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Abstract 

 Gas phase ion-molecule clusters of the form V+(H2O)n (n = 1−30) are produced by laser 

vaporization in a supersonic expansion.  These ions are analyzed and mass-selected with a time-

of-flight mass spectrometer and investigated with infrared laser photodissociation spectroscopy.  

The small clusters (n ≤ 7) are studied with argon tagging, while the larger clusters are studied via 

the elimination of water molecules.  The vibrational spectra for the small clusters include only 

free O−H stretching vibrations, while larger clusters exhibit red-shifted hydrogen bonding 

vibrations.  The spectral patterns reveal that the coordination around V+ ions is completed with 

four water molecules.  A symmetric square-planar structure forms for the n = 4 ion, and this 

becomes the core ion in larger structures.  Clusters up to n = 8 have mostly two-dimensional 

structures, but hydrogen bonding networks evolve to three-dimensional structures in larger 

clusters.  The free O−H vibration of AAD (acceptor-acceptor-donor) coordinated surface 

molecules converges to a frequency near that of bulk water by the cluster size of n = 30.  

However, the splitting of this vibration for AAD- versus AD-coordinated molecules is still 
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different compared to other singly-charged or doubly-charged cation-water clusters.  This 

indicates that cation identity and charge-site location in the cluster can produce discernable 

spectral differences for clusters in this size range.  
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I. Introduction 
 

The solvation of metal cations by water underlies many important chemical systems, such 

as electrochemical reactions, acid-base chemistry, atmospheric aerosols, and the many aqueous 

biochemical processes that govern life itself.1-4  The molecular details of cation-water 

interactions have been investigated with many studies of the mass spectrometry of gas phase ion-

molecule complexes,5-25 and with corresponding computational studies.26-43  Collision-induced 

dissociation measurements have determined cation-water binding energies, while computational 

studies have provided structures, relative energetics and predicted spectra for complexes with 

different numbers of water molecules and different charge states.  Spectroscopic experiments in 

either the UV-visible or infrared regions have determined the structures and the coordination 

numbers of different metal ions interacting with water.44-86  In the present report, we use mass 

spectrometry and infrared photodissociation spectroscopy to investigate the solvation of singly 

charged vanadium ions by multiple water molecules. 

 The spectroscopy of hydrated metal ions has examined the solvation effect of water on 

the atomic transitions of metal ions and the polarization effect of metal ions on the structure and 

bonding in water molecules.  Electronic spectroscopy of mass-selected ions examined the atomic 

transitions in transition metal cations and those of alkaline earth metal cations bound to one or 

more water molecules.44-58  Among this group, Brucat and coworkers reported the electronic 

spectra for V+(H2O),44 our group and those of Fuke and coworkers and Kleiber and coworkers 

investigated alkaline earth cation complexes with water,45-48,51-53 and the group of Kleiber and 

that of Metz studied other transition metal cation-water complexes.54,56-58  Unfortunately, these 

electronic spectra of cation-water complexes exhibit sharp vibrational structure only for those 

species containing a single water molecule.  Apparently, predissociation in excited electronic 

states leads to broad, continuous spectra for multi-water complexes.  Infrared spectroscopy has 
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been more successful in revealing the solvation of metal ions.  Infrared measurements in the 

O−H stretching region have been described for several different metal ions for complexes 

containing enough water to form the first, and sometimes larger, solvation spheres.59-86  These 

spectra reveal the so-called free-OH vibrations for the small clusters, which are usually shifted to 

lower frequency than the vibrations in water itself because the charge transfer toward the metal 

ion removes bonding electron density from the water.  In larger complexes, hydrogen-bonded 

O−H stretches are shifted even further to lower frequency when water molecules beyond the 

initial coordination sphere are present.  Specific structures for solvation complexes have been 

identified by comparison of infrared band patterns to the predictions of theory.  There are several 

examples of spectroscopic studies on multiply-charged cation-water complexes.55,68-71,74,75,78,79,81  

Williams and coworkers have reported infrared spectra on several such systems for clusters in 

the size range extending up to 30−50 water molecules.68-71,78,79  The only other study of large 

singly-charged metal cation-water clusters is that of the Ni+(H2O)n system.65 

 Vanadium-water complexes have been the focus of several previous studies, including 

electronic spectroscopy and infrared spectroscopy.44,60,72,81,86  Our research group has 

documented the infrared patterns for the V+(H2O) complex using infrared photodissociation with 

different rare gas "tag" atoms attached.86  Spectra with partially resolved rotational structure 

revealed evidence for ortho-para conversion on the water molecule catalyzed by the metal.  We 

also reported the variation of water vibrations for singly vs doubly charged vanadium ions.81  

Sasaki et al. used similar photodissociation methods to study V+(H2O)n ions for n = 3−8 using 

tagging with nitrogen or the elimination of water molecules.72  Unfortunately, this latter study 

had broad bands because of the multiphoton excitation and/or warm thermal conditions of the 

ions.  In this work we employ rare gas atom tagging to improve the signals for the smaller multi-
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water complexes, and we extend the study to larger cluster sizes, revealing the effects of 

solvation in this system. 

 

EXPERIMENTAL 

 Vanadium-water complexes of the form V+(H2O)nArm were produced in a laser 

vaporization/supersonic molecular beam cluster source.87  A representative mass spectrum is 

presented in the Supporting Information as Figure S1.  Specific ions were mass-analyzed and 

selected for photodissociation measurements in a reflectron time-of-flight mass spectrometer.88,89  

Infrared excitation was accomplished with a Nd:YAG-pumped OPO/OPA laser system 

(LaserVision).90  We used ion cooling and inert gas atom tagging strategies developed in many 

recent studies of ion spectroscopy.91-106  The photofragment yield was recorded as a function of 

the infrared laser energy using a digital oscilloscope (LeCroy) to measure the infrared spectrum.  

Infrared spectra were compared to the band patterns predicted by theory to determine the 

structures and spin states of the complexes. 

Computational studies were performed on these clusters at the DFT/B3LYP level using 

Gaussian09.107  The Def2-TZVP basis set was used for vanadium and the 6-311+G(d,p) was used 

for hydrogen, oxygen and argon.  Vibrations resulting from harmonic computations were scaled 

by a factor of 0.96 to account for anharmonicity,108 except as noted.  In the case of the 

V+(H2O)Ar2 complex, anharmonic vibrational theory computations were performed using the 

VPT2 method. 

 

RESULTS AND DISCUSSION 

 Figure 1 shows the spectra for the V+(H2O)n complexes for n = 3,4,5,7 measured by the 

elimination of water molecules.  Smaller clusters do not dissociate efficiently by eliminating 
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water.  Spectra of this kind were reported previously for some of these cluster sizes by Sasaki et 

al.72  As shown, the spectra contain broad noisy bands because of the low dissociation yields.  

According to computational results, the binding energy of water to these clusters is higher than 

the photon energy used for excitation.  Therefore, dissociation can only occur if there is 

multiphoton absorption, or if these clusters are not cooled completely and have some residual 

internal energy.  The spectra for the n = 3 and 4 complexes contain two bands each (3607/3685 

and 3617/3699) assigned previously72 to the symmetric and asymmetric stretches of the water 

molecules.  These bands are shifted to lower frequencies compared to the stretches of water itself 

(3657 and 3756 cm-1)109 because of the polarization of the water by the metal ion, which removes 

electron density from the O−H bonds and thus lowers the frequencies.  The relative intensities of 

these bands (i.e., near equal) contrasts markedly with the spectrum of water itself, where the 

asymmetric stretch is much more intense than the symmetric stretch.110  The enhancement of the 

symmetric stretch intensity is also attributed to a polarization effect from the metal ion.  The n = 

5 complex has bands in this same region, but new features further to the red (3352, 3511 cm-1) in 

the region assigned to hydrogen bonding vibrations.  Similar structure in this region is seen for 

the n = 7 complex.  This first appearance of these hydrogen bonding bands for the n = 5 complex 

establishes that the coordination around the vanadium ion is complete with four water molecules.  

This can be compared to V+(CO2)n clusters, where the coordination is also four,111 or to V+(CO)n 

complexes, where the coordination is six.112,113 

 Because of the low signal levels from spectra measured under the conditions of Figure 1, 

and the possible detection bias toward warm clusters with unquenched internal energy, we 

measured spectra for the vanadium cation-water complexes in this same size region using argon 

tagging.  Tagging allows the detection of spectra by single-photon dissociation, and guarantees 

that the clusters are cold.  Figure 2 shows the spectra obtained for the V+(H2O)nAr species for n 
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= 1−7.  Sasaki et al.72 reported corresponding spectra for the n = 2−4 species tagged with N2.  

Comparison of our argon-tag spectra to the N2-tag spectra of Sasaki et al. shows that our spectra 

have more multiplet structure for each cluster size and generally narrower linewidths (10−15 cm-

1 here vs 30−40 cm-1 in ref. 72).  Because supersonic cooling in different expansion gases and 

cluster sources may affect ion temperatures, and the different binding energies of nitrogen versus 

argon to these clusters may produce different structures and photodissociation efficiencies, it is 

not too surprising that the spectra produced in the two experiments might be different.  The 

higher resolution for clusters up to n = 7 provides an opportunity to compare these spectra to the 

predictions of theory to investigate which structures might be present for each cluster size.  As 

shown, each of these spectra have sharp features in the free-OH stretching region, and those for n 

≥ 4 have red-shifted bands in the hydrogen bonding region. 

 Figure 3 shows the spectrum of the mono-hydrated V+(H2O) complex tagged with two 

argon atoms compared to the spectra predicted for this complex with theory.  Two O−H stretch 

bands are detected at 3620 and 3691 cm-1.  The spectrum of this ion tagged with a single argon or 

neon atom produces partially resolved rotational structure, which has been analyzed and 

discussed extensively in previous work.60,86  The band patterns and partially resolved rotational 

structure were consistent with a C2v metal-water structure.  The two main bands shown here at 

3620 and 3691 cm-1 are shifted to the red from the vibrations of water.  As shown in the figure, 

the most stable structures for this ion consists of a C2v cation-water unit with argons attached 

asymmetrically to the metal ion opposite the water.  The quintet spin state (corresponding to the 

d4 ground state configuration of V+) is predicted to be the most stable electronic ground state for 

the ion.  It has two O−H stretches matching the experimental bands.  As shown, the 

corresponding triplet and singlet states have similar predicted spectra, making it impossible to 
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confirm the ground state from this data alone.  There is additional uncertainty because DFT is 

known to have difficulties in determining the relative energies of spin states for transition 

metals.114-118  However, the rotational analysis and high level theory in our previous work 

demonstrated that this complex has the quintet ground state when it is tagged by a single argon 

or neon atom,86 and therefore we conclude that the same is likely true when it is tagged with two 

argons, consistent with the energetics predicted here by DFT.  The weak band at 3881 cm-1 is not 

predicted by theory, and is therefore likely a combination band involving an argon stretch.  Such 

combination bands have been seen in several previous studies of cation-water complexes tagged 

with argon.73 

 Figure 4 shows a spectrum of the same V+(H2O)Ar2 ion extending into the near infrared 

region.  Additional bands are detected at 5280, 7121 and 7150 cm-1 in regions corresponding to 

the O−H stretch/OH2 scissors bend combination and the O−H stretch overtones.  As shown, 

anharmonic theory computations predict a ν2 + ν3 bend-stretch combination at 5208 cm-1 in 

reasonable agreement with the experiment, and ν1 + ν3, 2ν1 and 2ν3 overtones at 7032, 7050 and 

7165 cm-1 in less agreement with the experimental pattern.  Results of similar mixed theory-

experiment agreement were obtained recently for near-IR spectroscopy of protonated water 

clusters.119  This is another example of the limitations of the VPT2 method for such systems.  

Because of the lower intensities of overtones and combinations, and the lower parent ion 

concentrations, we were not able to obtain near-IR spectra for larger clusters. 

 Figure 5 shows the spectrum for V+(H2O)2Ar compared to the spectra predicted by theory 

for different structural isomers of this ion.  Because of the discussion above about spin states, 

and the computational data for different spin states provided in the Supporting Information, we 

focus here on quintet states with different binding arrangements for the two water molecules or 

different attachment sites for the argon.  The experimental spectrum consists of five bands (3576, 
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3609, 3670, 3684, 3720 cm-1), with the lowest energy four of these forming two doublets.  For 

comparison, the nitrogen-tagged complexes studied by Sasaki et al. produced bands at 3614 and 

3688 cm-1.72  Isomer 2a, which has the two water molecules opposite each other and argon 

binding to an OH of one water, accounts for two doublets that match the spectrum.  The two 

bands predicted for isomer 2b, which has the two waters opposite each other but the argon bound 

to the metal ion, fall in almost exactly the positions to overlap the 2a spectrum.  Because the 

energies of isomers 2a and 2b are computed to be the same, we can expect that both are probably 

present.  The highest energy band at 3720 cm-1 is not explained by either of these lower energy 

isomers, but the spectrum of isomer 2c has a band (3734 cm-1) that could explain this higher 

energy feature.  Isomer 2c is somewhat higher in energy, but it appears that a small amount of 

this structure may also be present.  Therefore, already the complex with two waters and an argon 

seems to have at least three co-existing isomers. 

    Figure 6 shows the spectrum for the n = 3 complex compared to those predicted by theory 

for different low-lying isomers.  Bands detected here at 3613, 3628, 3691, 3708 and 3758 cm-1 

can be compared to the two broader bands at 3617 and 3693 cm-1 detected by Sasaki et al.72  or 

to the two features at 3607 and 3685 cm-1 measured here without tagging (Figure 1).  Isomers 3a 

and 3b have virtually the same energy and differ only in the binding position of argon.  Isomer 

3b has a pair of doublets that matches the experimental spectrum reasonably well.  This same 

pattern is also predicted for the tag-free ion (see Supporting Information).  With the possible 

exception of the weak signal detected near 3758 cm-1, the patterns predicted for isomer 3c do not 

appear to be present in the experimental spectrum.  The weak signal at higher energy may be 

coming from a minor amount of the high frequency band in isomer 3c, or it may also be coming 

from a weak combination band.  In any event, the three-coordinate water ion structure seems to 

explain the main structure in the spectrum. 
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 Figure 7 shows the experimental spectrum for the n = 4 ion, compared to the patterns 

predicted for several of its possible isomers.  The bands at 3504, 3626, and 3708 cm-1 can be 

compared to those detected by Sasaki et al. at 3620 and 3694 cm-1,72 or to the two bands at 3617 

and 3699 cm-1 measured here without tagging (Figure 1.)  Theory predicts a four-coordinate 

species with a near square-planar structure to be most stable.  As seen for the n = 3 ion, bands are 

predicted near the positions of two O−H stretch features, but theory seems to over-emphasize the 

effects of multiplet structure introduced by different argon attachment sites.  A weak band at low 

frequency (3504 cm-1) can only be explained by hydrogen bonding, and a 3 + 1 coordinated 

structure with the external water in a double-acceptor configuration has a hydrogen bonding 

band in the correct position.  This hydrogen bonding band is predicted to be rather intense, 

making it possible to see this vibration even if there is only a minor concentration of this species.  

In the tag-free spectroscopy (Figure 1) , hydrogen bonding was not detected until the n = 5 

cluster, suggesting that the n = 4 had only a four-coordinate structure.  However, at the lower 

temperatures of the argon tagging experiment, a minor concentration of a 3 + 1 isomer is not 

unreasonable. 

 Figure 8 shows the experimental spectrum for the n = 5 ion, compared to the patterns 

predicted for several of its possible isomers.  The experimental spectrum here is simpler than 

those for the smaller clusters, with only two main bands at 3517 and 3702 cm-1.  These occur in 

the free O−H stretching region and in the region of a hydrogen bonding vibration.  For 

comparison, the free O−H feature for this ion measured without tagging occurs at 3699 cm-1, in 

virtually the same position measured here.  The tag-free ion has three bands in the hydrogen 

bonding region (3240, 3352, 3511 cm-1), similar to the spectrum reported by Sasaki et al.,72 

compared to the single feature here at 3517 cm-1.  As shown below and in other studies on these 

ions, the bands further to the red correspond to molecules with a single hydrogen bonding 
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connection, whereas the band near 3517 cm-1 corresponds to a more highly connected external 

water in a double-acceptor site.  Theory shows that 4 + 1 coordinated structures are most stable, 

confirming that the external water molecule is in such a double-acceptor configuration.  The 

attachment of argon at different positions in isomers 5a and 5b seems to make little difference in 

their predicted spectra.  Except for the doublet predicted but not resolved in the spectrum for the 

free O−H stretch, the predicted spectra match the experiment reasonably well.  There seems to be 

no evidence for isomers 5c or 5d which have 4 + 1 structures with the external water in a single-

acceptor site. 

It is understandable that vibrations for single-acceptor molecules would be present in the 

tag-free spectrum but not here, on the basis of both temperature effects and dissociation energies.  

Argon tagged clusters are generally colder than those produced without tagging because of the 

better cooling in argon expansions and the fact that argon will not attach effeciently to warm 

clusters.  Tagged clusters therefore are more likely to access the lower energy structures.  There 

is also likely a bias in the tag-free spectroscopy to detecting warmer clusters because these 

species have internal energy that can combine with the photon energy to achieve dissociation.  

Additionally, dissociation of the single-acceptor structures requires that only one hydrogen bond 

be broken, which can be achieved with a single infrared photon.  Dissociation of the double-

acceptor clusters requires the breaking of two hydrogen bonds and requires more energy.  This 

effect would bias the tag-free spectroscopy toward the detection of single-acceptor clusters.  

With argon-tagging, the clusters are colder and argon binding energy is always far below the 

photon energy, so that any detection bias is eliminated.  All these issues explain the difference 

between the spectra measured with versus without tagging. 

 The spectrum for the V+(H2O)6Ar ion is presented in Figure 9, where the band patterns 

are compared to those predicted by theory for possible isomeric structures.  As shown, a 
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symmetric structure with a square-planar core ion and two second-sphere water molecules in 

opposite double-acceptor positions is predicted to be most stable.  Isomers 6a and 6b have 

different argon attachment sites, but their spectra are virtually the same.  Each has a pair of 

doublets whose positions match the main bands in the spectrum reasonably well, but their 

relative intensities are a little off.  In the experimental doublet at 3504 and 3532 cm-1 the two 

peaks have almost equal intensities, whereas the bands here for isomers 6a, 6b (and 6c) have one 

intense peak and another much weaker one.  It is not clear whether there is a problem with the 

computed intensities or that more than one isomer is present.  Isomer 6c has the same structure as 

6a and 6b, but with one of its external waters in a single-acceptor site.  Its band in the 3500 cm-1 

region is at higher frequency, and so a contribution from this might explain the experimental 

doublet.  However, it also has a red-shifted hydrogen bonding bands near 3150 cm-1 that is not 

detected in the experiment.  Isomer 6d has a structure and spectrum like that of 6c, but with a 

different argon attachment site.  Isomer 6e is the only one having a band near 3590 cm-1, which 

could explain the feature here in the experimental spectrum, but this is also unsatisfactory 

because the strong band predicted for this structure near 3400 cm-1 is not detected.  Overall, it 

appears that structures like isomers 6a and 6b must be present, but it is difficult to explain the 

feature at 3592 cm-1.  The spectrum of the n = 7 cluster (see Supporting Information) is also 

difficult to assign. 

 We were unable to obtain efficient tagging for clusters larger than the n = 7 species, but 

found that clusters in this larger size range dissociate efficiently by eliminating one or more 

water molecules.  We therefore measured spectra for the larger species in this way.  As discussed 

above, this may introduce some biases into the structures of clusters that can be detected.  

Figures 10, 11 and 12 show the spectra measured for the clusters up to a size of n = 30.  Figure 

10 shows the spectra obtained for the n = 8, 11, and 14 species, which illustrate an evolution in 
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the spectral patterns.  The n = 8 species has a spectrum with a doublet (3696/3725 cm-1) in the 

O−H stretching region, and a prominent band in the hydrogen bonding region at 3391 cm-1.  The 

O−H doublet was seen for smaller clusters (e.g., n = 3, 4, 7 in Figure 1), but the spacing is now 

smaller.  This region for the n = 11 and 14 clusters has more of a single broad band here, with 

perhaps a shoulder on the high frequency side.  The 3391 cm-1 band is in the region of hydrogen 

bonding O−H stretches for external water molecules in a single-acceptor binding site.  It appears 

to be following the progression of similar features at 3352 and 3371 cm-1 for the n = 5 and 7 

clusters (Figure 1).  These bands are not found for the argon-tagged versions of these ions, as the 

external waters in those structures are mostly in double-acceptor sites, consistent with higher 

connectivity at lower temperatures.  This kind of hydrogen bonding band is not found for the n = 

11 and 14 clusters, nor is it seen for any of the larger systems in Figures 11 and 12.  Instead, the 

hydrogen bonding region has progressively less structure for the n = 11 and 14 clusters, and 

eventually takes on a smooth, structureless profile in the larger clusters. 

 These changes in the vibrational band patterns seem to be associated with a change in the 

clusters from two-dimensional (2D) to three-dimensional (3D) structures.  The preference for 2D 

structures was already demonstrated in Figures 6−9, where the square-planar motif emerges for 

the n = 4 cluster, and then n = 5 and 6 species add external waters in the gaps between the inner-

sphere molecules.  To see how far this pattern goes, we did computational studies on randomly 

selected isomers of the n = 8 and n = 10 clusters.  These computations are not likely to be 

complete, but they seem to illustrate structural tendencies.  As shown in the Supporting 

Information, many of the n = 8 structures are planar or near-planar, whereas the n = 10 species 

have begun to form more 3D networks.  These tendencies are consistent with the changes in the 

vibrational spectra.  The 3391 cm-1 band for the n = 8 species is associated with external water 

with a single-acceptor connection, consistent with many of the structures found computationally.  
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As clusters begin to form 3D networks, fewer water molecules have such a single connection, 

and most are involved in both donor and acceptor sites.  This leads to a broader hydrogen 

bonding absorption.  In 3D configurations, the symmetric O−H stretch seen for the smaller 

clusters becomes inhibited and the only surviving kind of O−H stretch is that for the subset of 

molecules with one dangling/free OH, which then resembles the asymmetric stretch vibration in 

the smaller clusters.  This explains the trend toward a single main vibrational band near 3700 cm-

1.  As shown in Figures 11 and 12, the much larger clusters have likely converged to the 3D 

pattern, with a smooth hydrogen bonding region and a nearly-single band close to 3700 cm-1 for 

the free O−H stretch.  It therefore seems that a transition from 2D to 3D clusters takes place in 

the n = 8−10 size range. 

 Figures 11 and 12 show the spectra measured for the larger clusters in the  n = 17−30 size 

range.  These all have a smooth, nearly featureless hydrogen-bonding signal in the 3400−3650 

cm-1 range, and what appears to be mostly a single broad resonance near 3700 cm-1 

corresponding to a free O−H stretch.  These general features have been seen previously for other 

large cation-water clusters, including H+(H2O)n protonated water,120-123 alkaline-earth 

M2+(H2O)n,69-71,78,79 and Ni+(H2O)n species.65  A trace of a dip near 3580 cm-1 occurs in the 

hydrogen bonding region, which is most noticeable in Figure 11.  This has also been seen 

previously for other cation-water clusters.  This suggests that the hydrogen bonding region for 

these clusters is inhomogeneously broadened, containing contributions from several partially 

overlapping hydrogen bonding resonances, and the dip represents a gap in this pattern. 

 It can be seen in Figures 11 and 12 that the broad free O−H band near 3700 cm-1 actually 

has some structure.  Each of these bands has a shoulder on the high energy side spaced above the 

center of the main peak by about 18−20 cm-1.  This doublet structure has been seen and discussed 
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before for several systems of large cation-water clusters.65,69-71, 78,79,120-123  It is associated with 

the free O−H stretches of two kinds of water molecules in the hydrogen bonding network.  Fully 

coordinated water has two acceptor and two donor hydrogen bonds, leaving no free OH to 

contribute any absorption at this frequency.  Water molecules having a single free OH can have 

either three (one donor, two acceptor; AAD) or two (one of each; AD) hydrogen bonding 

connections.  These different coordinations have been shown to have a small, but non-negligible 

effect on the frequency of the free O−H stretch.  Three-coordinate molecules are most common 

in a cold cluster, and contribute the intensity of the AAD band at lower frequency, whereas the 

two-coordinate molecules occur less frequently and give rise to the high frequency AD shoulder.  

The spacing between these two bands has been shown to vary with the identity of the cation in 

the cluster and with the size of the cluster.65,69-71, 78,79,120-123  

 In the present system, the main band shows only a slight size dependence, occurring at 

3705−3708 cm-1 for clusters in the n = 17−30 size range.  This can be compared to the free O−H 

stretch seen at 3700−3705 cm-1 for water surfaces, measured with sum-frequency generation 

techniques.124-126  Apparently, in this respect, the surface O−H vibrations in the clusters in the 

17−30 molecule size range are already essentially converged to the bulk behavior.  The spacings 

between the two kinds of free O−H bands is quite large in the smallest clusters, in the range of 

20−22 cm-1 for the clusters in the n = 10 size range, and then as small as 17−19 cm-1 in the larger 

clusters.  Figure 13 shows a plot of the free O−H band spacing versus cluster size for the present 

vanadium cation clusters compared to those of protonated water clusters and nickel cation 

clusters studied previously in our group.  As shown, all three systems have a lower spacing 

beginning near the cluster size of n = 10, consistent with the formation of three-dimensional 

structures discussed earlier.  In the size range of n = 10−30, there is considerable scatter, but the 
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spacings for the metal ion systems are in the range of 17−22 cm-1.  The vanadium spacings are 

generally smaller than those of the nickel species.  However, the protonated water clusters have 

systematically larger spacings of >20 cm-1.  This is a small, but reproducible effect.  Protonated 

water clusters in this size range are believed to have a hydronium ion in the wall of clathrate-like 

cage structures, whereas metal-containing clusters should have the cation more centrally located 

in a hydrogen-bonding network.  In both kinds of systems, the free O−H vibrations carrying the 

information are located on the external surface of the cluster, separated from the charge carrier 

by 1−2 water molecules.  Apparently, charge induction effects running through the hydrogen 

bonding network are significant enough so that surface water molecules not only feel a slightly 

different electronic environment for AAD vs AD coordination, but they also sense the identity 

and location of the charge in the cluster.  Similar observations and conclusions have been 

reached by other studies of large cation-water clusters.65,69-71,78,79  The splitting is even larger 

(≥25 cm-1) for water clusters with doubly and triply charged metal ions than it is for the singly-

charged species shown in Figure 13.69-71,78,79 

 

CONCLUSIONS 

 We have reported here a study of the solvation processes in singly-charged V+(H2O)n 

clusters.  Infrared photodissociation spectroscopy of mass-selected ions, supplemented by 

density functional theory calculations, monitors the kind of infrared oscillators present in these 

systems and how they evolve with cluster size.  In the smallest clusters, water molecules are 

coordinated directly to the metal cation and the free OH stretches are shifted to lower frequencies 

because of the resulting polarization of bonding molecular orbitals on water.  Beginning at the 

cluster size of n = 4, there is evidence for hydrogen bonding, and this grows and becomes more 

important in the larger clusters.  In the larger clusters, there is a broad region of hydrogen-
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bonding signal and a prominent free O−H stretching band.  Because of the formation of the 

hydrogen-bonding network, the symmetric stretching mode seen in the free OH region loses 

intensity in the cluster size range of n = 6−8.  By n = 10, the asymmetric stretch resonance 

becomes the signature of those water molecules with one free OH remaining.  This "surface" OH 

stretch is already converged to essentially the frequency value of bulk water in clusters in the n = 

20−30 size range.  The free OH resonance splits into a doublet caused by the different inductive 

forces present for two-coordinate (AD) versus three-coordinate (AAD) water molecules.  The 

doublet spacing varies with cluster size, and can be compared to values seen previously for other 

cation-water clusters.  The spacings here are smaller than those seen for doubly-charged metal 

cation-water clusters, somewhat smaller than values seen for protonated water clusters, and 

comparable to values seen for singly-charged Ni+(H2O)n clusters.  This variation in surface 

spectral features for different cations in cluster sizes up to 30 molecules of water, indicates that 

the inductive forces in hydrogen bonding networks reach out into the second sphere molecules, 

and perhaps beyond. 
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Figure Captions 

 

Figure 1.  Infrared photodissociation spectra measured for the V+(H2O)n clusters for n = 3,4,5,7 

in the mass channel corresponding to the elimination of a single water molecule. 

Figure 2.  Infrared photodissociation spectrum measured for the V+(H2O)Ar2 cluster compared to 

those measured for the V+(H2O)nAr clusters for n = 2−4 (left) and 4−7 (right).  All are recorded 

in the mass channel corresponding to the elimination of an argon atom. 

Figure 3.  Infrared photodissociation spectrum measured for the V+(H2O)Ar2 cluster compared to 

spectra predicted by density functional theory for different spin states of this ion. 

Figure 4.  Near-infrared photodissociation spectrum measured for the V+(H2O)Ar2 cluster 

compared to anharmonic vibrational spectra predicted by density functional theory and the VPT2 

method. 

Figure 5.  Infrared photodissociation spectrum measured for the V+(H2O)2Ar cluster compared to 

spectra predicted by density functional theory for different isomeric structures of this ion. 

Figure 6.  Infrared photodissociation spectrum measured for the V+(H2O)3Ar cluster compared to 

spectra predicted by density functional theory for different isomeric structures of this ion. 

Figure 7.  Infrared photodissociation spectrum measured for the V+(H2O)4Ar cluster compared to 

spectra predicted by density functional theory for different isomeric structures of this ion. 

Figure 8.  Infrared photodissociation spectrum measured for the V+(H2O)5Ar cluster compared to 

spectra predicted by density functional theory for different isomeric structures of this ion. 
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Figure 9.  Infrared photodissociation spectrum measured for the V+(H2O)6Ar cluster compared to 

spectra predicted by density functional theory for different isomeric structures of this ion. 

Figure 10.  Infrared photodissociation spectra measured for the V+(H2O)8,11,14 clusters measured 

via the elimination of one water molecule. 

Figure 11.  Infrared photodissociation spectra measured for the V+(H2O)17-21 clusters measured 

via the elimination of one water molecule. 

Figure 12.  Infrared photodissociation spectra measured for the V+(H2O)22-28,30 clusters measured 

via the elimination of one water molecule. 

Figure 13.  The spectral splitting of the surface O−H stretch in the larger clusters arising from the 

difference between AAD and AD coordination.  The splittings for the present vanadium ion 

system are compared to those measured previously for nickel cation-water and protonated water 

clusters.  Error bars (not shown) are ± 1 cm-1, determined by the line widths of spectral features. 
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