.2 

W12-2 [3,3,3,3] 8.2 

W12-3 [3,«3»,«3»,2] 8.5 

W12-4 [3,2,2,2] 8.9 

W12-5 [3,«3»,«3»,2] 10.0 

W12-6 [3,3,2,2] 10.2 

W12-7 [3,2,2,2] 10.8 

W12-8 [3,«3»,«3»,2] 12.9 

W12-9 [3,«3»,«3»,2] 13.1 

W12-10 [3,2,2,2] 13.3 

W12-11 [3,3,3,2] 17.7 

W12-GL [4,2,2,2] 19.0 

W12-AN [3,3,3,3] 27.0 

 

Table 1. Relative energies (kJ.mol-1) of low energy structures of SO4
2-(H2O)12, computed at the 

DLPNO-CCSD(T)/aug-cc-pVTZ//M11/6-311++G(d,p) level with M11-computed 0 K vibrational 

energies. Structures with names in bold are displayed in Figure 1, with IR spectra in Figure 2. 
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Structure name 
Coordination of 

sulfate oxygens 
Relative 
energy 

W13-1a [3,2,2,2] 0.0 

W13-2 [3,2,2,2] 1.2 

W13-3 [3,2,2,2] 2.9 

W13-4 [3,2,2,2] 3.1 

W13-1b [3,2,2,2] 3.1 

W13-1c [3,2,2,2] 3.1 

W13-5 [3,3,3,2] 3.2 

W13-1b2 [3,2,2,2] 3.5 

W13-6 [3,3,2,2] 3.6 

W13-2b [3,2,2,2] 4.0 

W13-1b3 [3,2,2,2] 4.3 

W13-1b4 [3,2,2,2] 4.4 

W13-1d [3,2,2,2] 5.1 

W13-7 [3,«3»,«3»,2] 5.3 

W13-8 [3,2,2,2] 5.7 

W13-9 [3,3,3,«3»] 6.1 

W13-1d2 [3,2,2,2] 6.3 

W13-10 [3,3,3,«3»] 6.3 

W13-1e [3,3,2,2] 6.5 

W13-11 [3,2,2,2] 8.3 

W13-12 [3,3,2,2] 9.9 

W13-13 [3,3,2,2] 9.9 

W13-AN [3,3,3,3] 19.5 

 

Table 2. Relative energies (kJ.mol-1) of low energy structures of SO4
2-(H2O)13, computed at the 

DLPNO-CCSD(T)/aug-cc-pVTZ//M11/6-311++G(d,p) level with M11-computed 0 K vibrational 

energies. Structures with names in bold are displayed in Figure 3, with IR spectra in Figure 4. 
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