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Computational studies of the stability of the (H2O)100 nanodrop 

 

Annika Lenz and Lars Ojamäe 

Department of Chemistry, IFM, Linköping University, SE-58183 Linköping, Sweden 

 ____________________________________________________________________________  

Abstract 

The stability of the (H2O)100 nanodrop, experimentally known from a polyoxomolybdate 

crystal structure (Müller et al. Inorg. Chem. Commun., 2003, 6, 52) and other structures 

inferred from clathrate structures and from the literature, are studied by quantum-chemical 

B3LYP and MP2 computations. Positions for the H atoms in the 100-molecule cluster are 

suggested, which will then be of C2h/Ci-symmetry when considering the oxygens/all atoms. 

The free energies are compared to the trends for smaller clusters with 15-30 molecules. For 

the small clusters both cage-based structures and denser structures with a larger number of H-

bonds obtained from Bandow and Hartke who used an evolutionary algorithm (Bandow and 

Hartke, J. Phys. Chem. A, 2006, 110, 5809) are investigated. The dense structures are most 

often found to be lower in electronic energy. The cage-based structures, to which the structure 

of the experimentally found (H2O)100 cluster can be categorized, gain in stability when their 

Gibbs free energies at 298 K are considered, although which of a dense or a cage-based 

structure that is predicted to be the most stable depends on the quantum-chemical method 

employed. Additional cage-based clusters in the 35-81 molecular range were constructed for 

comparison. The constructed (H2O)42 cluster has an extraordinary high symmetry (S6), even 

when the hydrogens are considered.  The experimental cluster with 100 molecules and the 

constructed cluster with 42 molecules are found to be in fair agreement with a plausible 

overall global minimum energy vs. cluster size trend inferred from the smaller clusters.  
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1. Introduction 

A (H2O)100 nanodrop of water has been experimentally identified in the cavity of a 

polyoxomolybdate crystal structure by Müller et al [1]. The crystallographic data gives the 

oxygen framework, which shows a symmetric (C2h) cluster based on the dodecahedral 20-mer 

cage surrounded by 60 water molecules in 5-membered rings (Fig. 1). The 5-membered rings 

are connected to the central dodecahedron by 20 molecules, which each H-bonds to three of 

the rings and to the dodecahedron. For the nanodrop situated in the crystal the outer molecules 

H-bond to the surrounding atoms of the polyoxomolybdate crystal, which causes all water 

molecules to be 4-coordinated. Can the structure of this (H2O)100 cluster also be considered as 

a possible structure for a gas phase cluster? 

 

There are two main ideas concerning the structures of low energy structures of water clusters 

[2-4]. Cage-based clusters, like the low energy structures for the clusters with 21 and 28 

molecules [5-8], consist of a 3-coordinated cage that may enclose a number of molecules H-

bonded to the surrounding cage. Quantum-chemical calculations most often predict more 

dense structures [2,3]. Also the global-minimum structures as predicted using the TTM2-F 

potential often are fairly dense structures where the molecules have high coordination 

numbers [9]. For small and medium sized cluster a larger number of 4-coordinated molecules 

implies that more H-bonded rings with 4 members must be formed. In the experimentally 

known structures (dodecahedral clusters [10,11], (H2O)100 nanodrop[1], clathrates [12], ice) 4-

membered rings are rare. The strain in 4-membered rings will be higher than in 5- or 6-

membered rings since the O-O-O angle is significantly smaller than the tetrahedral H-O-H 

angle in the water molecule. The structure for the (H2O)100 cluster is a cage-based cluster with 

the outer 60 molecules 3-coordinated and without any 4-membered rings. In this study, the 

stability of the (H2O)100 nanodrop with the experimentally found oxygen framework [1] is 

compared with smaller clusters. For the small cluster the relative stability between cage-based 

and the more dense TTM2-F global energy-minimum conformations was investigated. 

Quantum-chemical B3LYP computations are performed to derive geometry-optimized 

structures, energies and thermodynamic corrections though harmonic vibrational analysis.  

2. Method and Results 

Electronic energies and Gibbs free energies are obtained from quantum-chemical 

computations. The geometries of all clusters were optimized using the B3LYP [13,14] hybrid 

density functional and the 6-31+G(d,p) [15] basis set. This method gives a mean O-O distance 

(2.76 Å) for the dodecahedral (H2O)20 cluster which is near 2.78 Å, the distance obtained with 

the 6-311++G(2df,2pd)  basis set [2]. Gibbs free energies (from vibrational harmonic normal-

mode computations) are calculated at 298 K using B3LYP. Single-point MP2 energies were 

calculated for the optimized B3LYP geometries. The calculations were performed using the 
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GAUSSIAN03-program [16]. The energies are presented as interaction energies per water 

molecule: )monomer()OH(/)cluster( 2 EnEE . Interaction energies and Gibbs free 

energies for the optimized clusters are given in Tables 1 and 2.  

 

Structures for cage-based clusters with 15-22, 28 and 30 molecules were taken from Refs 

[4,7,17-20] (Fig. 2). More dense structures containing 15-34 molecules were obtained from 

Bandow and Hartke [9], who derived the structures using an evolutionary algorithm where the 

TTM2-F potential was used to model the intermolecular interactions (Fig. 3). Coordination 

and energy results for the optimized clusters are listed in Table 1. The reoptimization of the 

TTM2-F structures in some cases resulted in clusters with 5-coordinated molecules. 

 

For the 100-molecule cluster the oxygen framework was taken from the experimental crystal 

structure [1]. In addition structures for clusters with 35, 42, 54, 55, 80 and 81 molecules were 

constructed where the outer oxygen frameworks were based on the cage structures found in 

clathrates [21] and fullerene structures [22], and that were allowed to contain a small number 

of water molecules in the interior of the cluster. For all clusters hydrogens were added to the 

oxygen framework: to ensure that low-energy H-bonded networks were obtained, the 

hydrogens were positioned guided by the energy-structure rules derived from studies of 

smaller clusters [4,17-19,23]. For the 100-molecule cluster the symmetry thereby was 

decreased from C2h to Ci. The so obtained structure for the 100-molecule cluster is shown in 

Fig. 1 and the structures for the clusters with 35, 42, 54, 55, 80 and 81 molecules are shown in 

Fig. 4. 

 

In a structure-H clathrate [21] the largest cage is formed by 36 water molecules which are 

arranged in 12 pentagons and 8 hexagons (5
12

6
8
). Starting from this cage and by placing six 

molecules in the interior, a high symmetric 42 cluster can be formed (Fig. 4 and Table 2). It is 

noteworthy that the high symmetry (S6) can be preserved also when the hydrogens are 

considered. A smaller cluster with 35 molecules similar to the cluster with 42 molecules 

based on 5-instead of 6-membered rings was also constructed.  

 

Larger cages were built by utilizing the C48 (5
12

6
14

) and C60 (5
12

6
20

) fullerene structures [22] 

for the oxygen framework. When a 6-membered ring is placed inside the cage with 48 

molecules a 54 cluster is formed, and by adding an extra molecule inside a 55-mer is 

obtained. 80-/81-mer clusters are constructed by including a 20-/21-mer in the 60-membered 

cage. Coordinations, symmetries and energies are listed in Table 2. 
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3. Discussion 

The electronic interaction energies obtained using B3LYP and MP2 are shown in Fig. 5 and 

Table 1. The interaction energy per molecule decreases irregularly with increasing cluster size 

but at a slower rate as the clusters grow larger, see Fig. 5. If one assumes that the cluster 

energy is directly proportional both to the number of molecules at the surface and to the 

number in the interior of the cluster, it follows that the energy should approximately follow an 

n
-1/3

 behavior. Curves with the formulas 3/1
3 )1.11(4.135.54 nE LYPB and 

3/1
2 )6.5(6.344.65 nEMP can be fitted to the computed energies. As the cluster 

grows the energy functions asymptotically approach -54.5 kJ mol
-1

 (B3LYP) and -65.4 kJ 

mol
-1

 (MP2), or -49 kJ mol
-1

 (B3LYP) and -55 kJ mol
-1

 (MP2) if the energies are scaled so 

that for the water dimer the computed and the experimental (-11.3 kJ mol
-1

 [24]) interaction 

energies coincide:  

)calcdimer,(

)expdimer,(
)calc()scaled(

E

E
EE .   ( 1 ) 

The MP2 scaled large-size energy limit of -55 kJ mol
-1

 lies in between estimated values for 

the lattice energy of ice, -53.0 kJ mol
-1

 [25] and -58.8 kJ mol
-1 

[26]. Besides a difference in 

magnitude between the interaction energies obtained from MP2 vis-à-vis B3LYP,  the energy  

vs. cluster size trends from the two methods are seen in Fig. 5 to be similar, especially for the 

larger clusters. One can also notice that the energy of the cluster with 21 molecules, the same 

number of molecules that causes an enhanced peak in experimental mass spectra for charged 

clusters [8,27,28], has an energy that lies on the fitted energy curves. 

 

In Fig. 5 it is seen that there is a significant spread around the fitted energy function for the 

dense TTM2-F global minimum structures [9] using the reoptimized B3LYP energies. But if 

instead the MP2 energies are used (i.e. single-point MP2 calculations for the B3LYP-

reoptimzed TTM2-F structures) the energies closely follows the fitted curve. The TTM2-F 

structures are also generally lower in energy than the cage-based structures of the same sizes, 

and this trend is more pronounced when MP2 is used instead of B3LYP. This is an indication 

that the TTM2-F potential manages to supply relative water interaction energies and 

minimum structures in agreement with those one can obtain from (much lengthier) MP2 

calculations. That TTM2-F and MP2 results for water clusters can be in good agreement has 

also been found previously [3].  

 

The energies of the clusters with 42 and 100 molecules are close to energies predicted from 

the energy curves fitted to the global minimum structures of the smaller clusters. For the 

B3LYP computations they even lie lower than the curve, but considering the worse fit of the 

energy function for the small clusters to the B3LYP energies than to the MP2 energies, and 



 5 

considering that MP2 is generally considered superior to B3LYP, the extrapolation using the 

fitted MP2 energy curve is probably more realistic. (The MP2 energy of the 100-molecule 

cluster is slightly above the value predicted from the curve, but this is very dependant on 

which functional form is used for the curve.) Since the energy function was fitted to probable 

global energy minimum structures, the positioning of the 100- and 42-molecule cluster 

energies close to the fitted energy curve shows that it can not be ruled out that these structures 

do correspond to global energy minima for these particular sizes, although it admittedly does 

not constitute a proof. 

 

The electronic energy differences between the cage-based clusters and the denser structures 

with 15-21, 28 and 30 molecules are shown in the top part of Fig. 6. The more dense TTM2-F 

global minimum structures (reoptimized using B3LYP) that contain a higher fraction of H-

bonds per molecule are generally more stable than the cage structures when ΔE is considered 

(which confirms the success of the energy-minima search algorithm and potential choice in 

Ref. [9]). The Gibbs free energies at 298 K were calculated using B3LYP. Since the free 

energies were obtained using the harmonic frequencies, these energies are only approximate, 

but probably still accurate enough to let us infer some general trends.  No calculation of free 

energies was carried out using MP2. Instead the free energy corrections obtained from the 

B3LYP calculations were simply added to the MP2 interaction energies. The free energy 

corrections are seen in Fig. 6 to decrease the energy differences between the cage-based and 

the denser clusters. Using B3LYP, the cage-based structures even become more stable than 

the denser structures when free energies are considered, but the situation is most often still the 

opposite if MP2 is used. (There are other phenomena that  will also influence the relative free 

energies, such as different entropies due to different H-bond topologies [29]: for example, for 

one mol of the cluster with 20 molecules the H-bond configurational entropy is 125 J/K for 

the cage-based or dodecahedral cluster and 102 J/K for the dense cluster, as obtained using 

the coordination data in Table 1 and formula B1 in Ref. [29].)  

 

In Fig. 7 the Gibbs free energy is displayed for the different cluster sizes. The free energy per 

water molecule diminishes with increasing cluster size (causing the (H2O)100 nanodrop to be 

the lowest in free energy of the clusters studied), although any systematic Gibbs free energy 

vs. cluster size relation such as that for the interaction energy in Fig. 5  is not evident in Fig. 

7. For example the 21 cluster is lower in free energy than the adjacent cluster sizes. Possibly 

also the 42 cluster appears to be quite low in free energy, but for this cluster and for the 100 

cluster data on the adjacent cluster sizes are lacking. G at 298 K is positive by several kJ for 

all clusters  studied, why only minute amounts would be present under standard conditions    
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4. Conclusions 

Approximate expressions for the electronic interaction energy per molecule of global-

minimum water clusters as a function of cluster size was derived, where the energy limit for 

large clusters is close to the experimental energy of ice. The expressions were obtained by 

fitting to B3LYP and MP2 energies of cage-based and more dense [9] clusters with up to 34 

molecules. The denser clusters are generally lower in electronic energy than the cage-based 

structures. Gibbs free energy corrections diminish the energy difference between the cage-

based and denser structures. The (H2O)100 nanodrop of Ci symmetry with the oxygen 

framework taken from experiments [1] and a constructed (H2O)42 cluster, which has a very 

high symmetry (S6) even when the hydrogens are considered, are found to possess energies 

that  are in fair agreement with the energies obtained from the fitted global-minimum energy 

vs. cluster size expressions. 
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Table 1 Properties for the small clusters with 15-34 water molecules. N2, N3, N4 and N5 

denote the number of 2-, 3-, 4- and 5-coordinated molecules, and “H-bonds” denotes the 

average numbers of H-bonds per water molecule. B3LYP and MP2 electronic interaction 

energies, ΔE, and B3LYP Gibbs free energies at 298 K, ΔG, are given in kJ (mol H2O)
-1

.  

 

 

 

a:  The cage-based and TTM2-F entries for the 21 molecule cluster correspond to the same 

oxygen framework but with slightly different H-bond topologies.  

cluster cage-based structures [4,17]         TTM2-F global minimum structures [9] 

size N2 N3 N4 
H-

bonds 

ΔE 

B3LYP 

ΔE 

MP2 

ΔG 

B3LYP 
 N2 N3 N4 N5 

H-

bonds 

ΔE 

B3LYP 

ΔE 

MP2 

ΔG 

B3LYP 

15 1 14 –  2.93 -45.6 -47.5 2.2  –  10 5 –  3.33 -46.3 -49.1 2.9 

16 –  16 –  3.00 -46.6 -48.4 1.7  –  8 8 –  3.50 -46.4 -49.3 3.4 

17 1 16 –  2.94 -45.1 -48.1 3.0  –  12 5 –  3.29 -46.7 -50.0 3.0 

18 –  18 –  3.00 -46.5 -48.3 2.4  –  10 8 –  3.44 -47.3 -50.2 2.8 

19 –  18 1 3.05 -46.5 -48.6 2.4  –  14 3 2 3.36 -47.5 -50.9 2.8 

20 –  20 –  3.00 -47.2 -49.2 2.1  –  12 8 –  3.40 -48.3 -51.3 2.2 

21
a
 –  16 5 3.24 -48.3 -51.6 1.8  –  16 5 –  3.24 -48.5 -51.2 1.9 

22 1 16 5 3.18 -47.5 -50.0 2.6  –  12 10 –  3.45 -47.8 -51.3 2.8 

23 –  –  –  –  –  –  –   –  14 9 –  3.39 -48.4 -52.0 2.5 

24 –  –  –  –  –  –  –   –  12 12 –  3.50 -49.0 -52.2 2.3 

25 –  –  –  –  –  –  –   –  16 9 –  3.36 -49.5 -52.8 1.5 

26 –  –  –  –  –  –  –   –  17 8 1  3.38 -49.6 -52.9 1.6 

27 –  –  –  –  –  – –   –  18 9 –  3.33 -50.0 -53.2 1.3 

28 –  20 8 3.29 -48.8 -52.4 2.1  1 15 11 1 3.43 -48.7 -52.9 2.5 

29 –  –  –  –  –  – –   –  16  13  –  3.45 -50.0 -53.5 1.6 

30 –  22 8 3.27 -48.1 -51.5 2.5  –  14 16 –  3.53 -49.0 -53.5 2.8 

31 –  –  –  –  –  –  –   –  16 15 –  3.48 -49.5  -53.7 2.3 

32 –  –  –  –  –  –  –   1 14 17 –  3.50 -49.5 -53.5 2.1 

33 –  –  –  –  –  –  –   1  15 16 1  3.52 -49.3  -53.5 2.4 

34 –  –  –  –  –  –  –   –  16 18 –  3.53 -49.6 -54.0 2.4 
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Table 2 Properties for the large clusters. N3 and N4 denote the number of 3- and 4- 

coordinated molecules. The average numbers of H-bonds per water molecule are given. 

B3LYP and MP2 electronic interaction energies, ΔE, and Gibbs free energies at 298 K, ΔG, 

are given in kJ (mol H2O)
-1

. 

 

 

size type N3 N4 
H-

bonds 
ΔE  

B3LYP 
ΔE 

MP2 
ΔG 

B3LYP 

35 5-ring in 30 cage 20 15 3.43 -48.50 -52.3 3.25 

42 6-ring in 36 cage (S6 symmetry) 24 18 3.43 -51.19 -55.0 0.97 

54 6-ring in 48 cage 36 18 3.33 -50.16 -53.6 2.19 

55 6-ring +1 in 48 cage 36 19 3.35 -50.00 -53.7 2.22 

80 20 in 60 cage 40 40 3.50 -51.78 -56.1 1.59 

81 21 in 60 cage 44 37 3.46 -50.81 -55.6 2.44 

100 20 in 80 cage (C2h symmetry) 60 40 3.40 -53.96 -57.3 -0.30 
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Fig. 1 (Color online) The (H2O)100 cluster where the oxygen framework is taken from 

crystallographic data [1]. The oxygens of the water molecules in the central dodecahedral are 

colored blue and the oxygens of the molecules H-bonding to the dodecahedral and the 

surrounding 5-membered rings are colored green. 

 

Fig. 2 (Color online) Geometries for the cage-shaped clusters, (H2O)n, n=15-22, 28 and 30.  

 

Fig. 3 (Color online) B3LYP/6-31+G(d,p) optimized geometries for the denser clusters, 

originally obtained in Ref. [9] by an evolutionary algorithm and TTM2-F [9]. 

 

Fig. 4 (Color online) Geometries for the clusters, (H2O)n, n = 35, 42, 54, 55, 80 and 81. The 

oxygens of the water molecules inside the cage are colored blue and the oxygens of the 

molecules in the cage that are bonded to the inserted molecules green. 

 

Fig. 5 B3LYP/6-31+G(d,p) (circles) and MP2/6-31+G(d,p) (triangles) interaction energies for 

the cage-shaped clusters (filled) and the denser structures [9] (open). The solid line shows the 

fitted curves, 3/1
3 )1.11(4.135.54 nE LYPB and 3/1

2 )6.5(6.344.65 nEMP . 

 

Fig. 6 Energy differences between the cage-based clusters and the denser clusters [9], using 

MP2 (triangles) and B3LYP (circles). Electronic energies (solid line), electronic energies 

scaled to agree with the experimental energy for the dimer (dotted line) and Gibbs free 

energies based on scaled electronic energies (B3LYP or MP2) and B3LYP free energy 

corrections (dashed line). A negative value implies the cage-based structures to be more 

stable. 

 

Fig. 7 Gibbs free energy for the cage-shaped clusters (filled triangles) and the denser 

structures [9] (open triangles). 
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Fig. 4. A. Lenz and L. Ojamäe,  
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