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Extensive ab initio calculations have been performed using the 6-31G(d,p) andt6-&(2d,2p) basis sets

for several possible structures of water clustergd}H n = 8—20. It is found that the most stable geometries
arise from a fusion of tetrameric or pentameric rings. As a resufQfiin = 8, 12, 16, and 20, are found

to be cuboids, while (kD)0 and (HO),5s are fused pentameric structures. For the other water clusters (

9, 11, 13, 14, and 1719) under investigation, the most stable geometries can be thought of as arising from
either the cuboid or the fused pentamers or a combination thereof. The stability of some of the clusters,
namely,n = 8—16, has also been studied using density functional theory. An attempt has been made to
estimate the basis set superposition error and zero-point energy correction for such clusters at the Hartree
Fock (HF) level using the 6-311+G(2d,2p) basis set. To ensure that a minimum on the potential-energy
surface has been located, frequency calculations have been carried out at the HF level using the 6-31G(d,p)
and 6-31#+G(2d,2p) basis sets for some of the clusters. Molecular electrostatic potential topography mapping
has been employed for understanding the reactivity as well as the binding patterns of some of the structurally
interesting clusters.

1. Introduction structure of a water dimer is of th& symmetry and that it has
a single hydrogen bond with a strength of 5t50.7 kcal/

“Water clusters”, groups of water molecules held together mol 5-11

by hydrogen bonds, have been the subjefta number of s .
intense experimental and theoretical investigations because of Vibrational spectroscopic stud®sas well as some of the
their importance in understanding cloud and ice formation, €arly ab initio studie§ suggested an open-chain conformer with
solution chemistry, and a large number of biochemical processes "€@rly linear hydrogen bonds as the most stable structure of a
The exploration of the structural and binding properties of water Water trimer. Some of the other experimeftat® and
clusters is the first step to understanding the properties of bulk theoreticat*~%% studies show a cyclic structure witd, sym-
water, the nectar of life. The difficulty in obtaining a rigorous Metry, with two external hydrogen atoms on one side of the
molecular scale description of the structure of liquid and solid O—O—0 plane and a third one on the other side of the plane,
water largely is due to the extended hydrogen-bonding network t0 be the most stable. In such a structure, each monomer behaves
therein and its soft modes. There are numerous local minimaas & donor as well as an acceptor. Perhaps the most interesting
on the potentia|_energy hypersurface of water C|ustersy the feature of the trimer structure deduced by vibratiootation-
number of which grows rapidly with increasing cluster size, tunneling (VRT) spectroscopyis its chiral nature, with a low
thus making the search for global minima a computationally barrier to the quantum tunneling motion interconverting the left-
demanding job. and right-handed stereoisomers.

Substantial progress has been made in recent years in the Ab initio calculation$?16.19.21.23,24,38404hqve established a
study of the structure of water clusters. From a theoretical point homodromic cyclic structure witl symmetry to correspond
of view, many different models of water clusters have been to the global minimum for the tetramer. In this case, the “free”
studied with the aim of understanding the characteristics of hydrogen atoms alternate in their arrangement above and below
hydrogen bonds. A number of ab initio calculations have also the plane of the ©0—0-0 ring. Infrared (IR) spectra of
been carried out to investigate the strength of the hydrogen benzene (H,0),!! and VRT spectra of (BD)s*2 and (H0)4*3
bonds and their cooperativity. Some of the recent reviews on showed an equilibrium structure with symmetry having the
the subject can be found elsewhéré. concerted flipping motions of the free H atoms for the tetramer.

The water dimer, the smallest water cluster which consti-  pentagonal rings of water molecules appear to be ubiquitous
tutes the fundamental step in the study of water clusters, hasjn nature, for example, in clathrate hydrates and in the solvation
been studied in great detail experimentaily as well as  of hydrophobic groups of small molecules as well as in proteins
pentamer follows the same cyclic ring pattern as that observed
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structures of pentamers at the Hartré®ck (HF) level and results at different levels of theory with the experimental

found that the ring was more stable than the bipyramidal forms findings, although a few structures far> 7 are missing.

by at least 1 kcal/mol. Walé%pointed out the existence of To the best of our knowledge, there are no experimental

different ring structures that can be interconverted through low- results available for (bD),, n > 10. There have been some

energy barrier pathways consisting of the flipping of hydrogen theoretical studies using semiempirical potentials, and there have

atoms and bifurcation mechanisms. been very few ab initio studies. For instance, Tsai and Jdfdan
The structure of ('20)6 represents a transition from Cyc]ic found that the TIP4P potenti’élfor water clusters favored a

to three-dimensional geometries, and it has been studiedcuboid geometry over the hollow cage for= 12, 16, and 20.
extensively by theory and experiments. Although some of the Their MP2 calculations conﬂr_med that the c_ub0|d geometry was
ab initio calculation®:16:195652 gyggested the cyclic and the the most stable fan = 12. Additional calculations by Sremaniak
prismatic structures to be the most stable, it has recently becomeet al’* supported the stacked cubic structure of D@D
clear®53-58 that a large number of alternative three-dimensional Symmetry over the stacked cyclic hexamers of$isymmetry.
structures, such as chair, boat, and cage, are likely to be of MNDO-PM3 calculation® also suggested the cuboid geom-
comparable energies. Perhaps the first experimental evidenceelries to be the most stable for {Bl)1> and (HO)e. Kirschner
for the cage structure came from the work of Pribble and Zier ~and Shield® predicted cuboids and fused pentameric structures
from their study of the gHs—(H20)s adduct. Liu et ak59.60 to be the most stable for @@),0. Interestingly, on the basis of
verified through their FIR VRT spectroscopy experiments that his semiempirical calculations at the INDO level, Kkan
the isolated water hexamer does have a cage structure. Zeroconcluded that stacked cubes are unlikely to be formed and that
point vibrational energy (ZPE) seems to play an important role cage structures are more likely as the size of the cluster
in deciding the preferred geometry of the hexamer. A detailed increases. He has proposédeveral different cage structures
study on water hexamer cages at the semiempirical (PM3) levelfor (H20)n, n = 24—35. Some of them are fused and have free
has been carried out recently by Coe €®aDiffusion quantum  Wwater molecules inside the cage.
Monte Carlo calculatior?86! predict the cage structure to be We have carried out a systematic study of water clusters, from
the most stable, and the computed properties, such as rotationaflimer to 20-mer using restricted HF and density functional
constants, dipole moment, and so forth, are in agreement withtheory (DFT) calculations. Although clusters of the sizes32
the experimental results. have been the subject of a number of earlier ab initio investiga-
Size-specific IR spectra of benzen@;0); clusterd! suggest tions, we have repeated some of them so that a comparison could

a compact noncyclic structure for 48),. IR—UV and UV— be made with the larger clusters in a consistent manner.
UV double resonance spectra of jet-cooled pheifblbO);
clusters supported a cuboid structure for the heptamer, with one
corner being occupied by the phenolic oxygen aférithe We have used the “supermolecule” approach to optimize the
vibrational O-H spectra of pure (D)% indicate the existence = geometries and to compute the stabilization energies of the water
of two isomers derived from th®, octamer cube by the removal  clusters at the HF level of theory using the GAUSSIAN94 suit
of either a double-donor or a double-acceptor water molecule. of programs’® A computationally manageable, large basis set,
With the increase in the size of the cluster, the number of 6-31G(d,p), has been employed in the present study. To study
possible structures increases rapidly, and it becomes difficult the effect of the size of the basis set on the energetics, the
to probe all of the conformers. Therefore, theoretical studies structures obtained initially at the HF/6-31G(d,p) level were
until this daté®6466 have tended to focus on a few of them: further studied using a larger basis set, 6-8%#1G(2d,2p), that
seven-membered cyclic structures as well as cages made up oémploys 47 contractions per water molecule. Several workers
different cyclicn-mers fused together. The consensus seems tohave used the DFT approach to study hydrogen-boideeP

be that there are several cage structures lying close to each otheglusters. The success of some of these investigations could be
with the cuboidal geometry (with a corner missing) being the attributed to the fact that the DFT approach includes exchange

2. Methodology

lowest in energy. correlation effects. On the basis of the success of these studies,
Extensive ab initio calculatiod®?405357.67.6&ggest that, at ~ B3LYP parametrization with the 6-31G(d,p) basis set has been
low temperatures, (40)s would stabilize into a cube witByg used in the present study for {8, n < 16.

or & symmetry and that, at higher temperatures, entropy In view of the large number of possible .gt_eometries for the
considerations could favor the other geometries. Experimentslarger clusters, there would be several minima on a shallow

involving pure water clustef&as well as hydrated molecules, ~potential-energy surface, and it becomes extremely difficult to
such as GHg—(H20)s” and phenot(H-0)s,62 are supportive locate the true energy minimum for each cluster. Nevertheless,

of the cubic structure for the octamer. we could ascertain that the minimum-energy structures reported
Jensen et & considered 44 possible structures for the in this s_tudy ind_eed gorresponded_to (at least local) minima by

nonamer in their extensive HF calculations using the 6-311G- calculating the vibrational frequencies at the HF/6-31G(d,p) and

(d) and 6-311G(d,p) basis sets and concluded that the most stabl&!F/6-311+G(2d,2p) levels for some of the clusters and

structure consisted of a four-membered ring stacked over a five- €NSUring that they were real.

membered ring that could be thought of as an extended cube. To understand the_ reactivity patterns of the water cluste_rs,

The only available experimental result for B)s®%2 seems to molecular electrostatic potential (MESP) topography mapping

be in qualitative agreement with the predicted structure. The Nas been done for the HF-optimized geometries for some of
O—H stretch spectra of (30);°% seem to support a butterfly the clusters. MESPY(r), generated by the nuclear charges and
structure and not a fused cage. molecular electron distribution is defined as

Recently, Lee et &P have carried out ab initio computations NG Z, o(r")
at the DFT/B3LYP/6-311G(d,p) and MP2/DZP levels with a V(r) ZZ - f der' (1)
view to determine the structure, energies, vibrational spectra, =|r — Ry [r" —r|
and electronic properties of the clusters foeCHh, n = 1—10.
Their study involves a detailed comparison of the theoretical where the first term stands for the contribution due to the nuclei
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Figure 1. Schematic representation of the most stable geometry for 25
(H20),, n = 2—6, along with the stabilization energy (SE) values in 2~
kcal/mol and the number of hydrogen bonds)(as obtained from HF 2.2 |
calculations using the 6-31G(d,p) basis set. The values in parentheses 19 I | |
correspond to SE values obtained from DFT calculations using B3LYP ] ;
parametrization. . . e 0-H,
_09551 — "o-H,
. . o<t H H : H
with chargesZ, located aRa and the second term is due to the = :
continuous distribution of electronic charge densitfr). The 0.9451- | | | , ,
critical points (CPs) are the points at which all three of first ©7A 78 7C D 7E

partial derivatives of the function under investigation vanish Figure 2. Energetically low-lying geometries of ¢), represented
[i.e., V V(r) = 0]. CPs provide valuable information about the schematically. SE values as obtained from HF/6-31G(d,p) calculations
structure and the environment of the molecule. A more detailed and the number of hydrogen bonds are included for comparison.
discussion of the MESP and the CPs can be found elseihere. Variations in the structural parameters from HF calculations for a given
The molecular property calculation program UNIPRORas gleo_met?]’ s "]Idicated.i” t:e form of. Vﬁrlticg.' "Tes' dF]?r thehsa';e of
: h - P clarity, the line forro-p, is shown as slightly displaced from that for

employed for the topographlcall analysis. The visualization of ro-n for the structure"l?:. SE values in parentheses have been obtained
MESP was effected by employing a recently developed user- {om DET calculations.

friendly visualization package, UNIVIS-20G8.

account the ZPE correction (compare to Table 1). If we include
the ZPE correction, the cage structure is found to be more stable
For the smaller water clusters, we initiate the HF calculation than the prism by 0.19 kcal/mol at the HF/6-31£G(2d,2p)
using one of the reported stable geometries as a starting pointjevel. Details of the results with ZPE and BSSE corrections are
This involves typicallyro-y = 0.959 A andJHOH = 105.0 given in Table 5 and discussed later in the text. Application of
for the monomef** Geometries and stabilization energies poth the corrections at the same time is known to overcorrect
obtained from geometry optimization calculations at the HF/6- the result$3b.c
31G(d,p) level of theory for (kD) N = 2—5, are reported in Forn = 7, a cubelike structure (Figure 2, structdu) with
Figure 1 and Table 1, and they are consistent with the resultsa corner missing, is found to be the most stable. This structure
reported in the literature. has 10 hydrogen bonds and has an SE-60.53 kcal/mol at
Optimized geometries and stabilization energies (SE) for the the HF/6-31G(d,p) level, with a dipole momep) ©f 1.35 D.
larger clusters, obtained from HF/6-31G(d,p) calculations are The structure7B that is closest tdA in energy lies higher by
reported in Tables 24 and in Figures +15. To check the 1.5 kcal/mol, and it has only nine hydrogen bonds. It is nearly
influence of the level and the size of the basis set on the results,cubic but has a higher dipole moment of 4.33 D, indicating
calculations have been carried out at the HF, DFT/B3LYP, and asymmetry. The structuiC is like a basket with a square base.
MP2 levels using the 6-3#1+G(2d,2p) basis set. Results for  Although it has nine hydrogen bonds, it is 2.7 kcal/mol higher
n = 2—7 are presented in Table 1, and thoserfer 8—10 are in energy tharvB and has a smaller dipole moment. Structures
included in Table 2. 7D and 7E are bicyclic, with comparable SE and the same
For n = 11-20, we have carried out single-point HF  number of hydrogen bonds.
calculations using the 6-3%1G(2d,2p) basis set at HF/6-31G- The O-H bond that isnot involved in a hydrogen bond is
(d,p) optimized geometries, and the results are reported in Tableseferred to as “free” hydrogen ¢H and it has a bond distance
2—4. of 0.943 A for the structur@A. The one that isnvolvedin a
Forn = 6, the cage structure (see Figure 1) has been reportedhydrogen bond is referred to as “bridged” yjHand it has
to be the most stable from both experimental and theoretical different ro_p, values in the different hydrogen bonds in the
points of view2353560ur calculations, however, show that the heptamer, but they are all in the vicinity of 0.955 A. Charac-
prism structure with nine ©H bonds is more stable than the teristically, they are larger than tlrg—, values, as has been
cage structure with eight ©H bonds, if we do not take into  known for all of the hydrogen bonds in the literature. The

3. Results and Discussion
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TABLE 1: Number of Hydrogen Bonds (ny) and Stabilization Energies (SE, kcal/mol) for Water Clusters, (HO),, n = 1-7

SE
6-31G(d,p) 6-313++G(2d,2p)
molecule structure code Ny HF DFT/B3LYP HF DFT/B3LYP MP2
(H,0); 1 —5.50 -75 —4.08 —4.92 —5.37
(H20)3 3 —-17.10 —25.0 —-11.99 —15.34 —16.49
(H20)4 4 —-29.10 —-41.7 —21.03 —27.42 —28.85
(H20)s 5 —37.70 —53.3 —27.81 —36.14 —37.86
(H20)6 prism 9 —49.60 —72.0 —34.21 —44.27 —48.59
cage 8 —48.60 —70.7 —34.04 —42.80 —48.34
(H20)7 7A 10 —60.53 —87.64 —42.79 —55.38 —60.69
7B 9 —59.05 —86.09 —41.42 —53.81
7C 9 —56.36 —40.62 —52.87
7D 8 —55.74
7E 8 —55.71

TABLE 2: ny and SE (kcal/mol) of (H,0),, n = 8—16, at Various Levels of Theory Using 6-31G(d,p) and 6-3H#+4-G(2d,2p)
Basis Sets

SE
6-31G(d,p) 6-313++G(2d,2p)
molecule structure code Ny HF DFT/B3LYP HF DFT/B3LYP MP2
(H20)s 8A 12 —76.01 —110.64 —53.88 —-70.37 —76.13
8B 12 —75.89 —106.96 —53.88 —70.37
8C 12 —73.25 —106.94 —51.63 —67.53
8D 12 —73.18
8E 12 —72.23
8F 11 —70.74
8G 10 —67.74
(H20)9 9A 13 —85.05 —122.98 —61.09 —85.77
9B 13 —80.63 —-117.22 —56.99
9C 14 —79.16 —119.42
9D 14 —79.04 —113.70
9E 15 —77.29 —113.68
(H20)10 10A 15 —96.75 —139.87 —69.39 —97.87
10B 15 —95.12 —-138.51 —67.56
10C 14 —93.87 —134.94
10D 16 —81.33 —-119.69
(H20)11 11A 16 —105.69 —152.57 —71.5@ —104.45
11B 18 —104.85 —152.57 —71.5@
11C 17 —104.09 —71.8%
(H20)12 12A 20 —-122.39 —-177.62 —84.40
12B 20 —122.12 —177.44 —84.19
12C 20 —121.84 —83.99
12D 20 —120.54
12E 18 —118.85
12F 18 —118.60
12G 18 —118.13

aMP2/6-31H+G(2d,2p) single-point energy calculation at the MP2/6-31G(d,p) optimized georhetR/6-31H-+G(2d,2p) single-point energy
calculation at the HF/6-31G(d,p) optimized geometry.

distancea oy between the covalently bonded H and the nearest SE of —76.01 kcal/mol. An alternative nonpolar cubic structure

neighbor O atom involved in the hydrogen bond has values in (8B) lying close in energy {75.89 kcal/mol) has also been

the vicinity of 2.0 A, falling in the expectéfirange of 1.7 observed. At the HF/6-3H1+G(2d,2p) level of optimization,

2.45 A. Because most of the hydrogen bond<7# are not structure8B is found to be isoenergetic to structuBd, and

exactly linear JOHO ~ 160-170C), the distanceo...o0 between structure8C is higher in energy by 2.25 kcal/mol. Yet, another

the neighboring oxygen atoms involved in a hydrogen bond is set of cuboids§D—F) of lower symmetry Ci, C;, andC;) and

around 2.8 A, slightly less than the sumref 1y, andro—p. slightly higher energy also exists as depicted in Figure 3 and
Itis evident from the different plots in Figure 2 that the values listed in Table 2. The norbornane structi8€ has only 10

of ro—w, Fo—, o0, Fo-n, aNdOOHO for the different possible  hydrogen bonds and is distinctively higher in energy. The cubic

low-energy structures of (#D); fall within the ranges expected geometry D»y) of the hydrogen-bonded ¢@)s described

for the hydrogen-bonded water clusters, witikHOH ranging previously is in conformity with the structures reported inde-

between 103and 107. Our finding that the cubelike structure  pendently by Gruenloh et af,Janzen et af2 and Buck et af®a

7A is the most stable for the heptamer is in agreement with the from their experiments.

DFT/HF/MP2 results reported recenfy/8466.69 similar trend As anticipated from the experimental studies of Buck etal.,

in the energetics was observed for the three low-energy the nonamer has one water molecule hydrogen bonded (“two-

conformers 7TA—C at the HF/6-31%+G(2d,2p) level, as coordinated”) to the cubic octamer, as shown in Figure 4 as

illustrated in Table 1. structure9A. It has 13 hydrogen bonds (the cube has 12), an
The most stable geometry of §8)g is cubic 8A, with Dyqy SE of —85.05 kcal/mol, andt = 1.69 D. It must be pointed

symmetry and thug = 0.0, having 12 hydrogen bonds and an out that one of the edge hydrogen bonds in the cube is broken
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TABLE 3: ny and SE (kcal/mol) at Different Levels of Theory for (H,O),, n = 13—16

SE
molecule structure code Ny HF/6-31G(d,p) HF/6-311+G(2d,2p} DFT/B3LYP/6-31G(d,p)
(H.0)3 13A 21 —128.33 —88.47 —188.58
13B 21 —125.26 —84.90 —179.03
13C 20 —125.08 —86.07
13D 20 —123.62
13E 19 —123.33
(H20)14 14A 23 —144.78 —89.06 —209.57
14B 23 —144.65 —97.88 —205.62
14C 23 —131.20 —89.06
14D 23 —130.09
(H20)15 15A 25 —154.82 —108.09 —223.81
15B 26 —152.40 —104.03 —221.04
15C 23 —147.66 —102.67
15D 20 —129.31
(H20)16 16A 28 —169.33 —115.21 —2455
16B 26 —166.82 —116.31 —241.9
16C 28 —164.52
16D 26 —164.22
16E 28 —159.05

aHF/6-31H+G(2d,2p) single-point energy calculation at the HF/6-31G(d,p) optimized geometry.

TABLE 4: ny and SE (kcal/mol) for (H,O),, n = 17—20 TABLE 5: Effect of BSSE and ZPE Corrections on SE
SE (kcal/mol) at the HF/6-311++G(2d,2p) Level for (H,O)n, n =
1-10
HF SE
molecule structure code ny  6-31G(d,p) 6-31++G(2d,2p} uncorrected
(H20)17 17A 29 —176.51 —117.90 structure for BSSE
17B 26 —172.82 —120.83 molecule  code and ZPE  BSSE corrected ZPE corrected
17C 31 ~17045 -113.81 (H:0) —4.08 378 —2.05
2 o o (H:0)s ~11.99 ~13.34 —213
(H:0)1s 18A 31 —188.64 ~125.79 (H20)a —21.03 ~2012 ~13.18
188 30 —184.97 ~129.87 (H20)s . —27.81 —26.44 —17.97
18C 33 —184.76 _124'91 gHzoge prism —34.21 —32.14 —20.99
’ ' H20)s cage —34.04 —32.03 —21.18
18D 30 —184.06
(H:O)o 19A 33 —19969 13801 (H0);,  7A —42.79 —40.49 —26.96
198 35 —19941 ~136.17 (H20)s 8A —53.88 —50.84 —34.30
19C 29 _197'47 —130.98 (H20)g 9A —61.09 —57.40 —39.47
19D 30 _197'27 ' (H20)10 10A —69.39 —65.31 —44.74
(H20)20 20A 36 —216.28 —148.27 o .
20B 34 —216.04 —151.10 minimum. Our calculations at the HF/6-31G(d,p) level showed
20C 35 —213.71 —148.61 the fused pentameric structut®A to be energetically the most
20D 30 -187.17 —133.56 stable, with 15 hydrogen bonds and SE-96.75 kcal/mol, as
aHF/6-311-+G(2d,2p) single-point energy calculation at the RHF/  illustrated in Figure 5. The butterfly minimund@C) is higher
6-31G(d,p) optimized geometry. in energy thanlOA by 2.87 kcal/mol. There is an extended

cuboid structureX0B) that lies energetically betwedA and

and a hydrogen bond is formed with the ninth water molecule. 10C. A highly symmetrical structureu( = 0.0), with 16
The structure9C, having the octameric cube nearly intact and hydrogen bondsl0D), was considered for (#D).0 by consider-
the ninth water molecule forming hydrogen bonds with the ing the two water molecules that are two-coordinated diagonally
corners of the cube, is distinctively higher in energy (SE on opposite faces of a cube, but it turned out to be much less
—79.16 kcal/mol). Interestingly, a more distorted struct@m) ( stable than the other three geometries discussed previously.
that has a fused tetramepentamer structure is lower in energy There are no experimental results available, to the best of
(SE= —80.63 kcal/mol) tha®C. As a matter of fact, geometry  our knowledge, for (HO),, n = 11. However, considering the
optimization starting from a water molecule encapsulated inside good qualitative agreement between experiment and theory for
the cube of an octamer results %8B. It must be pointed out  (H,O)n, n < 10, it was felt that it would be worth extending the
that structuré®C has 14 hydrogen bonds, whid&\ and9B have study to (HO),, n > 10. An account of our results obtained
only 13 hydrogen bonds. Ye2B and9C are energetically less  using HF calculations with the 6-31G(d,p) and 6-311G(2d,-
stable tharBA. Earlier studies have shown that the structures 2p) basis sets for 1% n < 20 follows.
involving fused trimers are less stable than those involving  The most stable geometry for the 11-mer is a fused pentamer,
tetramers and pentamers. Structu®& and 9E are trigonal with the 11th water molecule hydrogen bonded to one of the
prismlike and are higher in energy. The details of the energies corners as illustrated in Figure 6. If the geometry of the nonamer
at both the HF and DFT levels, along with the dipole moments, could be thought of as an extension of a cube, then the geometry
are given in Table 2. of the 10-mer could be considered as another extension of the

Buck et al®® have proposed the possibility of two water cube, resulting in a fused pentameric structure. In other words,
molecules two-coordinated to the “edge” water molecule in a the fused pentamer could be considered as an extension of the
cube, resulting in a fused pentameric structure fosQb. cuboid. If the 12-mer is a cuboid 2A), then the 11-mer could
However, their experiments seemed to suggest a butterfly have a stable geometry that corresponds to a cuboid with a
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missing corner. Such a geometry1@) is indeed stable but

Figure 6. Same as Figure 3, for @@);1.

which 12B and12C with Do4S, and$,S, symmetries are slightly
higher in energy by 0.27 and 0.55 kcal/mol, respectively. Both
of the structures have nearly a zero dipole moment. A slightly
distorted cuboid12D) of D3 symmetry withu = 0.06 D, having

two hydrogen bonds less than the cubdi@®\—C, is energeti-
cally much less stable. A fused hexameric structl/2e] of

S symmetry is also less stable than the cuboids. The fused
pentameric structure with two extensiori(@) also has only

18 bonds (two less than the cuboids) and is less stable than the
cuboids and the fused hexamers, as depicted in Figure 7.

For (H.O)13 the most stable structure is an extension of the
cuboid with an SE 0f-128.33 kcal/mol. It has 21 hydrogen
bonds and is depicted in Figure 8 E3A. The supermolecular-
based as well as the pattern-based approach has been used to
explore the possible structures of 13-mers. The other conformers
that are energetically less stabl&@B—E, have SE= —125.26,
—125.07,—123.62, and-123.62 kcal/mol, respectively.

The various structures of g@)14 can be considered to arise

slightly higher in energy than the fused pentameric structure from extensions of cuboids, pentagonoids, and their combina-

(11A), as shown in Figure 6.

tions. The structurd4A, which is a fusion of a cube and a

For the 12-mer of water clusters, we have considered different fused pentamer, seems to be the most stableSE144.78
geometries that are cuboid, fused pentagons, and fused hexagong&gcal/mol). The extended cuboid structdB is slightly higher
as illustrated in Figure 7. It becomes clear from our investigation in energy (SE= —144.65 kcal/mol) tharl4A but lower in
that the cuboid with 20 hydrogen bonds is the most stable. The energy than the fused pentameuboid structurel4C (SE =

one represented d2A is essentially a fusion of two cubes with

—131.20 kcal/mol). The structudetD, with two cuboids sharing

D24¢D2g symmetry f¢ = 0.0) and is clearly the most stable. A an edge, is still higher in energy (SE—130.09 kcal/mol). All
few other cuboid structures also exist for the 12-mer, out of of these structures are shown in Figure 9.
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On the basis of the structures of B)s and (HO)10, We
expected (HO);5 to be a fused pentamer and found it to be so
with 26 hydrogen bondg, = 4.46 D, and SE= —154.82 kcal/
mol. The structure that comes closest in energy is a cuboid with
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symmetrical g = 0.0) with 28 hydrogen bonds and SE
—169.33 kcal/mol. The branched cuboitiiE) has the same
number of hydrogen bonds &6A but is clearly higher in energy

by 7.3 kcal/mol, as illustrated in Figure 11. Interestingly, a fused
pentameric structurel6B), with the 16th water molecule
hydrogen bonded to one of the corners, is intermediate in energy
betweerl6A and16C. Table 3 gives the details of the energetics

, at both the HF and DFT levels using the 6-31G(d,p) and

6-311++G(2d,2p) basis sets.
It can be seen from Figure 12 that the most stable structure

the same number of hydrogen bonds and=SE 152.40 kcal/ (17A) for the 17-mer has one # hydrogen bonded to one of
mol, as illustrated in Figure 10.Because,@)s is a cube and the corners of the linear cuboid that is the stable structure for
(H20)12 a fused cube, it is not surprising that the most stable the 16-mer. It has 29 hydrogen bonds and an SE©76.51
geometry of (HO)s6 is a linear fused cubel6A). It is highly kcal/mol. An alternative structurd {B) based on the fusion of
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stability of the linear cuboid structure. Yet, another alternative
in the form of a fused pentamer structufeD) turns out to be
higher in energy than the cuboids.

In the case of the 19-mer, the most stable structure is likely
to be linked to the stability of the 20-mer (one corner missing
from the cuboid or a pentagonoid). It turns out that the linear
cuboid with a corner missindlL@B) is slightly less stable (SE
= —199.41 kcal/mol) than the pentagonoi®f) with a corner
missing (SE= —199.70 kcal/mol), as shown in Figure 14. The
former has 35 hydrogen bonds, while the latter has 33. Other
fused pentagonoid49C and19D) are much higher in energy.

From the most stable geometries for the diffenembers of
water discussed above, it becomes clear that whea multiple
of 4, the structure based on the stacking of tetramer rings is the
most stable, resulting in the cuboid forfBl)s and linear cuboid
structures for (HO)12 and (HO)6. Therefore, we expect @)z
also to be a linear cuboid in its lowest-energy form. However,
we can also anticipate from the cyclic structure of@) and
the stacked pentagon structure for,QHho and (HO)ss that
(H20)20 would be made up of fused pentagons. In addition, from

tetrameric and pentameric rings has 26 hydrogen bonds and igshe work of Pauling on clathraté®, one would expect a

much higher in energy (SE= —172.82 kcal/mol). Other
structures 17C—E) with nearly comparable energies (SE
—170.45,—-170.44, and-169.57 kcal/mol, respectively) were
also observed.

The most stable structure of the 18-mé8A) is also an
extension to the linear cuboid structure, as shown in Figure 13

dodecahedral cage structure, which also results from the fusion
of pentameric rings. Therefore, we have examined different
classes of structures for the 20-mer, as illustrated in Figure 15a.
It has 36 hydrogen bonds and an SE-#16.28 kcal/mol. The
linearly stacked pentamer structug®dC) has only one hydrogen

.bond less and is slightly higher in energy by 2.57 kcal/mol. A

There are two water molecules, each two-coordinated and“branched” fused pentameric structur20B) is found to be
hydrogen bonded to the two adjacent corners of the linear slightly lower in energy by 2.33 kcal/mol tha20C but 0.24

cuboid. It has 31 hydrogen bonds and an SE-&B8.64 kcal/
mol. The alternative structur&8C is based on the cuboid.

kcal/mol higher thar20A. One could expect four different cage
structuresD1—4, for (H20)20, as shown in Figure 15b. They

Despite the fact that it has 33 hydrogen bonds, it has a lower differ in the arrangement of the hydrogen atoms thatrave

SE (—184.76 kcal/mol) tharl8A. A linear cuboid structure
(18B) with two water molecules hydrogen bonded to two

involved in hydrogen bonding. Preliminary calculations using
the 4-31G basis set showddll to be the most stable cage

nonadjacent oxygen atoms on the face of a linear cuboid structure. Calculations at the HF/6-31G(d,p) level reveal its SE

structure is slightly more stable that8C, emphasizing the

to be—187.17 kcal/mol, and therefore far less stable tPA@A.
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185

Because DFT calculations are being used extensively for the
study of van der Waals and hydrogen-bonded cluté¥85and 175
B3LYP parametrization is often used, we have carried out DFT
calculations with B3LYP parametrization using the 6-3H#G- =
(2d,2p) basis set for (), n = 2—8, and the 6-31G(d,p) basis & 1%
set for (HO),, n = 2—16. Forn = 2—6, our results are in ~ 145
agreement with the earlier reported DFT restft®. Forn = 135
6—16, our DFT calculations lead to the same set of stable
geometries as HF. It is worth pointing out that, for= 11,
DFT calculations show that the cuboid structure (with one corner 2.1
missing) is essentially isoenergetic with the extended fused <
pentameric structure. We must also add that there are noticeable = =19
quantitative differences in the geometrical parameters for the @ i
differentn-mers, as illustrated in Figure 16.

With an increase in the size of water clusters, the number of 15
structural parameters also increases. Therefore, we have plotted
the mean valuebo_n, (Figure 16a)fo...0 (Figure 16b)Fo...4
(Figure 16c¢), andJOHO (Figure 16d) along with their
variations in the form of vertical bars for different valuesrof & 285
in Figure 16. For then = 2—5 clusters, there are only single- ‘6 075
donor (sd) hydrogen bonds, whereasffict 6, there are sd as 9
well as double-donor (dd) hydrogen bonds. Figure 16a indicates =~ 295
that the values ofo-n, for dd hydrogen bonds are slightly 2.55
shorter than those for sd bonds. For both categories (compare  1.02; — ™ .
dd and sd), the HF values are consistently lower than the DFT ; e

5\: 165

2.3

2.95

values. The values ofo..0 and To...n predicted by HF = T Pl S . 4w,  DET
calculations, however, are consistently larger than those from "5 |- a ddlr

DFT calculations despite their overlapping variations, as shown ‘9 L b ' '

in parts b and c of Figure 16. Figure 16d deals with the relation 0.96 - HF
between thé]OHO value and the cluster size for= 2—16. It - ag———

is nearly identical for both HF and DFT calculations, emphasiz- 5 s &5 10 12 14 16 18 20
ing the fact that the “shapes” of the most stable clusters predicted n

by the HF and DFT calculations are nearly the same. However, Figure 16. Mean values and the ranges (shown as vertical lines) of
it must be added that DFT calculations tend to predict slightly various geometrical parameters for the most stable geometries@}(H

stronger and shorter hydrogen bonds than those of HF. n = 2-20, as obtained from HF) and DFT (---) calculations. For
. . . ; . the sake of clarity, the vertical lines are slightly shifted away from
With an increase in the size of the water clusters, there is an ¢ach other fon = 6—16.

increase in the number of hydrogen bonds and hence an increase

in the |SH values, as shown in Figure 17a. DFT calculations asn goes from 2 to 5, as shown in Figure 17b, indicating
tend to predict largefSH values than the HF. There is a increased stability of the cyclic trimer, tetramer, and pentamer.
noticeable increase in the mean strength of the hydrogen bondsThe mean hydrogen-bond energy for= 6 is nearly the same
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Figure 18. MESP isosurfaces for (#D)s, (H20)s (MESP value=
—0.091 au= —57.10 kcal/mol), (Ho)g (8A), (H20)10 (lOA), (HZO)12
(12A), and (HO)16 (16B) (MESP value= —0.092 au= —57.73 kcal/
mol).

-0.092
]

Figure 17. Variation of (a) thed SE value for the most stable geometry
(H20),, n = 2-20, (b)|SH per hydrogen bond for (}D),, n = 2—20,
corresponding to the most stable structure of the individual water cluster,
(c) incremental stabilization energ|SE) for n = 2—20, and (d) the
number of hydrogen bondsi{) and the average number of hydrogen
bonds per HO molecule f = ny/n) with an increase im, as obtained
from HF/6-31G(d,p) and B3LYP/6-31G(d,p) calculations. The values
of |SH are reported in kcal/mol.

as that forn = 2. Forn > 6, there is a slight increase in the
mean hydrogen-bond strength until we reach the cuboid structure
for n = 8. With the further increase in the valuergfthe change

in the mean value is marginal, because most stable geometries
are made up of cyclic tetramers and pentamers.

It becomes clear from the incremental values 9 (i.e., -
the increase inSH values with the increase imby 1) plotted (20B) (20C)
as a function ofh in Figure 17c that there is an alternation in - Figure 19. MESP isosurface of (50 (20A—C) corresponding to
stability asnincreases. The evenmers have a slightly greater  the MESP value 0f-0.092 au £57.73 kcal/mol).
stability than the odd-mers. Water clusters with = 8, 12,
16, and 20 become particularly more stable. The average numbepositively charged species (an electrophile) or a metal ion as
of hydrogen bondsiy) per water molecule increases with an  compared to the tetrameric rings.

increase inn Inltlally but then levels off around 1.8 as An attempt has been made to estimate the effect of BSSE
approaches 20. It is worth reiterating that the mgsig value and ZPE corrections on thiSE at the HF level using the
also becomes approximately constanb(kcal/mol at the HF  6-311++G(2d,2p) basis set. It is clear from the results reported
level) asn approaches 20. in Table 5 that the BSSE correction is about 10% of (BE|

The MESP topography mapping of some of the, @b, for a given cluster, while the ZPE correction is abewt0%.
clusters has been carried out at the HF/6-31G(d,p) level with a However, they do not affect the conclusions regarding the shapes
view to explore the reactivity features. The MESP isosurface of clusters in most cases.

(—57.73 kcal/mol) is displayed in Figures 18 and 19 fos@h, Frequency calculations have been carried out at the HF level
n=4,5,8, 10, 12, 16, and 20 clusters. Details of the MESP employing the basis set 6-31G(d,p) for some of the important
CPs calculated for each system are given in Table 6. It can beclusters comparing (#0)g (8A), (H20)10 (10A), (H20)12 (12A),

seen that the MESP isosurfaces generated at a particular valueand (HO);6 (16B) and also using the 6-3#tG(2d,2p) basis

for the clusters containing pentameric rindoOA, 16B, and set for (HO),, N = 2—10. These calculations reveal that all of
200C), are larger than those of the clusters containing tetrameric the eigenvalues of the Hessian matrix are positive, and hence,
rings @A, 12A, and20A). Therefore, it can be expected that the corresponding frequencies are real. This means that these
the pentameric rings would be more reactive toward either a structures are indeed (at least local) minima on the corresponding
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TABLE 6: Details of the (3, +3) MESP CPs Calculated for the HF/6-31G(d,p) Optimized HO Clusters,n = 4, 5, 10, 12, 16,
and 202

structure
code (HO)a (H20)s
MESP (au) —0.093 31 (4) —0.0936,—0.0955,
—0.095 61,—0.093 29,
—0.0938
structure
code 8A, (Hgo)g lOA, (Hgo)_m lZA, (H20)12 168, (H20)15
MESP (au) —0.099 75 (4) —0.0972 (2)~0.1114, —0.0971 (4) —0.1000,—0.10486,
—0.1060,-0.1013 —0.097 73 (2)~0.1001 (2),
—0.0981,—-0.1021
structure
code 20A, (Hzo)zo 20B, (Hzo)zo 20C, (Hzo)zo
MESP (au) —0.095 84 (4) —0.0979,—0.09 72, —0.1114,—0.1094,
—0.0959 (3),—-0.0980, —0.1013,—-0.0896,
—0.0957 —0.0887
aValues in parentheses refer to the number of CPs.
TABLE 7: Vibrational Frequencies Calculated at HF/ the extended cuboid or extended fused pentameric structures
6-31G(d,p) Optimized Geometry for (H,0),, n = 8, 10, 12, to be the most stable. DFT calculations using B3LYP para-
énd 16: Results for Water Monomer Included for metrization at the 6-31G(d,p) level reinforce our findings for
omparison
S (Hz0)y, n = 6—186.
structure scaled frequency intensity Calculations at the HF level with different basis sets ranging
code (em™) (arb units) type from 6-31G(d,p) to 6-311+G (2d,2p) show a slight change
H:0 1580.12 104.59 d in the SE values with the change of the basis set. For a given
3703.19 16.29 SS cluster optimized at the HF/6-33+HG(2d,2p) level, the sta-
3807.69 57.89 as bilizati has b f dtobel % of it
(H:0)s 1604 33 33313 d ilization energy has been found to be lowerech80% of its
3456.08 1068.44 ss value at the HF/6-31G(d,p) level. Similar trends have been
3689.19 763.19 as observed for the calculations at MP2 as well as the DFT/B3LYP
(H20)10 1612.82 365.66 d levels with the 6-31%+G(2d,2p) basis set. However, the overall
3452.57 1925.41 ss trends in the energetics (with a few exceptions for which some
3713.97 621.91 as of the structures converge to similar structures or the energy
(H20)12 1609.17 665.13 d . . . . :
3550.15 74547 ss difference is very small) remain unaltered with the change in
3701.51 975.56 as the basis set or the level of theory. With the sufficiently large
(H20)16 1616.15 263.27 d basis set 6-31t+G(2d,2p) used in this study, the BSSE
3491.88 2244.66 Ss correction is found to be-10% of the stabilization energy, while
8r02.21 666.68 as the ZPE correction at the same levehig0%.
ad = H—O—H angle deformation, sss O—H symmetric stretch, We do realize that there are a large number of alternative
and as= O—H asymmetric stretch. geometries that are possible for the larger clusters, with the

number increasing rapidly with an increase in cluster size. While
8consideration of all such geometries is beyond the scope of the
present investigation, we did examine many alternative geom-
etries and found them to be energetically much higher in energy
than the structures reported in this study. Furthermore, frequency
calculations for some of the most stable geometries confirm

deformation frequency is observed to generaflgreaseon that they indeed correspond to (at least local) minima. Therefore,
cluster formation. The ©H stretching (asymmetric as well as ;.o pelieve that our results are definitive.

symmetric) frequencies, on the other hand, genedsfyrease It has been observed that both of the modes of theHO

with increasing cluster size. Also, it is noticed from Table 7 gy e1ching frequencies tend to decrease on cluster formation,
that the mten;mes of all of these vibrations are enhanced on while the frequency of the HO—H angle deformation tends
cluster formation. to increase. All of these changes are accompanied by an
enhancement in spectral density values with an increase in
cluster size.

We have reported the results of a systematic investigation of It can be seen from our study that the most stable geometries
water clusters { = 2—20) at ab initio levels using HF  of water clusters contain tetrameric or pentameric rings. MESP
calculations with the 6-31G(d,p) and 6-3t1+G(2d,2p) basis values of the pentameric ring-based structures indicate the
sets. It has been observed that the tetrameric ring-basedpresence of a more negative-valued environment around them
structures are more stable for= 8, 12, and 16, in agreement as compared to those of the tetrameric rings. It may be
with the results of Lee et & Forn = 10 and 15, pentameric  concluded from the MESP maps that,(B), clusters containing
ring-based structures are the most favored.r=er20, the linear pentameric rings would react more favorably with electrophilic
cuboid is slightly more stable (by 0.24 kcal/mol at the HF/6- species. The same fact has been highlighted by the study of
31G(d,p) level) than the fused pentameric structure. For MESP CPs. The MESP topography study shows that the minima
intermediate values aof (9, 11, 13, 14, and +719), one finds for the clusters with pentameric rings, (compa6é, 16B, and

PESs. The scaling of the frequencies has been done with
scaling factof® of 0.8929, as recommended by the GAUSSI-
AN94 package. Table 7 lists the scaled frequencies {Emith
maximum intensities for some of these clusters along with the
frequencies of a single water molecule. The-®—H angle

4. Summary and Conclusion
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20C) are deeper by-69.03 kcal/mol than those of tetrameric
rings. Also, the electrostatics-based studies on molecular hydr

Maheshwary et al.

(36) Klopper, W.; Schiz, M.; Lithi, H. P.; Leutwyler, SJ. Chem. Phys.

a-1995 103 1085.

(37) Hodges, M. P.; Stone, A. J.; Xantheas, S1.®hys. Chem. A997,

tion®” support this prediction. The MESP maps for water clusters 103 g163.

with n = 8, 10, 12, 15, 16, and 20 suggest that the smaller

(38) (a) Masella, M.; Flament, J.-B. Chem. Phys1997 107, 9105.

clusters withn = 4, 5, and 8 can be used as the basic building (b) Masella, M.; Flament, J.-B. Chem. Phys1999 110, 7245.

blocks for generating larger clusters. Some of the cage structures, ;
reported in this study may be of importance in the entrapment

of molecules.
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