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A search for low energy structures of water clusters was performed with a combination of three computational
tools: (a) temperature-dependent classical trajectories; (b) hydrogen network improvement; (c) rigid body
diffusion Monte Carlo calculation on a smoothed potential energy surface. For the sizes of our main interest,
n=48, 123, and 293, input configurations included spheroid structures cut from crystalline ice, and amorphous
structures. Fon = 48, tube and sandwich minima were explored as well. The lowest energy configurations
found were characterized by compact three-dimensional shapes. In the casedd and 123, crystallinity

was lost in the course of the optimization; for these sizes, one finds four-, five-, and six-membered rings of
water molecules, On the other hand, the lowest energy structure foumd=$d293 includes a crystal core,
dominated by six-membered rings, and an amorphous surface.

I. Introduction a cyclic structure fon = 3—5 and demonstrated a transition to
) a three-dimensional cage structurenat 6.5° Similar conclu-
Durmg the last years, study of gaseous water clust.ers becameiong were drawn from the double resonance ion-dip infrared
an important br.anch of 40 fese?‘rc“ for the foIIowmg rea- experiments on water clusters connected to ber¥Z8mad to
sons: (a) detailed spectroscopic data became available forpepqe263The stable symmetric cube structures of the octamer

(H20), in a broad Size range, (b) a combination of theoretical were reported for the (}0)s—benzene clustét and for water
and experimental investigations on water clusters are a valuable

finf i it " bet t lecul clusters with the phenol chromophdfeMeasurement of size
source ot information on interactions between Waler MoIeCU'es gqacteq infrared spectra of 48l), in the n = 7—10 range, in
(this information can be further used for study of “real life

. . . ,_conjunction with calculations, resulted in assignment to single
condensed phases); (c) clusters can be considered a bridg age structures. The= 7—10 minimum energy structures can

between the gas phase and the condensed phases, and therefo[)ee viewed as derived from the octamer cube, by addition or
evolution toward condensed phase structure and dynamics as 2 btraction of moleculei-68 '

function of size is of interest; (d) # particles and perhaps . . L

also clusters play an important role in atmospheric and space l_:or then = 11—30.3'26 range, considerable insight has been
chemistry, and cluster studies may contribute to the understand-92ined from theoretical studies (see, e.g., refs 13, 22, 27, 31,
ing of the pertinent processége) (H0), clusters display a 36’ 38, 39, 43, 44, ‘_"6' 47, 53;‘ and_ 54). The globa,! minima in
variety of interesting behaviors and are therefore worthy of basic thiS range can be viewed as “multiple fused cage” structures.
research for their own sake. The present study focuses on lowMost recently, structural evolut_lon as a function of size |r;th|s
energy structures of (), in the size range which is not yet ~fange was adodresseq systematically by Hefttker the TIPA4PS
well understood, of tens to hundreds of molecules. Specifically, @"d TTM2-F© potentials. Clusters at the low end of this size

the representative sizes= 48, 123, and 293 were investigated. @nge have been described by him as “all surface”. Increase in
Calculations were also carried out for= 20—22, mostly for size is marked_ by appearance of three_—dlmensmnal centered
calibration purposes and for comparison. cage” forms with one or two four-coordinated core molecules

in the interior. A number of theoretical studies focused on

A. Past Studies.For the water dimer, a sequence of past . i fih lting t tion | tor clust ¢
experimental and theoretical studies (see, e.g., refs 2 and 3)S|mu ations ot the meiling transition in wa e[cus_erf, (.g., refs
23, 24, and 45), and on investigations of “special” structures

demonstrated conclusively a near-linear hydrogen bonded global™>". . i h
minimum on the potential energy surface (PES)@H, n > which were proposed to be particularly interesting and/or stable.

3, clusters have been investigated extensively for a long time, The proposed special forms included clusters composed of cubic

" 26,20 o -
in theoretical studies employing electronic structure techniques octamer like subunits;2*tubes of five- and six-membered water

(e.q., refs 422), a variety of analytical potentials (e.g., refs rlngs,“fsfl?’%t sandwich-like structure®,and large spheroid single
23—-48), and a combination of both (e.g., refs48r). Forn = cages.” ] ] .

3-5, a cyclic lowest energy structure has been predicted, with  Starting from sizes of “several tens of moleculéstestiga-

the basic structural unit of a Sing|e proton doﬁsmg|e acceptor tion of the eolution of general structural characteristics as a
water molecule. A transition to three-dimensional structures was function of mean sizappears more meaningful than a search
obtained nean = 6 (e.g., refs 9, 49, 50, and 56). For the for a single ground state for consecutive cluster sizes, for any
octamer, two very stable cubic structure and D) were potential. This is since very numerous low energy structures of
predictec?®4952 A series of far-infrared vibrationrotation— similar energies are expected for each size. Determination of

tunneling®and infrared laser spectroscopic studiesnfirmed the exact energy ordering of these structures would require
potentials of presently unavailable accuracy. Moreover, most

*To whom correspondence should be addressed. E-mail; viki@fh.hujiac.l. Of the available experimental data for neutrab@ clusters
T E-mail: jankazim@fh.huiji.ac.il. pertain todistributionsof cluster sizes rather than to a single
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known size/}~76 although there are interesting current advances V4 =

in spectroscopy of size-selected water clusters doped with an P P rwr‘\} /if‘\-

Na atom’® €« ,A } A 3 LY
The investigation of clusters in the next “nanoparticle” range Q‘ ' ﬂ"' f /&

(hundreds to thousands of molecules) corresponds to the onset A e B et C'*—y”

of crystallinity. The crystalline ice structure is favorable for the
ice interior rather than for the icy surface and, therefore, appears
for particle sizes with a sufficient amount of the four-coordinated
interior. The published electron diffraction studies revealed
crystalline diffraction patterns characteristic of cubic ice in the
range of thousands of 4 molecules}!72 starting fromn ~
1000; the data indicated, however, the presence of a concurrent
disordered component. Clusters containirg00 molecules

-204.60 -207.88
-206.43  .210.75

s A
AL
7 }"f -3 jr:‘
»d /R ¥ 1
-206.99 F»~

were proposed to be amorphous, based on their diffraction gggg; -210.72 i%ggg
patterns’t g *

Consistent experimental evidence emerged in a recent spec- . S e
troscopic study of the Devlin grouf$;’4in measurements of 'r Iy A,(‘é*i_} .]:}Jp?"
bond stretch spectra as a function of mean cluster size. It was 4 \{ “:‘k ¥ H %ﬁ+¢
shown that the OH and OD stretch spectra of clusters in the G 7 H -Hx LR
size range 1000100000 can be decomposed to three compo- "““

-206.59 -206.34

nents, which were assigned, respectively, to particle surface, -206.61 .210.57 -210.10

subsurface, and crystalline interior. These data were interpreted -210.25
using our preliminary simulations, for a cluster with 979 Figure 1. (A—H) Most stable structures of lowest energy families,
molecules. The cluster was “cut out” from a cubic ice crystal found forn=20: top energies, TIP4P; bottom energies, TTM2-R; in
structure and subjected to surface relaxation by a short classical<¢a/mol. Structure A appears to be the global minimum; it was reported

traiect foll db inimizati The followi hvsical In the past in refs 31, 36, and 47. Structure B corresponds to the same
rajectory, followed by minimization. The toflowing physical o gy cture but includes three neighboring dangling H atoms (marked

picture emerged. Minimization of the surface area of a particle py arrows), which result in higher energy. Structure | was used as input
requires a geometry which is close to spherical. However, a for classical trajectories. All families except structure C were obtained
spherical crystal surface would include numerous dangling H in the course of the classical trajectokyHNI optimization protocol.

and O atoms, with unsatisfied H-bond coordination. Therefore, Structure C was constructed by superimposing four-membered rings.

the surface reconstructs so as to increase the number of hydrogen
bonds, while “recombining” many of the dangling atoms; the  apgther cluster feature is the H structure, that is, the position
reconstruction occurs at the expense of c_rystalllne order. Many of the H atoms within the network of the hydrogen bonds. Each
of these surface bonds are highly strained. The subsurfaceq gircture is associated with numerous distinct potential
corresponds to a transition region between the surface and theyinima, corresponding to different H structures. This multiplic-
crystalline interior; the locations of the O atoms in the subsurface ity of H structures originates from the fact that an H atom may
are close to the crystal sites; however, some strain and distortionadopt one of two possible positions on a near neighber@
occurs in the hydrogen bond network, due to the interaction qyis (i.e. it may be chemically bonded to either of the two O
with the surface. A perfect crystalline interior component, a1oms). The number of unrestricted configurations would then
matc;hmg bulk ice spectra, was identified spectroscopically g X, whereK is the number of hydrogen bonds. The allowed
starting from a mean diameter of 4 nm £z 1000). Smaller  ¢onfiguration space is however restricted by a constraint, that
nanoparticles of several hundred molecules were still proposedasch O must be chemically bonded to exactly two H atoms.
to inc_Iude a crystal core, albeit_ stretched by the inte_raction with Even within this constraint, a multitude of H (or orientational)
the disordered surface, as evidenced by the persistence of the,rangements is possible. This multitude is a cluster analogue
spectroscopic “subsurface” signature down to these sizes,of the well-known orientational disorder (or “proton-disorder”)
together with the “surface” signature similar to that of the larger cnaracteristic of crystalline ick and of the closely related ice
sizes. Atn ~ 100 the spectrum no longer appears as a |c form, which was observed in nanocryst&€2 It has been
superposition of these two components but rather resembles thateg|ized for a long time that different orientational arrangements
of amorphous iceT.hese results suggest onset of a (strained) i ice are nearly isoenergefi®-8 However, in clusters, energies
crystal core at a size of a few hundred moleculgscently, of different H structures corresponding to the same O frame
measurements of FTIR spectra as a function of mean clustermay giffer significantly; this fact has been discussed in detail
size were extended by Bauerecker et al. down to sizes of tenspy Singer et ab® The broad energy range is largely a surface
of water moleculeg® Buck et al. studied the tens to hundreds effect; specifically, the presence of neighboring dangling H
size range using mass spectrometric detection of fragments.atoms raises the cluster energy substantially, due to electrostatic
Comparison of the measured spectra with the spectra calculateqepu|sion_ For example, far= 20, the global TIP4P minimum
with the cluster models generated in this study will be presented corresponds to a “sandwich” structure with well separated
in a sepatate publicatioff. dangling H atom®¥47 (Figure 1A). The energy of a similar
B. Search for Low Energy Structures of Water Clusters: sandwich structure which includes two pairs of neighboring
Introduction. Structural CharacteristicSVater cluster structure  dangling H atoms (Figure 1B) is higher by several kilocalories
can be characterized in two stages. First, the O structure isper mole.
defined. The skeleton of the oxygen atoms determines the shape Structure optimization of water clusters is difficult because
of the cluster, the number of hydrogen bonds, and the hydrogenof the “rugged energy landscape”, that is, a multitude of minima
bond coordination of individual molecules. As an example, see separated by high barriers. Moreover, a collection of water
a set of possible cluster shapes fior= 20, shown in Figure 1. molecules which are brought in contact bond with each other
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quite efficiently during simple minimization, and further Nevertheless, the subject of cluster structures in the tens to
structure optimization is associated with a relatively small energy hundreds range is an interesting challenge, and it is hoped that
gain, percentage-wise. One may note in this context that the useful insights can be gained. In section Il the method and the
latent heat of melting of icéh is only ~12% of the heat of calculations are presented. Section Il describes the results.
sublimation. For the latent heat of crystallization of amorphous Summary and concluding remarks are presented in section IV.
ice, literature values are of the order of 0.25 kcal/mol or less
(i.e. =2% of the heat of sublimatidf). Latent heats of phase Il. Method and Calculations
transitions between different crystal ice forms are also of the
order of ~1% of the heat of sublimatiof?.

Structure optimization of water clusters has been addressed
in the past by a variety of approaches, including basin
hopping?2:36:37evolutionary algorithmg#434647reaction coor-

A. Overview of the Optimization Scheme.Our general
optimization strategy includes three stages. The first employs
classical molecular dynamics (MD). Searching for low energy
structures by classical trajectories is not a new idea; in fact,
) . . . . simulated annealing (i.e. gradual cooling by MD of an initiall
pllnate ar!alys@f,’ gra_lph |nvar|ant_§,1 the pivot m_ethod,“ Gauss- warm structure) hags(bee% among the ?irs¥ tools applied. T);e
lan density annealing, and a diffusion equation scherfte. well-known problem is trapping of annealing trajectories in high

The main aim of this study is to locate and characterize low energy minima. Here, we employ a variant which proved to be
energy structures of water clusters, for relatively large sines ( surprisingly effective. A set of relatively long classical trajec-
= 48, 123, and 293). To the best of our knowledge, a detailed tories is run at different energies, corresponding to temperatures
study of low lying minima for these sizes has been carried out 5 the range 106200 K. Structures along the trajectories are
for the first time. Parts of the computational scheme are minimized at constant intervals (see Figure 2,rfor 123). At
specifically geared to the water cluster problem. The task is |ow temperatures, molecular mobility is limited, and only
associated with formidable difficulties. One of them is the minima in the vicinity of the initial structure are accessed. In
possible potential dependence of qualitative characteristics ofthe high temperature regime the system is mobile and probes
low energy structure¥:®47%8Due to the need to explore  numerous minima; however, high energy structures are pre-
numerous minima of relatively large clusters, we employ the ferred. There is some intermediate temperature range at which
computationally efficient TIP4P potentiéd. For low lying the mobilty is sufficient for effective exploration of the PES;
minima ofn = 21, and for select minima of other sizes, energy however, low potential energy regions are still accessed
trends are double-checked against the polarizable TTM2-R preferentially. In this range, classical trajectories “find” struc-
potential®® While the gross energy trends appear consistent for res of particularly low energy (140 K for= 123, Figure 2).
the two potentials, there is still a distinct possibility of missing These structures are collected and subjected to further optimiza-
some important potential characteristic which affects the evolu- tion, as described below. To account for the existence of such
tion with size. an optimal temperature range for low energy minima, we recall

Another problem pertains to incomplete sampling of the the concept of phase coexistence in clusters, introduced by Berry
configuration space, especially for sizes corresponding to the et al®6
onset of crystallinity. There are select cluster systems such as In the second stage, optimization of H structures is carried
NaCl which crystallize easily in the course of the optimiza- out for low energy minima found by classical trajectories. A
tions84 Unfortunately, HO does not belong to this category, Monte Carlo (MC) process is used which probes different
most likely due to a high nucleation barrier. We are aware of orientational arrangements, for a given O structure. This
only one simulation study in which water freezing was suc- procedure is needed, since typically the trajectoriesndb
cessfully obtained in a periodic boundary system, at a very high produce an optimal H structure for energetically favorable O
computational cost Here, a more limited approach is adopted, frames. In particular, the pattern of surface dangling atoms,
in an effort to bracket the size corresponding to the onset of which affects significantly the energetics, is optimized at this
crystallinity. Optimization is applied to initial structures cut out stage. The MC algorithm was adopted from refs 80 and 87,
from a known crystal (icéc) and also to initially amorphous  which addressed orientational ordering in ice.
structures, and the results are compared. It is shown that for The third step employs rigid body diffusion Monte Carlo
= 48 and 123 the crystallinity ifost in the course of the  optimization (RBDMC) Diffusion Monte Carlo is a method
optimization of initially crystal structures; moreover, final to solve a time-independent Sédinger equation by random
energies and structural characteristics are similar to thosewalk of a cloud of replicas of a systeffiln the long time limit,
corresponding to amorphous initial conditions. On the other the distribution of replicas in space approaches the ground-state
hand, for initially crystallinen = 293, the crystal structure of  wave function. Here, RBDMC serves as a tool for structure
the cluster core survives the optimization, and the resulting final optimization. Advantage is taken of the tendency of the replicas
energy is lower than that of the optimized initially amorphous to drift toward low PES regimes. RBDMC is combined here
structures. These results are suggestive (although, of coursewith a computational device of PES smoothing, that is,
they do not constitute a conclusive proof) of the onset of replacement of the true potential energy by the energy of the
crystallinity at a size of a few hundred molecules, in accord nearby minimum, as in basin hopping algorithth& The

with spectroscopic evidenceé. potential energy surface is thus smoothed to a sequence of flat-
Moreover, one may worry about missing “special” high bottomed wells, and the potential barriers are eliminated. Such
symmetry cluster structures, which are different fromlecand a smoothed PES was used by Wales and Hodges in conjunction

which are hard to locate in a generic optimization code. For with the classical Monte Carlo method, in a search for global
the sizen = 48, a number of such structures can be guessed minima of water clusters up to = 2136

and constructed manually (a perfect “sandwich” of hexagonal B. The Potential and Other Computational Details.The
rings and two kinds of tube structures). As discussed below, computations described below are time-consuming, and there-
their energies are found to be higher than those of structuresfore, the computationally efficient TIP4P potentfalvas used.
obtained in the optimization procedure; nevertheless, other, moreTIP4P is a popular potential of the “three point charges plus
favorable “special” minima cannot be ruled out. Lennard-Jones” variety. TIP4P performs quite well for con-
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Figure 2. Potential energies of minima found along classical trajectories (in kcal/mol), as a function of time (in ps), at different temperatures, for
n = 123. The lowest energy minima were foundTat 140 K.

densed phases and has also been used extensively in clustaircuited by single hydrogen bonds (i.e. rings in which a pair
calculations (see, e.g., refs 36, 38, and 47). However, the useof nonadjacent molecules was connected by a hydrogen bond).
of the choice of potential is a nontrivial issue. Energy spacing  C. Input Configurations. Preliminary effort was devoted to
and ordering of cluster structures is known to be potential- generation of input configurations for further optimization.
dependent (e.g. refs 31, 35, 47, and 68). For large clusters,Several methods were explored. In one, molecules were
qualitative structural trends with size for stable minima appear distributed at random within a cube of a preset size. In the
to be of greater interest than identification of the exact lowest second, rings of water molecules were stacked above each other
energy structure for a given potential. However, the possible at random; the size of the rings, in the range four to six
dependence of these trends on the potential is a serious concerrnmolecules, was preset by the program, and some “random noise”
as discussed in the past for the= 1020 size rangé'*’In was introduced to ©-O distances, molecular orientations, and
particular, Hartk¢’ noted forn = 20 enhanced qualitative  relative positions of ring centers. (This method was particularly
preference for “all surface” structures with TIP4P, as compared useful for generation of tubelike configurations, such as the ones
to the TTM2-F° potential, which favored low energy “centered in Figure 1C and D.) In the third approach, structures were
cage” structures. A somewhat encouraging result of that study collected from classical trajectories for liquid droplets. The
was the appearance of both types of structures in the low energydifferent structures were subjected to conjugate-gradient mini-
regime, for both potentials, albeit with different energy ordering. mizations, and thus, a preliminary bank of configurations was
Thus, the use of TIP4P as a tool for searchingdandidates generated.
for low energy structures appears reasonable, although checkup  onpe may note that for relatively small cluster sizes there is
of the result; with another, hopefully more accurate potential 5 high likelihood to find the global minimum already in the
appears desirable. preliminary bank. Thus, in exploratory studies for sizes

At the present stage, TIP4P was employed in all the 10-16, the configuration bank included the lowest energy
optimization steps, and unless stated explicitly otherwise, all structures known from the study by Wales and Hod§é&rn
energy results below pertain to that potential. Energies of select= 18 and 19, the lowest energy bank structures were within
minima were recalculated with a polarizable TTM2-R poten- 0.3 kcal/mol from the known lowest minima. For sizes of our
tial,3 which was calibrated against accurate ab initio results interestn > 20, the lowest energy structures were not found in
for n = 2—6 clusters and which yields good results for a variety the bank (although very lengthy random searches may have
of condensed phase.8 properties. The performance of the found them, at least far = 20—22). Forn = 20—22, the initial
two potentials is compared in more detail for= 21; see section  configurations used as input for further optimization were
[IIA. Essentially, the general trends on the gross energy scale “generic-amorphous”, from among the lowest energy structures
agree for both potentials, while there is clear disagreement in obtained in random searches (see Figure linfer 20).
detailed energy ordering of the structures. Forn = 123 and 293, a new set of input configurations was

In all calculations, molecules were treated as rigid bodies. introduced, generated by “cutting out” structures from lice
Classical trajectories employed the rigid body SHAKE algo- crystals. Since a crystal sphere has an unphysically high surface
rithm,® while the minimization routine employed Euler angles. energy, it was subjected to a short classical trajectory (a few
Minimizations were carried out with the help of a conjugate tens of picoseconds) in the 15080 K temperature range, to
gradient routine. The stopping criterion was a reduction of the relax the surface, and subsequently minimized. licevas
squared norm of the potential gradient vector by a factor in the adopted as a starting point for these sizes, since it was observed
range 101 to 1014 In the analysis of structures, two molecules in the past in electron diffraction studies of ice nanopartitié3.
were defined as hydrogen bonded if the-® distance was  The aim was to observe if crystal structure survives the
less tha 3 A and the minimal ®-H distance was less than 2.5  optimization process. lcéc corresponds to a nearly perfect
A. A ring distribution program was adopted from a previous tetrahedral bond network and is dominated by six-membered
study?? We excluded from the statistics rings that are short- rings of water molecules. Its proton-disordered structure is
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closely related to that of the common itte A description of
the method to generate proton-disordered ice models can be
found in ref 80.

Admittedly, the above choice of crystal input structures is
biased by our knowledge of electron diffraction results. How-
ever, the objective was to find realistic low energy cluster
structures rather than to actually observe crystallization of a
liquid droplet to a correct crystal. For= 48, both a structure
derived from a crystal and a randomly generated “amorphous”
structure were used as alternative inputs for the optimization
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procedure, for comparison. As discussed below, the resulting'§-205.5
lowest energy structures corresponded to very similar energies,E
although the detailed shapes were different. frer 123, the o
robustness of the final optimization result derived from the 207~ 'o( ° - -

crystal structure was rechecked as follows. The structure was BT T A4l 50
melted by heating to 220 K, subjected to a 5 ns trajectory, ]

recooled, and used as a second input for the optimization Figure 3. Energies of the lowest energy structures, as a function of
procedure. As discussed below, the energy of the resulting temperature, obtained in classical trajectoriesifer 20, 48, 123, and
optimized structure was very similar to the one obtained without 293: black circles, structures from the initial 5 ns runs; triangles, a 5
melting and recooling, despite some structural differences. (Thens continuation; diamonds, a 25 ns continuation. Arrows denote

_ - - “sandwich”n = 20 structures. Fan = 293, shorter trajectory stretches
fact that then = 123 structure melted during heating to 220 K of 0.5 ns length were used. Far= 20 and 48 initial configurations

is evidenced by different hydrogen bond lists in the two final \yere obtained in a random search. Foe 123 and 293 the starting
structures. Figure 2 shows frequent transitions between high-point was a spherical shape cut out from the licerystal.

lying minima already afr = 180 K.)

It will be shown below that, in the case nf= 48 and 123,
the crystal core disappears during the optimization of the initial
structures derived from icé&. However, the crystal core is

A n L
\J

9 A 1 -1425f
o_uuo;o; o0 o0 |

The optimal temperature for accessing low lying minima is

related to barrier heights of transitions leading toward such

; minima. Investigation of barrier heights is outside the scope of
retained fom = 293. An effort was made to recreate the low o hresent study. However, some estimates can be made. As a
energyn = 293 structure by fully or partially melting it and |5,er hound for typical barrier heights, one can take energy
recooling. This effort has been as yet unsuccessful, and thejtfarences between visited minimaf the order of several
resulting structures corresponded to higher energies. The lacky;ocalories per mole (see Figure 2 for= 123). As an estimate

of success is not too surprising in view of a recent simulation ¢, o upper bound, one can adopt the amplitude of fluctuations

study of water freezing (with periodic boundaries) which i, e total kinetic (or potential) energy during the trajectory;
required very long trajectories lasting hundreds of nano- o amplitude is~6 kcal/mol forn = 48, increasing to~15

second$® In the present study, trajectories up to several tens ycaimol forn = 293. (As the cluster size increases, the fraction
of nanoseconds were used. Below, only the lowest energy o (ota| energy that can be mobilized for a transition decreases.)
structure derived from the crystal is discussedrfor 293. These estimates are similar to barrier heights calculated for
D. Temperature-Dependent Classical Trajectories as a  transitions between inherent structures of TIPS2 lid@ighich
Tool for Structure Optimization. A set of 5 ns classical  were mostly in the range-@8 kcal/mol, with rare transitions
trajectories was run for each cluster size at different energies, corresponding to much higher (20 kcal/mol) values.
corresponding to temperatures in the range-1200 K. The It should be noted that the temperatures in Figure§ @enote
exception was = 293, for which shorter 500 ps trajectories that value to which the initial structure was heated before starting
were used, because of the significant computer time requirementthe run. Energy rather than temperature is conserved along
Structures along the trajectories were minimized every 10 ps. classical trajectories. The temperature undergoes substantial
At temperatures at which particularly low energy structures were fluctuations, especially for the smaller clusters.
found, the trajectories were further extended by a facteb.2 For the smaller clusters= 20—22, more irregular behavior
The energies of the lowest energy structures found at differentwas obtained for the minimum energies as a function of
temperatures are given in Figure 3. The energies of minima temperature than for the case of the larger clusters. Figutgs 3
along individual trajectories are shown in Figures 2 and 4, for display the results fon = 20. The sandwich structure was
n =123 and 20. It is seen that, at temperatures at which lowestaccessed only &t= 135 K and 140 K. Its energy was somewhat
energy structures are found, the system is characterized byhigher than that of the global minimum (Figure 1A), because
substantial long time fluctuations of the potential, corresponding of the somewhat less favorable H arrangement. Figure 5 shows
to motions within different “mega-basins”. Therefore, relatively the dissimilarity index of the minima along the trajectories with
long trajectories are required to find low energy minima, and respect to the initial “amorphous” structure (Figure 11) and the
different portions of a given long trajectory may correspond to sandwich. The dissimilarity index (DSI) is defined in the
substantially different minimum energies (see the two 140 K Appendix; low dissimilarity index corresponds to high similarity.
plots in Figure 2). Fom = 48, 123, and 293, temperatures It is seen in Figure 5 that at 110 K the trajectory remained in
corresponding to the lowest energy minima were obtained atthe vicinity of the initial structure, apparently due to low
160, 140, and 160 K, respectively (Figure 3). To double-check molecular mobility. At 135 K, the middle section of the
then = 123 result, the final structure of the 220 K trajectory trajectory approached the vicinity of the sandwich structure.
was recooled to temperatures in the +3%0 K range and However, during most of this time, the minima corresponded
additional 5-10 ns trajectories were run in this range. The to strongly distorted sandwich structures, and only during
lowest energy minima obtained at 140 K and 145 K were of relatively short intervals, was a perfect sandwich shape accessed
very similar energy as the one obtained originally at 140 K. (at intervals corresponding to the lowest energy and the lowest
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Figure 4. Potential energies (in kcal/mol) of minima found along classical trajectories, as a function of time (in ps), at different temperatures for
n = 20. The inset shows the lowest energy structure found in a given stretch of a trajectory.
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line), and to the initial “quasi-spherical’ structure (dotted). High

similarity corresponds to a low dissimilarity index. Figure 6. Potential energies (in kcal/mol) of minima found along

classical trajectories, as a function of time (in ps), at different

I . . i t fan = 21. The thin line i h | refers to the high
DSI within the 1506-3600 ps section of the trajectory; see tgmgg:gtﬂ:i_s’ a & Thin fine In each pansTreters fo te igher

Figures 4 and 5). The plot of the minimum energy as a function

of temperature fon = 20 (Figure 3) displayed a second dip at  1,4\ing in a higher energy regime. Most of the minima probed

175 K. At this temperature, the trajectory froz_e temporarily to by the 150 and 160 K trajectories are in the same energy range

ﬁﬂgiginorldezﬁg zﬁggurel ea (lfiezzgfggﬂ V\E)l;?:h g'gﬂ; 1D). as the 130 K ones, but the transitions between minima are more

kcal/mol e?b%ve the globalprr?inimugm was n’everaccessed in thefrequent, and the range of energy fluctuations is larger. The
’ 160 K trajectory undergoes several quick visits to the vicinity

trajectories. L
. of the low energy minima at-218 kcal/mol. For the 180 and
Forn=21 f fi I . - . .
orn , & preferred temperature for accessing low energy 190 K trajectories, the range of energy fluctuations is even

structures was not obtained; the minimum energy value was ! . -
found to oscillate between216 and—218 kcal/mol in the 129 |arger, but the mean energy increases as well. Still, a short visit
200 K range (Figure 6). Structures of energy close-@18 to a low energy minimum is observed in one of the t_rajectorles.
kcal/mol were found at several temperatures; this energy is only APParently, for larger clusters such visits become improbable
slightly above that of the most stable structure knownrfer at these temperatures.

21 in TIP4P (219.19 kcal/md®). The behavior of minimum Forn = 22, trajectories in the 120190 K range resulted in
energies as a function of trajectory time for= 21 is instructive the lowest energy structures within only 0.7 kcal/mol from the
(Figure 6). The 120 K trajectory “finds” a low energy structure energy of the initial structure, which was located in a random
and remains there; as opposed to a 130 K trajectory, which keepssearch (at-228.5357 kcal/mol). As seen in Table 1, for this
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cluster more substantial energy gain was obtained at furthernumber of possible H arrangements, which are very close in
stages of the optimization. energy. These numerous structures are a cluster equivalent of
Table 1 shows the energy gain with respect to the initial the “proton disorder” prevalent in ice, that is, a macroscopic
structures for the different cluster sizes, obtained during the MD number of approximately degenerate H arrangements consistent
optimization stage. Fan = 48—293, the energy decrease was With the ice O structure. We cannot be certain that HNI
in the range 1637 kcal/mol. Fom = 20—22, the minimization ~ procedure locates the lowest energy H arrangement from among

of trajectories brought the structures withir 2 kcal/mol from ~ the low energy manifold; however, the possibility of a significant
the known lowest energy minima. additional energy gain due to H-bond optimization appears

E. Hydrogen Network Improvement (HNI). At this stage, ~ Unlikely.
select low energy structures obtained in the trajectories were F. Diffusion Monte Carlo Optimization. The basic DMC
subjected to H structure optimization. For this purpose, a Monte algorithn®is a numerical method to find the ground state of a
Carlo (MC) procedure was implemented, which is closely related quantum system. DMC relies on the fact that, upon the
to the one used in past studies of orientational energetics insubstitutiont’ = it, the Schrdinger equation is converted to a
ice8987 |n each MC step, a change of the cluster H structure diffusion equation; the kinetic energy operator represents the
was attempted, for a given O frame. The trial step, designed to diffusion term, and the potential energy represents the source/
avoid disruption of the H-bond network, was constructed as Sink term. The basic description of the algorithm can be found
follows. First, a chain of unidirectional hydrogen bonds-©H  in refs 89 and 94. The ground state of the system is obtained in
-OH-+-OH---OH was located at random, and the direction was DMC from a random walk of numerous replicas of the system
switched by relocating H atoms to neighboring molecules (as according to the diffusion equation. In the long time limit, the
in O:++HO:++HO:+-HO-+-H). To ensure proper termination, the distribution of the replicas in space approaches the ground-state
chain must close on itself to a loop. Alternatively, it may be wave function. The rigid body version of DMEemploys as
open, terminating at the cluster surface. Specifically, it may be MC steps random translations and random rotations of rigid
terminated by a dangling O atom on one side and a dangling H molecules.
atom on the other; in that case, during the MC step the dangling Here, RBDM8is used as an optimization tool (DMCOPT),
H atom is moved to the other side of the chain, as in-+ti{O  relying on the tendency of the replicas to explore low energy
HO---HO---HO. (It may be seen from the different cluster regions of the PES. Since the true vibrational ground state of
models that their surfaces abound in dangling, that is, under- the system isiotthe target, simulation parameters are readjusted
coordinated, H and O atoms. Inclusion of the “open” chains in to facilitate exploration of the configuration space. First, the
the MC run is necessary to probe different dangling atom PES is smoothed employing a “basin-hopping” method that was
configurations, which influence significantly cluster energet- used in the past in conjunction with classical Monte C&#8
ics39) and classical trajectorié$.The true PES at a given system

The new structure resulting from switching of the chain configuration is replaced by the energy of the nearby minimum.
direction was then subjected to reminimization. Reminimization Second, atomic masses were varied to improve the performance.
is necessary to calculate accurately the energy differenceVery light atomic masses result in large Monte Carlo steps and
between the new and the old H structures. Although the O frame facile exploration of the configuration space; however, the drift
is usually retained during an MC step, the corresponding toward low potential energy regions is lost (due to “high zero-
minimum geometry changes slightly; the result is substanial point energy”). Large masses result in trapping in local minima.
energy relaxation. Sometimes the O structure is also altered The best results were obtained by setting the O atom mass close
during the minimization. The energy difference between the to that of the H atom.
initial and the final minimum energy structures is used to A DMCOPT cycle consisted of several hundred RBDMC
determine the acceptance probability of the new H configuration, steps, run for 108500 replicas. The current version of the
according to the usual Metropolis prescription. Temperatures program enables parallel runs on a PC cluster, which effectively
in the range £175 K were tried in the MC simulations; best  multiply the number of replicas by the number of the available
results were obtained typically at 1 K. processors (in our case up to 12). At the end of each cycle,

The results of HNI are shown in Table 1. For= 20—22, several tens of lowest energy configurations accessed during

energy improvement was of the order of 1 kcal/mol, which in
the case ofi = 20 and 21 was sufficient to reach the presently
known global minima for these sizé$For n = 48 and 123,
HNI resulted in energy lowering up to several kilocalories per
mole, while, forn = 293, an energy gain up te13 kcal/mol

the simulation are replicated and used as input for the next cycle.
DMCOPT is currently tested as an independent optimization
tool, to be applied without preliminary MD-HNI calculations.
While the method is computationally intensive, minima of
energy similar to those for the full MD-HNI-DMCOPT proce-

was obtained. It is noted that the energy ordering of structures dure were obtained fan = 20, 21, 48, and 123; these results
may be changed by HNI, and the lowest energy structure will be discussed separatef§.

obtained from HNI is not necessarily derived from the most
stable structure obtained in MD. In one of the= 48
calculations, RBDMC optimization was applied before the HNI

In the present application, DMCOPT runs were aimed at
improving the results of the MD-HNI procedure. That is, a
collection of best structures obtained in MD-HNI was replicated

protocol. In that case the energy gain due to HNI was a modestand used as input for several DMCOPT cycles. Energy lowering

fraction of a kilocalorie per mole, suggesting that DMC

was in fact obtained fon = 22 (by 0.5 kcal/mol) and for 48

contributes to H as well as O structure optimizations (see below). (by 2 and 5 kcal/mol, respectively, in two separate simulations;
The obvious concern is the convergence, that is, whether thesee Table 1). Fon = 123, no improvement was obtained in

lowest energy H structure is in fact found in the above

DMCOPT with respect to the best MD-HNI result. One of the

procedure. The procedure seems to be highly effective at grossreasons for this disappointing behavior may be the rigidity of

structural adjustments, most notably at removal of “bad” (i.e.

the cluster; that is, the cluster interior allows for a very limited

adjacent) dangling H pairs, which are associated with high space for movements of water molecules. Large steps (typical
energy. However, after removal of the latter, there is still a large of a small mass-scaling factor) result in interpenetration of
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TABLE 1: Lowest Energies (in kcal/mol) Obtained in TABLE 3: Changes in Cluster Properties during Different
Different Optimization Stages Stages of the Optimization Scheme fon = 293
n init2 MDP HNI¢ DMmCH property init MD MD HNI
20 —206.35 —207.36 —208.73 energy —3495.22 —3529.74 —3529.17 —3541.46
21 —209.06 —218.59 —219.19 NHB 551 555 554 555
22 —228.54 —229.23 —230.62 —231.12 NDH 35 31 32 31
48 —503.21 —534.09 —536.65 —539.10 NBDH 2 2 0 0
48 —517.07 —533.04 —536.32 NCN(2) 8 3 3 2
—536.58 —538.24 NCN(3) 60 61 63 65
123 —1409.33 —1436.06 —1440.61 NCN(4) 219 224 222 219
123 —1398.64  —1435.73 —1438.72 NCN(5B) 6 5 5 7
293 3495.22 —3529.74 —3541.46 NR(3) 1 1 0 0
2|nput structure for the optimizatiofi.Lowest energy structure Hsgég 134 %O FﬁG 51%_1
obtained in classical trajectoriesLowest energy structure obtained NR(6) 254 250 252 249
after application of HNI; it is derived from one of the low energy E(l) —2859.07 —2891.10 —2874.69 —2886.34
structures obtained in the trajectories, but not necessarily the lowest E(Il) —480.03 —463.05 —473.74 —485.72
one.Lowest energy structure obtained after subjecting previously E(II) ~131.98 —14753 —148.28 —140.49
collected low energy structures to DMC optimizatiSmnitial structure E(IV) —24.14 —28.06 —32.46 —28.91

was cut out from a crystal Initial structure was generated by a random

search. DMC was run using trajectory structures as input, followed by 2 The energies in kcal/mol correspond to the lowest minima obtained
HNI and another DMC optimizatiorf.Input structure: minimized last ~ at each stage. MD denotes the lowest energy structure obtained from
structure of the 5 ns trajectory at 220 'KLowest energy structure was  the trajectories. MDdenotes that trajectory structure which yielded

obtained in a 145 K trajectory. the lowest energy structure after HNI. NHB, NDH, and NBDH denote
the numbers of hydrogen bonds, dangling hydrogens, and “bad”

TABLE 2: Changes in Cluster Properties during Different dangling hydrogens, respectively. NCN and NR correspond to the

Stages of the Optimization Scheme fon = 48& numbers of molecules of different coordinations-§), and rings of

different sizes.E(1—IV) are energy contributions from different

property Init MD DMCOPHHNI interaction ranges, for ©0 distances of<3, 3-5, 57, and>7 A
energy —-517.07 —533.04 —538.24 between interacting molecules.

NHB 86 86 86

NDH 10 10 10 water molecules) were eliminated. The number of five-
“23'("2) ‘i 23 (i membered rings increased. Second near-neighbor and longer
NCN(3) 20 14 18 range mtergctlo.nE(.ll—IV) were olptlmlzefd at the expense of
NCN(4) 25 31 29 some deterioration in the near-neighbor interack@. During
NCN(5) 2 0 0 further DMCOPT++ HNI optimization, an opposite trend was
NR(3) 0 0 0 observed: the quality of hydrogen bonds (E&él)) improved
NR(4) 19 15 12 substantially at the expense of the longer range interactions.
mg% %i gg g% Both optimization stages were associated with the decrease in
E(l) —428.86 42514 —452.03 the number of small strained four-membered rings of water
E(l) —55.89 —63.80 —61.90 molecules.

E(I) —25.83 —31.04 —19.62 Table 3 displays structural evolution during the optimization
E(IV) —6.48 —13.06 —4.69 of n = 293. In this case, the initial structure was constructed

aThe initial structure was obtained from a random search. The PY cutting out a spherical shape from cubic ice, followed by
energies in kcal/mol correspond to the lowest minima obtained at each limited surface relaxation (see discussion of initial structures
stage. NHB, NDH, and NBDH denote the numbers of hydrogen bonds, above). As noted before, the open crystal structure is not
dangling hydrogens, and “bad” dangling hydrogens, respectively. NCN particularly favorable for the surface. Therefore, during the
and NR correspond to numbers of molecules of different coordinations o imization, structural changes occurred predominantly at the
(2—5), and rings of different size&(I—IV) are energy contributions !
from different interaction ranges, for-@D distances 0f3, 3-5, 5-7, surface, which moveaway from the crystal s,trUCture' The
and >7 A between interacting molecules. energy decrease was 46 kcal/mol, out of which 34 kcal/mol

were obtained in MD, and the rest in HNI. During the

molecules, yielding high repulsion energy and minimization optimization, the number of hydrogen bonds increased by 4.
problems. The surface of the cluster is much more flexible, and Moreover, optimization was associated with an increase in the
small steps (required for the numerical stability of the interior) number of four- and five-membered rings, a decrease in the
are usually too small to significantly explore the space of low number of six-membered rings (characteristic of the crystal),
energy configurations. Modifications are indicated, such as elimination of most of the two-coordinated molecules, and
multiple step sizes, or separate optimization cycles for surface overall lowering of all interaction components. Note the decrease
and interior. in short range interactiong(l) and E(ll), at the expense of

G. Structural Changes during Optimization. Table 2 shows longer range interactions, during HNI. In addition to the
the evolution of the structural properties of the “best” (i.e. lowest formation of one new hydrogen bond, this result is likely to be
energy) minima obtained during different stages of optimization, associated with reshuffling of the surface dangling atom pattern.
for n = 48. The initial structure was taken from the random H. Tests for the n = 20—22 Range.In studies of cluster
search bank. It is seen that in the course of the optimization theenergetics, dependence on the potential is a major concern, as
energy decreased by a total of 21 kcal/mol (16 kcal/mol during discussed, for example, in refs 31, 35, 47, and 68. As explained
the MD stage and a further 5 kcal/mol during DMCORT in section II.B, TIP4P was employed during the optimization,
HNI). Note that this energy lowering occurred without a change due to its computational efficiency. Subsequently, select low
in the number of hydrogen bond3he following changes lying minima were recalculated with the polarizable TTM2-
occurred during MD optimization: “Bad” dangling H atoms R.2 Figure 7 shows a comparison of minimum energies for
(i.e. pairs of dangling H atoms belonging to hydrogen bonded TIP4P and TTM2-R, for 131 different structural families of
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Figure 7. Comparison of minimum energies for TIP4P and TTM2-R E S
potentials,n = 21. Each point corresponds to a single structure, ‘%“ k%
minimized with two potentials. Results are shown for a collection of w‘
lowest energy structures obtained with TIP4P for 131 different structural Yh
families. A
- imi -217.747 “B17.50
n = 21. Itis seen that the energy trends are similar for the two g -220.82

potentials; however, detailed ordering of the minima, on the ~diakubh . ] _ )
scale of a few kilocalories per mole, differs considerably. Still, "|:'|19|\lj|r§ g'_ .StrEC“:/res TO" Aiél'h}IOpte”frg;eS’J'P?P’ bOtth?t': er:ergle?,
despite the scatter of the points, there is a clear correlation R; in keal/mol. (A-D) Most stable structures of the lowes

. . energy families, found fon = 21 using the TIP4P potential. (E and F)
between TIP4P and TTM2-R energies. Consistent results canyigher energy, “interesting” structures. Structure A appears to be the

be seen in Figures 1 and—81, which show low energy  giobal TIP4P minimum, reported in the past in refs 31, 36, and 47.
structures for different cluster sizes. Again, on the scale of a Structures A and €E were found during a MD-HNI-DMCOPT

few kilocalories per mole, the energy ordering differs consider- optimization sequence. Structures B and F were constructed by
ably for the two potentials. However, structures which cor- combining water rings. Structure B consists of three nearly planar layers.
respond to substantially higher TIP4P energies than those for
the lowest energy ones do so for TTM2-R as well. While

TTM2-R is likely to be more accurate than TIP4P, we suspect
that none of the presently available empirical or ab initio models

are sufficiently accurate to predict the exact energy ordering in o ,}{E
this size range. We are encouraged by the fact that “gross” trends -230.44 N
appear consistent for both potentials. It remains to be hoped -234.92
that the evolution of general structural features with size
obtained with TIP4P optimizations is correct.

The low energy configurations for= 20 are shown in Figure D ,x‘
1. For that size, three highly ordered structures are possible P e
sandwich, a four-membered tube, and a five-membered tube. . X [P
The sandwich is the lowest energy structure found for both e J‘?‘"
potentials, in accord with past stud®<?’ Addition of one L
molecule alters significantly the energetics (Figure 8). The most :ggg - gg
“regular” low energyn = 21 structure found (B) is a three- :
layered sandwich of fivet four fused rings. Structure C is F i
rounded, with a four-coordinated molecule at the center; By
structures A and B are flatter. Structure A was reported in the €. 2%
past as the TIP4P global minimuih?’ Structures A-D are x—'-%'k*f
nearly isoenergetic in both potentials. Two somewhat higher .227.91 ¥ ﬂt
energy structures E and F are derived from ordered low energy 231,47 ¥

n = 20 structures, by insertion of a molecule into one of the Figure 9. Structures fon = 22: top energies, TIP4P; bottom energies,

edges. TTM2-R; in kcal/mol. (A—D) Most stable structures of lowest energy
Forn = 22 (similarly ton = 21) we find a number of low  families, found forn = 22 in the MD-HNI-DMCOPT optimization

energy structures of quite different shapes, within a narrow sequence. (E and F) Higher energy, “interesting” structures, constructed

energy range (Figure 9-AD). As discussed in ref 47, this size by combining water rings.

range is characterized by the appearance of low energy three-

dimensional structures with a “core” of an internal four- lowestenergy TIP4P structure reported in ref 47 is of a centered

coordinated molecule (such as minimum C), in addition to “all cage variety, of energy between those of A and B; that structure

surface” cluster configurations (such as-B). Structure D~ was also proposed as a TTM2-F global minimum.

represents a borderline case in which the “internal” molecule  The fact that our study and that of ref 47 located different

is close to the surface. Structure B was found in the past in ref lowest energy TIP4P structures for= 22 should not be very

47. In that study, two additional low energy structures were surprising. These results suggest that, starting from the size of

reported, which appear to be different from A, C, or D. The tens of molecules, low energy cluster structures located in
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Figure 10. Structures forn = 48: top energies, TIP4P; bottom B

energies, TTM2-R; in kcal/mol. (A) Lowest energy structure found in
TIP4P; crystal initial conditions were used. (B) Lowest energy structure
found in TIP4P using as input amorphous structure F, which was
obtained in a random search. The ordered structure€ Qvere
constructed manually and did not appear during the optimization
sequence.

different studies, or different optimization runs, may be quite
irreproducible; there are just too many distinct structures of
similar energies. Investigation of general structural character-
istics of low energy cluster structures is likely to constitute the
most meaningful objective.

Ill. Results: Optimized n = 48, 123, and 293

Structures—Trends with Size -1438.7198

The low energy structures for the sizes of our main interest,
n =48, 123, and 293, are shown in Figures-12. Evolution d 1 5 0 8 . 5 5 8 0
of structural properties with size, for low energy structures, is Ffigure 11. (A) Lowest energy structure found for= 123, in TIP4P
displayed in Figures 1315 and in Table 4. In this size range, (—1440.61 kcal/mol), for crystal initial conditions. (B) A nearly
the shapes of the low energy structures can be described assoenergetic structure, obtained after melting the cluster, recooling, and
“three-dimensional compact”, lopsided far = 48, more subjecting it again to the optimization procedure. Top energies: TIP4P.
rounded forn = 123, and becoming nearly spherical for= Bottom energies: TTM2-R; in kcal/mol.
293. The majority of molecules are four-coordinated. There is
however a substantial population of three-coordinate®,H  see in the models in Figures-4Q2 three-coordinated molecules
decreasing from-40% to~20% as the size increases fram  protruding from the surface. Moreover, the distance-dependent
= 48 ton = 293. A small number of two- and five-coordinated coordination distributions (Figure 14) display an outer surface
molecules can be found in the structures as well. The energypeak for three-coordinated molecules and an inner surface peak
per molecule of the lowest energy TIP4P structures decreasesor four-coordinated ones. Interestingly, the relative ratio of the
from —11.23 to—11.71 and—12.09 kcal/(mol HO), respec-  two peaks decreases with increasing size and becomes signifi-
tively, for n = 48, 123 and 293. These values are still far from cantly less than one for = 293 (in contrast to the case of the
the minimum TIP4P energy calculated for iwe(—13.64 kcal/ crystal surface, for which this ratio is exactly 1). The deficiency
mol/H,0) and icelh (—13.65 kcal/mol/HO).& of three-coordinated molecules in the ice nanoparticle surfaces

Not surprisingly, the three-coordinated molecules are con- has been noted in the past, on the basis of the analysis of the
centrated at the outer surface (Figures 13 and 14). Comparisorinfrared spectr@ It appears that curved surfaces allow for
to a crystal is of interest. A perfect hexagonal surface of the enhanced population of fully coordinated molecules (albeit with
icelh (0001) or icelc (111 surface) is puckered, with the lower a distorted coordination shell), as compared to the case of a
half of the surface bilayer four-coordinated and the upper half flat crystalline surface.
(~1 A above) three-coordinated (see, e.g., Figure 2.3 of ref 79). Water rings are an important structural feature ofOH
Each three-coordinated molecule is bonded to three four- containing systems. For example, the structures of the low
coordinated HO molecules below it. While the molecular pressure crystal forms (icth and Ic) are characterized by
structure of the cluster surfaces is noncrystalline, one can still puckered six-membered rings, in conjunction with unstrained
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Figure 12. (A) Lowest energy structure found for= 293 in TIP4P.
(B) Largely crystalline core of the top structure, of radius 9 A. (C)
Crystal icelc structure, of radius 9 A, shown for comparison.
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Figure 15. Distribution of ring sizes, as a function of distance (in A)

of a ring center to the cluster center of mass, the cluster structures

shown in Figures 912: thick solid lines, six-membered rings; dot

dashed lines, five-membered rings; dashed lines, four-membered rings.

coordination (which favors six-membered rings) and a trend to
eliminate surface dangling atoms and to increase the number
of hydrogen bonds (which favors smaller rings). The relative
importance of these trends depends on the surface-to-volume
ratio and, thus, on size. A preference for small water rings in
cluster surfaces was noted in the past in an investigation of the
“tens of HO molecules” rangé®

Ring distributions in clusters are shown in Table 4 and Figure
15. The distributions include four-, five-, and six-membered
rings. Generally, the trend with increasing cluster size corre-
sponds to increasing preference for the six-membered rings and
reduction of the number of the strained four-membered ones.
In n= 22, four-membered rings constitute the dominant species.
All ring sizes in the range 46 can be found throughout the
cluster, with larger rings concentrated preferentially in the inner
part. Forn = 48 and 123 we observe the development of the

O atoms) from the cluster centers of mass, for the cluster structuressurface/core structure. In the external surface layer, a few

shown in Figures 912.

angstroms thick, there is a comparable amount of five- and six-
membered rings and a significant fraction of four-membered

nearly perfect tetrahedral coordination. In the disordered liquid ones as well. In the interior of the= 48 and 123 structures,
water and amorphous ice phases, a broad ring distribution wasthe relative amount of four-membered rings is reduced; however,

demonstrated in simulatio$%1n clusters, the optimal structure

the amounts of five- and six-membered rings are still compa-

constitutes a compromise between a trend for perfect tetrahedrakable. Thus, the cores of these cluster are noncrystalline, despite
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TABLE 4: Change of Cluster Properties with Growing temperature-dependent classical trajectories, hydrogen network
Cluster Size! improvement, and optimization by DMC. There appears to be
%NCN %NR an optimal temperature range in which classical trajectories

4 5 5 probe vicinities of especially low energy minima. Trajectories
67 33 0 in this range were f_ound to be a fairly efficient tool for Ioc_at_ir_1g
45 23 3o structures of significantly lower energy than that of the initial
48 21 31 one. However, the resulting orientational arrangements of water
7 53 40 molecules within the hydrogen bond network are still not

1% ‘g) %i optimal. Therefore, an MC procedure was employed, designed

n NHB  %NDH

2

20° 34 15 0

21° 37 12 0

2> 38 14 0

48 85 11 2 42 56
2
1
2
1

w
IN
a1
w

48 86 10

123 226 8 o . Lo o
127 229 7 15 44 40 specifically for their optimization. DMC-based optimization was

293 555 5 12 29 59 found useful for final structural adjustment at some sizes (

ice 0O 0 100 0 0O O O 100 22 and 48); for larger sizes, further improvement of the method
aNHB is the number of hydrogen bonds, %NDH is the ratio of including multiple step sizes appears necessary. Cluster energet-

dangling hydrogens to all hydrogen atoms in the cluster, %NCN is the ICS is not simply determined by the number of hydrogen bonds,

percentage of molecules with different coordination numberssj2 and improvement of theguality of hydrogen bonds plays an
and %NR is the percentage of rings of different siZdsowest energy important role in the optimization.

TIP4P structures; see Figures 1, 8, and Structure A of Figure 10; . .
initial structure cut from a crystaf.Structure B of Figure 10; a Compact three-dimensional amorphous structures were ob-

randomly generated initial structugOptimization applied after meiting ~ t@ined finally forn = 48 and 123. Such optimized structures
the initial structure and recooling. were found starting from higher energy amorphous structures

obtained in random search/liquid droplet simulations, as well
as from initial structures which were cut out of crystal ice. This

the fact that the optimized = 48A andn = 123A structures  yagy|t js in qualitative accord with the measured IR spectra for
were derived from the crystal. (The secamek 123B structure the mean sizen ~ 100, which matched the spectrum of

was obtained from optimization after melting and recooling. amorphous icé?3
Note the reduced number of six-membered rings in 123B as

compared to 123A. The two structures are nearly isoenergetic; Forn = 293, the lowest energy structure found includes a
see Figure 11.) largely crystal core and an amorphous surface. The presence of

The largest cluster investigatat= 293, is characterized by a (straiqed) CWS“?" core Is in accord with past analysis of IR
an “amorphous” surface layer, including four-, five-, and six- spectra in the pertinent size ran@é& he lowest energy structure
membered rings, similar to those for= 48 and 123. However for this size was derived from an initial configuration cut out
the next inner layer is already dominated by six-membered rings, of icelc. Optimization modifi_ed surfgce str_ucture toward a more
despite some presence of five-membered ones, and further insid&l€NS€ arrangement, associated with an increased abundance of
the cluster, the rings are almost entirely six-membered. A largely four- and five-membered rings. Optimized structures employing
crystal core can be detected visually for this particle; see Figure melted configurations as a starting point corresponded to higher
12. This is in contrast to the cases mf= 123A and B, for energies. We did not succeed in observing recrystallization of
which visual inspection of the cores did not reveal traces of the meltech = 293 structures. This may not be very surprising,
crystal structurd” Thus, our results are consistent with the onset Since trajectories lasting up to several tens of nanoseconds were
of crystallinity in then = 100-300 range. used. Crystallization of supercooled water was obtained in a

For n = 48, several ordered structures, generated manually, recent remarkable simulation study by Ohmine et al. with
were examined as well (Figure 10). In fact, this size was chosen periodic boundaries in a trajectory lasting hundreds of nano-
since it allows for three such structureserfect four- and six- second$?
membered tubes and a perfect sandwich composed of six- Presently, the study is being extended, to include cluster OH-
membered ring® All these structures yielded significantly  stretch spectra. As noted above, OH spectra are an especially

higher energies than the three-dimensional compact structuresensitive probe of the hydrogen bond network; schemes to derive
A; this result was double-checked with the TTM2-R potential. cluster spectra from structures were developed by us in the

Sandwich structures such as E were proposed by Téheka  pasté667.73 The recently available experimental data from
dominate the tens to hundreds of®imolecules size range,  collaborators include mean-size dependent FTIR spectra by the
because of the high percentage of four-coordinated molecules,groups of Baerecker and Devll&,and laser fragmentation

as compared to 3D structures. However, that study did not takespectroscopy by Buck et &B;the latter technique provides
into account surface relaxation of three-dimensional compact jnformation on infrared absorption by the clusgerface The
nanoparticles (such as A and B), which lowers the energy; seecompined computational and experimental results will be
also ref 73. Thus, the number of hydrogen bonds in structures nresented elsewhef@lt is noted that the measured trends with

A and B4(85 and 86) is slightly higher than that in the ;6 are reproduced by the calculations. The latter result is
sandwich* Moreover, in the sandwich, the large deviation of encouraging, considering the difficulties and the uncertainties

constituent molecules from the optimal tetrahedral bonding ¢ .o ntormational searches for cluster sizes of our interest, such
geometry destabilizes the structure. As already noted above, theas possible potential dependence and the limited ability to

quality of the hydrogen bonds, not only their quantitity, affects sample the (huge) configuration space.

significantly the energetics. . . .
g y g All the cluster structures shown in this study are available
on request from the authors, via e-mail.
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IV. Summary and Concluding Remarks

The objective of this study has been to locate representative Acknowledgment. We thank Christian Burnham for the help
low energy structures of water clusters in the tens to hundredswith the TTM2-R potential. Paul Devlin, Udo Buck, and Sigurd
of molecules size range. The optimization procedure included Baurecker are acknowledged for helpful discussions.
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Appendix. Comparing Clusters—Dissimilarity Index

One of the typical problems when searching for global/low

Kazimirski and Buch

(22) Day, P. N.; Pachter, R.; Gordon, M. S.; Merrill, G. N.Chem.
Phys.200Q 112 2063.
(23) Stillinger, F. H.; David, C. WJ. Chem. Phys198Q 73, 3384.

energy minima of large molecular systems is a huge number of Weber, T. A; Stillinger, F. HJ. Phys. Cheml983 87, 4277.

local minima (growing exponentially with the increasing system
size). In consequence, storing and screeningjgifnctminima

(24) Plummer, P. L. M.; Chen, T. S. Phys. Chem1983 87, 4190.
(25) Reimers, J. R.; Watts, R. @hem. Phys1984 85, 83.
(26) Pillardy, J.; Olszewski, K. A.; Piela, ITHEOCHEM 1992 270,

can be difficult. To reduce this problem, we divide structures 277.

into families and focus on the lowest energy structures of the 97

different families.
A family is defined by its O-structure. A variety of criteria

is possible to assess structural dissimilarity between two
structures. The “dissimilarity index” (DSI) adopted here does 7257

not require overlapping of structures or matching of “nearly

(27) Farantos, S. C.; Kapetanikis, S.; Vegiri, A.Phys. Chem1993
, 12158.

(28) Eggen, B. R.; Marks, A. J.; Murrel, J. N.; Farantos, SCBem.
Phys. Lett1994 219 247.

(29) Wales, D. J.; Ohmine, 0. Chem. Physl993 98, 7245;1993 98,

(30) Tsoo, C.; Brooks, C. LJ. Chem. Phys1994 101, 6405.
(31) Sremaniak, L. S.; Perera, L.; Berkowitz, M.1..Chem. Phys1996

equivalent” atoms in the two structures. The DSl is calculated 105, 3715.

as follows: A set of @-O distances (including non-nearest

(32) Jung, J. O.; Gerber, R. B. Chem. Phys1996 105, 10332.

neighbors) is calculated for each structure. The distances are _(33) Fredj, E.; Gerber, R. B.; Ratner, M. . Chem. Phys1996 105

sorted in decreasing order. The two sets of distances are define

as vectors {1 and V,) of dimensionn(n — 1)/2. The DSI
between the two structures is defined|¥s — V|, that is, the

Euclidean distance between two points defined by these vectors.

One still has to check manually, for eachwhich DSI values
refer to the same family (with slightly distorted oxygen
positions) and which indicate different families. Already for
clusters with~20 water molecules, it is a nontrivial task to
recognize visually different families (except in special, well-
defined cases). In the casesrof= 48, 123, and 293, the idea
of “distinct families” is no longer strictly applicable, since small

(34) Niesse, J. A.; Mayne, H. R. Comput. Cheml997, 18, 1233.

(35) Pedulla, J. M.; Jordan, K. @Chem. Phys1998 239 593;Chem.
Phys. Lett 1998 291, 78.
(36) Wales, D. J.; Hodges, M. Ehem. Phys. Lettl998 286, 286.
(37) Li, Z.; Laidig, K. E.; Daggett, VJ. Comput. Chenl998 19, 60.
(38) Baba, A.; Tanaka, J.; Saito, S.; Matsumoto, M.; Ohming, Mol.
Lig. 1998 77, 95.

(39) McDonald, S.; Ojanmg L.; Singer, S. JJ. Phys. Chem. A998
102 2824.

(40) Burnham, C. J.; Li, J.; Xantheas, S. S.; Leslie, MChem. Phys.
1999 110, 4566.

(41) Dang, L. X.J. Chem. Phys1999 110, 1527.

(42) Tanaka, H.; Yamamoto, R.; Koga, K.; Zeng, X. Chem. Phys.

changes (usually at the surface) may generate different families-tt 1999 304, 378.

without significant distortion of the cluster shape. Still, coarse-

grained DSI classification was found useful for division of
numerous minima into a small number of distinct structural
groups of significantly differing shapes.
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