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Abstract. The structure and stability of spiro-cyclic water clusters containing up to 32 water molecules 
have been investigated at different levels of theory. Although there exist minima lower in energy than 
these spiro-cyclic clusters, calculations at the Hartree–Fock level, density functional theory using B3LYP 
parametrization and second order Møller–Plesset perturbation theory using 6-31G* and 6-311++G**  
basis sets show that they are stable in their own right. Vibrational frequency calculations and atoms-in-
molecules analysis of the electron density map confirm the robustness of these hydrogen bonded clusters. 
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1. Introduction 

H-bonding in water clusters has been the subject of 

several experimental and theoretical investigations 

due to its importance in various real life systems.
1–8

 

High level ab initio calculations predict the structure 

and stability of small water clusters with near quan-

titative accuracy.9–23
 These studies have been found to 

be extremely useful in interpreting the high-resolu-

tion spectral data obtained from size and mass selec-

tive beam techniques.
24–33

 These calculations 

provide valuable information on H-bonding and also 

take us beyond what is easily obtained experimen-

tally. The 12-mer, 16-mer and 20-mer of the water 

molecule seem to prefer stacked cube and stacked 

pentagonal geometries.
9
 The much anticipated 

buckyball structure is not the most stable geometry 

for the water 20-mer!9,34
 

 It is well-known from the crystal structure data-

base that the water molecule plays different roles in 

the stabilization of crystal structures and displays a 

variety of structural topologies in crystal structures 

and in confined environments.
35–42

 The surge in  

activity in the area of supramolecular chemistry ex-

emplifies the importance of water mediated crystalli-

zation and H-bonding interaction. 

 Most of the structural arrangements and shapes 

exhibited by water clusters in various environments 

are already known in organic chemistry. For exam-

ple, water hexamer exists in boat and chair forms 

and these structural motifs are known for cyclohex-

ane. Similarly, water octamer assumes the shape of a 

cubane. In all these organic moieties, every carbon 

atom is invariably sp3
 hybridized and forms a maxi-

mum of four covalent bonds in a tetrahedral fashion. 

The oxygen atom in water also exhibits ~sp
3
 hybri-

dization and can form a maximum of four hydrogen 

bonds as illustrated in scheme 1. In classical organic 

chemistry, spiro-cyclic molecules43
 are also interest-

ing from structure and reactivity point of view. 

Hence, it is interesting to probe the possibility of the 

existence of analogous spiro-cyclic motifs in water 

clusters. In the present study, the structure and sta-

bility of spiro-cyclic water clusters have been inves-

tigated and compared with the most stable water 

clusters using ab initio and density functional theo-

retic methods. 

2. Computational details 

Geometries of all the water clusters under investiga-

tion have been optimized without any constraint at 

different levels of theory using the G98W suite of 

programs.
44

 Stabilization energies (SEs) of all the 

clusters have been calculated using the supermo-

lecule approach and corrected for basis set superpo-

sition error (BSSE) following the procedure adopted 

by Boys and Bernardi:
45
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where Ecluster is the energy of the cluster, n the total 

number of molecules in the cluster and Ei the energy 

of the ith monomer in its specific location computed 

using the basis set for the n-mer. The relative popu-

lation of various conformers for each (H2O)n cluster 

as a function of temperature is computed using the 

Boltzmann distribution formula: 
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where kB is the Boltzmann constant, ΔEn is the rela-

tive energy of the conformer with respect to the 

most stable geometry and T is the temperature. To 

ensure that the optimized geometries obtained corre-

spond to true minima in the energy space, vibra-

tional frequencies were calculated at HF/6-31G* and 

HF/6-311++G** levels. They were scaled by a fac-

tor of 0⋅8929 and 0⋅9070, respectively. The theory of 

atoms-in-molecules (AIM)
46 

was used to character-

ize the hydrogen-bonding interaction using the topo-

logical properties of the electron density at the 

hydrogen bond critical point (HBCP) using the 

AIM2000 package.47
 

3. Results and discussion 

3.1 Geometries 

Various spiro-cyclic water clusters considered in 

this study are represented schematically in scheme 1. 

The size of the rings formed in each cluster is used 

in the nomenclature. For example, the cluster 3–3 

has two trimer rings arranged in a spiro-cyclic fash-

ion. The optimized geometries of different spiro-

cyclic water clusters are shown in figures 1 and 2. 

Of all the water clusters considered, 3–3, 3–4, 3–5, 

3–6 and 4–4 retain their spiro-cyclic structures at all 

levels of calculation. However the clusters, 4-5, 4-6, 

5-5, 5-6 and 6-6 rearrange from the initial spiro-

cyclic structure during optimization. The increase in 

the cluster size in each ring decreases the donor–

acceptor interaction between the nearby water mole-

cules and as a consequence the spiro-cyclic structure 

collapses. 

 In all the spiro-cyclic water clusters, the central 

water molecule, which is shared by both the rings, is 

tetra-coordinated. In this mode of interaction, the 

central water molecule accepts two protons and also 

donates two protons, resulting in an overall stabili-

zation of the spiro-cyclic structure. A close scrutiny  

 

 
 

Figure 1. Optimized geometries of different spiro-
cyclic water clusters obtained using HF/6-311++G** cal-
culation. These clusters are found to be stable without 
any reorganization during energy minimization at DFT 
and MP2 levels of theory. 
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Scheme 1. Schematic representation of spirocyclic models (organic and water 
cluster) considered in this study. 

 

 

of the structures reveals that the two rings are or-

thogonal to each other, similar to their organic 

counter parts. A comparison of the geometries ob-

tained from ab initio calculations for 3–6, 4–6, 5–6 

and 6–6 clusters shows that the hexamer ring adopts 

a chair form in all the cases. The pentamer ring 

found in 3–5, 4–5, 5–5 and 6–5 clusters deviates 

slightly from the planar arrangement. The trimer and 

tetramer rings are planar as observed in the most 

stable water clusters. Some of these clusters are not 

stable at higher level calculations. However, these 

spiro-cyclic structures (for example 6–6 and 4–4) 

are observed in certain crystals48,49
 suggesting that 

the stabilization of these structural motifs must be 

arising from additional interaction with the host 

molecules and crystal packing. In contrast, the 3–3, 

3–4, 3–5, 3–6 and 4–4 spiro clusters seem to be sta-

ble even in the absence of any host lattice and asso-

ciated packing effect. 

 A search of the crystal structure database for 

spiro-cyclic structures reveals several exotic spiro-

cyclic and spiro-annulated structures.48,49
 Some of 

the spiro-cyclic and spiro-annulated water clusters 

optimized at the HF/6-311++G** level of theory are 
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shown in figure 3. The possibility of forming such 

structures in the absence of a host or a crystal pack-

ing environment has been examined. The spiro-

annulated structures are classified as unbranched 

(U), branched (B) and cyclic (C). The total number 

of trimer rings present in each cluster is denoted as 

[n]. For example, the cluster [4] is a spiro-annulated 

water cluster with four trimer rings. 

 

 
 

Figure 2. Optimized geometries of spiro-cyclic water 
clusters obtained using HF/3-21G level of calculations. 
These geometries were found to reorganize upon optimi-
zation with a larger basis set. 

 In this investigation, one B, four C and two caged 

spiro-annulated clusters have been studied. In gen-

eral, all the C structures have an even number of 

spiro-annulated trimer rings ([n]) with a planar cen-

tral ring. Any two adjacent trimer rings are arranged 

in an up and down fashion with respect to the central 

planar ring and hence (n/2) trimer rings are above 

and (n/2) trimer rings are below the central plane. 

Along with these structures, two cage structures 

consisting of only spiro-annulated trimer rings have 

been studied. These rings are interconnected in a 

beautiful manner that results in a regular cage struc-

ture. It is important to note that in all these clusters, 

the basic spiro-cyclic 3–3 cluster is observed with-

out any structural deformation. In addition, these 

clusters are stable without any host and packing  

environment. All the spiro-annulated structures are 

similar in shape to that of the corresponding organic 

molecules as illustrated in scheme 1. 

3.2 Energetics 

Stabilization energies (SEs) obtained from HF cal-

culations using the 6-31G* and 6-311++G** basis 

sets are listed in table 1 for different water clusters. 

SEs obtained from MP2/6-311++G** and 

DFT(B3LYP)/6-311++G** calculations are listed in 

table 2. The SEs obtained from HF/6-31G* and 

HF/6-311++G** levels of calculation are corrected 

for zero point energy (ZPE). For all other calcula-

tions, only BSSE corrections are included. As was 

expected, there is a decrease in the SE with an  

increase in the size of the basis set. Further, the SEs 

obtained from HF, DFT(B3LYP) and MP2 levels of 

theory using the 6-311++G** basis set follow the 

order HF < DFT(B3LYP) < MP2. 

 The SEs obtained from DFT(B3LYP)/6-311++G** 

calculations for the spiro-cyclic water clusters are 

compared with those of the most stable water clus-

ters in figures 4a and b. Clearly, the spiro-cyclic wa-

ter clusters are less stable than the most stable water 

clusters. The SE of the 3–3 cluster (with five water 

molecules), for example, is lower in energy than the 

most stable (cyclic) pentamer by 9⋅2 kcal/mol,  

despite the fact that the former has an additional  

hydrogen bond over the latter. The SE of the 3–4 

cluster (six water molecules) is less than that of the 

most stable (cage) hexamer by 6⋅1 kcal/mol. The 

clusters 4–4 and 3–5 have seven water molecules 

each. However, the SE of the 4–4 cluster is larger 

than that of 3–5 by 1⋅9 kcal/mol and less than that of
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Figure 3. Optimized geometries of spiro-annulated and cage like spiro-cyclic 
water clusters obtained from HF/6-311++G** calculations. 

 

 
Table 1. BSSE corrected and uncorrected stabilization energies for different spiro-cyclic water clusters 
calculated at HF level using 6-31G* and 6-311++G** basis sets. Total number (nW) of water molecules 
in each cluster is given in parentheses. 

 HF/6-31G* HF/6-311++G** 
 

 BSSE BSSE BSSE + ZPE BSSE BSSE BSSE + ZPE  
Cluster uncorrected corrected corrected uncorrected corrected corrected 
 

3–3 (5W) 34⋅8 28⋅2 16⋅9 26⋅9 24⋅9 12⋅6 
3–4 (6W) 45⋅5 38⋅6 24⋅8 36⋅6 33⋅7 18⋅5 
3–5 (7W) 55⋅8 48⋅3 31⋅9 45⋅2 41⋅5 24⋅5 
3–6 (8W) 63⋅2 55⋅3 37⋅2 52⋅9 48⋅4 25⋅6 
4–4 (7W) 57⋅6 50⋅0 33⋅2 46⋅4 42⋅7 25⋅5 
[4]B (9W) 69⋅1 56⋅1 34⋅2 53⋅1 49⋅1 25⋅4 
[4]C (8W) 63⋅4 50⋅1 30⋅3 48⋅1 44⋅3 26⋅8 
[6]C (12W) 100⋅8 82⋅2 51⋅3 77⋅6 76⋅2 43⋅4 
[8]C (16W) 134⋅9 109⋅8 68⋅6 104⋅4 102⋅8 65⋅8 
Cage-I (24W) 229⋅0 184⋅3 116⋅5 173⋅0 170⋅0 103⋅1 
Cage-II (32W) 311⋅8 250⋅0 158⋅1 234⋅4 – – 

 
 

the most stable heptamer by 6⋅2 kcal/mol. To gain 

further insight into the energetics of various spiro-

cyclic clusters, the SE per H-bond has been calcu-

lated. It is evident from the results presented in  

figure 4b that the SE per H-bond for 3–3 cluster is 

less than that of the corresponding most stable cyclic 

pentamer. However, for other spiro-cyclic water 

clusters such as 3–4, 3–5, 3–6 and 4–4, the SE per 

H-bond is larger than that of the corresponding most 

stable water clusters. The difference falls in the 

range 0⋅5–1⋅2 kcal/mol. 

 It is important to note from the SE values of vari-

ous spiro-cyclic clusters that as the size of the spiro-

cyclic water cluster increases, the difference bet-
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Table 2. BSSE corrected and uncorrected stabilization energies for certain spiro-
cyclic water clusters calculated at DFT(B3LYP) and MP2 levels of theory using the 
6-311++G** basis set. 

 DFT(B3LYP)/6-311++G** MP2/6-311++G** 
 

 BSSE BSSE SE per BSSE BSSE  
Cluster uncorrected corrected H-bond uncorrected corrected 
 

3–3 34⋅4 31⋅7 5⋅2 35⋅6 27⋅7 
3–4 46⋅5 43⋅1 6⋅3 48⋅0 37⋅3 
3–5 57⋅9 53⋅7 6⋅7 59⋅5 46⋅2 
3–6 66⋅2 61⋅3 6⋅8 67⋅9 52⋅7 
4–4 59⋅8 55⋅6 6⋅9 61⋅4 47⋅7 

 
 
 

 
 

Figure 4. (a) BSSE corrected stabilization energy and 
(b) stabilization energy per H-bond of the most stable 
water cluster and the corresponding spiro-cyclic water 
cluster containing the same number of water molecules 
calculated at DFT(B3LYP)/6-311++G** level of theory. 
The differences in energies in kcal/mol units are included 
in the figure. 

ween the SE of spiro-cyclic and the most stable  

water cluster also increases. This is partly because 

the number of unused potential hydrogen bonding 

interaction sites is more in spiro-cyclic water clus-

ters than in the most stable water clusters. These 

sites would clearly contribute to hydrogen bond 

formation with the host molecules and hence  

the stability of spiro-cyclic clusters in organic and  

inorganic host lattices. 

 In addition to the spiro-cyclic water clusters, the 

SE of hitherto unreported cage-I and cage-II struc-

tures are also listed in table 1. These cages consist of 

24 and 32 water molecules, respectively. Their SEs 

with BSSE corrections are 184 and 250 kcal/mol,  

respectively, at the HF/6-31G* level of calculation. 

The respective SE per H-bond for these clusters is 

4⋅5 and 3⋅4 kcal/mol. 

 The population50
 of various conformers for differ-

ent water clusters [(H2O)n, where n = 5, 6, 7, 8] as a 

function of temperature is illustrated in figure 5. It is 

evident from the figure that as the number of  

conformers increases for any particular (H2O)n, the 

contribution by the spiro-cyclic water clusters also 

increases. When compared to the most stable  

conformation, the population is low for all other 

conformers investigated.  

3.3 Atoms-in-molecules 

The AIM theory has been used to characterize the 

hydrogen bonding interaction in spiro-cyclic water 

clusters and the resulting parameters are listed in  

table 3. Figure 6 gives the AIM topology for all the 

spiro-cyclic water clusters. The electron density (ρ) 

values at the HBCPs are ~10
–2

 e/a0
3 indicating non-

covalent interaction. The values of the Laplacian of 

electron density at the HBCPs are all positive, a
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Figure 5. Relative population of different conformers of various water clusters as a 
function of temperature obtained using DFT(B3LYP)/6-311++G** calculations. 
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Table 3. Ranges of electron density and Laplacian of electron density at the 
HBCPs for different spiro-cyclic water clusters calculated at HF level using  
6-311++G** basis set. 

 HF/6-31G* 
 

Cluster Electron density (e/a0

3) Laplacian of electron density (e/a0

5) 
 

3–3 0⋅018–0⋅020 0⋅022–0⋅024 
3–4 0⋅023–0⋅030 0⋅020–0⋅025 
3–5 0⋅024–0⋅032 0⋅020–0⋅027 
3–6 0⋅022–0⋅031 0⋅019–0⋅026 
4–4 0⋅022–0⋅032 0⋅024–0⋅025 
[4]B 0⋅023–0⋅025 0⋅020–0⋅021 
[4]C 0⋅021–0⋅026 0⋅020–0⋅022 
[6]C 0⋅022–0⋅025 0⋅019–0⋅021 
[8]C 0⋅022–0⋅024 0⋅019–0⋅020 
Cage-I 0⋅021–0⋅026 0⋅018–0⋅022 
Cage-II 0⋅020–0⋅025 0⋅019–0⋅023 

 

 

 
 

Figure 6. AIM derived molecular graph of spiro-cyclic water clusters obtained 
from  HF/6-311++G** calculations.  The red spheres represent oxygen atoms and 
the grey spheres represent the hydrogen atoms.  While the red dots indicate bond 
critical points, the yellow dots represent ring critical points. 

 

characteristic of non-covalent interactions.51
 The 

molecular graphs show rich electron density topo-

logical features in spiro-cyclic clusters and the pre-

sence of the ring structure is confirmed by the 

presence of ring critical points. The molecular 

graphs further confirm that there is no other short 

contact or non-bonded interaction between the spiro-

cyclic rings. 
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Table 4. Calculated ranges of vibrational frequencies of various spiro-cyclic 
water clusters at the HF/6-311++G** level, along with computed red shifts in 
the O–H stretching mode. 

Species Scaled frequencies Red shifts 
 

 ss as ss as 
Water 3757 3849   
3–3 3522–3594 3554–3737 40–234 2–295 
3–4 3441–3562 3582–3708 71–192 31–157 
3–5 3423–3558 3575–3705 75–210 35–164 
3–6 3427–3563 3576–3708 71–206 31–163 
4–4 3461–3589 3599–3736 44–172  3–139 
[4]B  3487–3563 3595–3706 71–146 34–145 
[4]C  3509–3578 3617–3711 55–123 28–122 
[6]C  3493–3567 3579–3708 66–140 31–161 
[8]C  3487–3568 3590–3711 65–146 29–149 
Cage-I  3486–3569 3590–3701 64–147 30–149 

 

 

3.4 Vibrational frequencies 

Symmetric and asymmetric O-H stretching frequen-

cies for a water molecule and spiro-cyclic and spiro-

annulated water clusters as computed by the HF/6-

311++G** method and scaled by a factor of 0⋅9070 

are reported in table 4. The calculated red shifts fall 

in the range 40–234 cm
–1

 for symmetric stretching 

and 3–295 cm
–1

 for asymmetric stretching. This 

again is characteristic of hydrogen bonded systems. 

4. Conclusions 

Hartree–Fock, density functional and second order 

Møller–Plesset perturbation theoretic calculations 

using reasonably large basis sets show that several 

spiro-cyclic clusters are stable in their own right. 

Frequency calculations and atoms-in-molecules 

analysis of the electron density topology of these 

clusters reveal the hydrogen bonding in these clus-

ters and their robustness. While they may not be 

common in gas phase, they are stable enough and 

they have enough potential hydrogen bonding sites 

that they can be formed in host lattices and in crystal 

packing environments.  
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