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Abstract The global minimum potential energy structures of water cluster®)(H = 2-14, have

been calculated for the SPC/E (Simple Point Charge/Extended) model and a recent fluctuating charge
version of the latter using a simple genetic algorithm. The SPC/E cluster geometries are in good agree-
ment with preious TIP3P (Transferable Intermolecular Potential<dn® and TIP4P (Transferable
Intermolecular Potential-4 Point) calculations as well as the interpretation of experimental measure-
ments. In contrast to this, the polarizable version of the SPC/E model, which is based on the fluctuating
charge approach, deviates rather stronglyrfer 6 with few exceptions. However, comparing the
polarizable model tab initio results for identical cluster geometries we find reasonable agreement for
the magnitude of the average molecular dipole moment, the corresponding energy per molecule, and
the average oxygen-oxygen distance as functioms of

Keywords Global energy minimum, Genetic algorithm, Water cluster, Polarization

a single minimum corresponding to the original global mini-
mum remains and can be found by any local minimization
o o method. Subsequently the deformation of the original en-
Determining the global energy minimum of a molecular grgy hypersurface is gradually reversed, and the minimum
system is a challenging problem [1]. The methods employeg traced back to the original global minimum. Unfortunately,
in this context can be categorized as either deterministic f, general the method is not as straightforward as it sounds.
stochastic. The conceptionally interesting diffusion equa-a representative of stochastic global minimization is simu-
tion method [2-4] is an example of a deterministic global|gted annealing [5]. Here the originally high temperature of
minimization technique. This methqd searches for the gloy system is reduced gradually to zero, following various
bal minimum on a smoothed potential energy hypersurface,qgling schedules. Eventually the system will be frozen at
If the diffusion-like smoothing procedure is successful, thenye global minimum. However, this only happens when the
cooling rate is infinitely slow, which is not feasible in prac-
- tice.
Correspondence taR. Hentschke Genetic algorithms [6-8] are also stochastic global mini-
Bergische Universitat-Gesamthochste Wuppertal, FB 8 yization techniques which are inspired by Darwinian natu-
Physik, Gauss-Str. 2@Q-42097 Wippertal, Germany. Tel: 5| eyolution, and they appear to be ratheusdbThough
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simple, the “fit” members of a population can pass theif09.4?, and the O-H bond length is 1 A. The charges are
characteristics, in the present context this means a low jozated on the nuclei. The difference between this model and
tential energy, to their descendents. On the other hand, $BC/E is the treatment of polatipa. The ldter includes
netic operations like mutation create descendents whose cimatuced polarization in a mean field sense via an increased
acteristics may be very different from their parents. This piipole moment, i.e., 2.35 D in comparison to the vacuum
vents the method from getting trapped in local minima,value of 1.85 D. In the following we use a fluctuating charge
problem which other methods may not solve efficiently. Tlaproach adjusting the atomic charges according to their lo-
application of genetic algorithms to molecular optimizatiotal environment. The flucttiag charge model is that of Berne
problems is relatively recent (cf. references 20-33 in refemd co-workers [13] with some refinements explained in de-
ence [9]). In this paper we apply a genetic algorithm to stutdyl in reference [15]. The potential energy of a system contai-
small clusters of SPC/E water molecules, which is similartiing N atoms is given by
a previous genetic algorithm application to water clusters
based on the TIP3P model [9]. N N

The optimal geometry of water clusters is an interestirﬁé{{F},{q}) = Z uﬁ"(rij)+ Z Jj (EJ- )q q+
subject for both experiment and simulation [10]. Foy@}4- i<] <]
clusterswith n=5 the configurations are not in doubt [11]. owens ony
However, forn = 6 the configurations are very sensitive to N Lo 1 SO et
the water model, i.e., the potential function. The motivation + Z XG5 (0)g gy
of this work is to explore the performance of the genetic ap- 1=1
proach applied to the SPC/E model, which is probably the

simplest and, together with the TIPAP model, the most widglyiere(r; and(q are the positions and charges of all atoms.
used general purpose empirical water model. In addition, W§e indices andj indicate atoms, and is their separation.
want to study the effect of polarization in the context of thig,e first term on the right describes Lennard-Jones in-
model. The approach used here is based on charge equilf¥a;ctions between the oxygen atoms
tion as described by Goddard and co-workers [12]. Subse-

quently Berne and co-workers [13] have shown how this dﬁgr(l@») = 4g|_(0 / ’?’1’),2 - (0' / ry)él. As in the original

scription can be included very efficiently in molecular dy-_PC/E model the dispersion and overlap interactions between

namics algorithms enabling on the fly calculation of the p X
tial charge distribution. The low extra cost of about 15% ajyater molecules are modeled solely in terms of Lennard-Jones

ditional computer time in comparison to the fixed charge c s centered on the oxygdoms. Thesecond term describes
makes such a water model very appealing, and thus it is{He Coulomb interaction between two atomic charge distri-

teresting to study its performance not only in the pure ”qd?altlons and differs from usual fixed charge models. The quan-
phase. Note for instance that the magnitude of the dipg{g J.(r,) is a Coulomb integral, i.e./,(r,) = 77! for
moment per molecule increases from about 2.0 D for the dimér 7 7 v v
to values in the vicinity of 3 D in the b_ulk (cf. belovy). Eixeqiarge v whereale-, - const for r; — 0. The third
charge models account for the polarization contribution to~ - i ’

the dipole moment in a mere mean field sense via a fixedm is the energy of creating a partial chargeg, on the
increase of the vacuum dipole moment. In the light of thisi§Plated &m i in the form of a Taylor series including the

is somewhat unexpected that the cluster geometries base88§Qnd order term. The last term is a reference energy, which
the simple SPC/E model are in good accord with the inté-taken to be the total energy of the system in the gas phase
pretation of experimental measurements, and, less surRfiSpfinite dilution. The explicit expression fof, andy"<

ingly, with previous TIP3P andlIP4P calculations. In con- v
trast to this, the polarizable version of the SPC/E model
viates rather strongly fan = 6 with few exceptions. How- . _ _ _
ever, comparing the polarizable modehtwinitio results for In the folloving U({r},{q}) is the fitness function charac-
identical cluster geometries we find reasonable agreemtiizing the members of the cluster population. Note that

for the magnitude of the average molecular dipole moment,(f is minimized with respect to bofx ¥ and
the corresponding energy per molecule, and the average Ogﬁr},{q}) P { } {q}

gen-oxygen distance as functionsrgfindicating that the  Each water molecule is fully characterized by eight coor-
model is basically sound.

@)

%Iuding the parameter%l.0 can be found in reference [15].

dinates(xl.,yl.,zi,ai,/)’i,y/i,qf),qi”’). The first three are the

Cartesian coordinates of the oxygéom. The dllowing three
describe the molecular orientation via Euler-type rotation

Method angles. The last two coordinates are the partial charges of the
oxygen and the hydrogen atoms. Because the molecules are
The Water Model neutral, the partial charge of the second hydrogen is not in-

] o dependent. Of course, for the original SPC/E molecule the
The geometry of the polarizable, rigid water model used heggt six coordinates are sufficient.

is that of the SPC/E model [14], i.e., the H-O-H angle is
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Genetic Algoithm crease ofE beyond N gene™, but this has no significant
effect on the cluster structure. The inset shaWs gene™”
The genetic algorithm employed here consists of the opexa-function of the mutation rate calculated for 10 independ-
tions crossover mating and mtioam. Traditional genetic al- ent start configurations based on 8-clusters of SPC/E water.
gorithms operate on chromosome-like linear informatioklere the optimal rate is around 50%, which is quite large.
where crossover points are selected at random. For threeMi- g™ as function of cluster size, n, is shown in the
mensional clusters the information is no longer linear. Hdmver panel of Figure 1. Note thaV g™ increases
we perform the following operations upon two parent cl@xponentially withn for both the SPC/E and the fluctuating
sters: (a) The clusters are rotated with respect to the X-,charge model. Each error bar is based on 10 runs starting
and Z- axes of their respective center of mass coordinate $y@m different configurations. Of course, the value of
tems. The rotion angles are chosen at random. Crossovéf gere™” depends on the population size. A large popula-
mating then recombines two clusters by cutting along th&am size yields smaller values f&¥ _ gene™ , but increases
X-Y plane. Cutting means that we select half of the mdhe computational effort within each generation. Note also
ecules in each cluster according to the z-values of their rtizat the computation time for each generation increases with
lecular center of mass. Subsequently we cross-wise fusedhister size a®©(n?). As a test of our genetic algorithm we
resulting half-clusters. Note that there is no cutting of indialculated the global minimum energy structure of Lennard-
vidual water molecules. (b) At certain intervals during th®nes clusters containing up to 29 particles. The results agree
with those of reference [17]. AgailV ~ gene™™" increases ex-
' ponentially with n, but with a smaller rate than that of the
and the orientations{al.,/o’l.,yl.) of all molecules within a genetic algorithm in reference [9].
cluster are changed randomly. This is called mutation. In prac-Figure 2 shows the global minimum energy geometries
tice, if a random number chosen between 0 and 1 is less floaarSPC/E water clusters, {8),, with n = 2-14. Compared
0.5, then every cluster in a generation is subject to a mutacorresponding clusters of a recent calculation based on the
tion. In the cases of mutation as well as crossover matifi®4P model [18] the main differences are the following.
numerical problems due to overlapping atoms are avoideatn =6 SPC/E has an“open book” structure, vetaet IP4P
via a suitably chosen inner-cutoff (here: 1 A). favors a “cage” structure. For= 7 the SPC/E structure dif-
The overall algorithm is as follows. First the positionders by one missing hydrogen bond. We note that this cluster
within certain limits, and the orientations of molecules in th& also obtained if we chose tme= 7-cluster of reference
initial clusters are generated randomly. For the polarizalpl8] as the starting structure. For= 11 both SPC/E and
model the initial partial charges are the same as in the SPTIE4P form cages, but these exhibit different structures. The
model. Alocal energy minimization is then applied to eact¥isual comparison with th@IP3P clusters of reference [9]
cluster with ?xi,yl.,zi,ai,ﬁi,yi,qio,qlf"f as variables us- shows discernible differences only foe= 10 and 13. Fon =

ing a Powell-algorithm which requires no derivatives [16£.O a “butterfly” structure is obtained (four pentagonal faces

evolution the positins (xl.,yl.,zl.) within a range of 1 A

Subsequent generations are obtained by crossover matingu@gd into a ring), and fan = 13 the only pentagonal face
and mutation (b) as described above. Note that every crodi$ switched position with an adjacent 4-ringe§eTIP3P

ver mating and mutation is followed by a local energy mirfiesults were revised in [18] for = 11-13, i.e.the n = 13-
mization app“ed to each cluster. Note also N'(N.l)/z chil- cluster is now very similar to the above SPC/E- and TIP4P-
dren are generated by crossover matinhl parrentsN clus- results, whereas time= 11- anch = 12-cluster are cage struc-
ters W|th the |Owest energy are Se'ected ftme parents tures deViating from the abOVE SPC/E' al’ld T|P4P-resu|tS.
and N(N-1)/2 childen. TheseN clusters form the next gen- Experimentally the transition from the cyclic structures
eration. In this work the population sike= 4 (cf. below). ©obtained fom = 3-5 towards three dimensional clusters for
The program stops if no energy changes are detected dul@igern is not in doubt [11], and the main challenge is the

500 generations. At this point the cluster with the lowest gtucture evolution fon=7 (even though the structure of the
tential energy defines the global minimum. hexamer still appears somewhat unclear [18]). In reference

[11] the cases = 8-10 are studied in detail. The structures

for n = 8 (see also [19]) and 9 agree with our SPC/E results.

Actually, for the octamer SPC/E predicts/a,, symmetry,

Results whereas the experimentally studied OH stretch spectra are
contributed by two energetically close isomers/af , and

The upper panel in Figure 1 shows an example run for SBS}/ symmetry. For the decamer the experimental study analy-

E clusters of size = 14. The energ)E, is the lowest cluster ses both of the above mentioned structures, the fused pen-

. —~ L : . tagon and the “butterfly” structure, and finds that the calcu-
potential energW({r }9{4}) within a population divided by lated vibrational OH stretch spectra are somewhat better re-

the cluster sizen. E decreases rapidly as a function of thgroduced bythe “butterfly”.

number of generationgy _ cene, at the beginning of the run.”  Figure 3 shows the global minimum energy structures
The number of generations after which the lowest energy ciistained with the fluctuating charge model. For 5 the
ster has closely approached the predicted global minimgPC/E and the fluctuating charge model yield nearly identi-
structure is indicated by an arrow. There still is a slight deal geometries, which mainly differ in the distances between
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6 7 8 9 10n11 12 13 14 15 which models polarization via iteratively computed induced

dipole moments, is compared to SPC/E results [20]. The
polarizable model prefers cage-like structures for all cluster
Figure 1 Upper panel: Potential energy per water moleculaizes, whereas the nonpolarizable model predicts minima of
E, vs. the number of generation¥, gene , for one run. Here fused cubic structures for= 12 (same as above) and 16 but
the water cluster consists of 14 SPC/E molecules. Note timatkes a transition to a cage-like minimurmat 20. How-
E refers to the lowest cluster energy within each generati@ver, the molecular dynamics-quenching method used in [20]
Lower panel: N gere"", the number of generations beforeannot reach the global minimum for the SPC/E model, and
the global minimum is reached vs. the cluster sizQpen the minimum energy structures are constructed graphically
squares: SPC/E; solid squares: polarizable model. The eriostead. Returning to the octamer we remark that Stillinger
bars are explained in the text. Inse¥ gere™” vs. mutation and David [21] also predict a (different) two-ring structure
rate for 8-clusters of SPC/E water. using a polarizable model. Using both the cubic and
Stillinger’s structure as initial configurations of a local en-
ergy minimization based on Equation (1), however, yields a
the molecules (cf. Figurd). With the exception of the higher energy than the two-ring structure predicted by the
nonamer, however, the SPC/E structures differ from thagenetic algorithm, i.e., -31.9kJ/mol and -31.3kJ/mol per
obtained with the fluctuating charge model. Particularly tromolecule compared to -32.7kJ/mol.
blesome is the prediction of planar structuresrior 6-8. Regarding the ring structure predicted for 6 we add
The geometries of the larger clusters, however, are not riéi@t this structure is also predicted to be the global minimum
essarily to be dismissed based on this discrepancy alone byedartree-Fock (HF) calculations [22,23], second-order many
cause they share numerous local structural similarities withdy perturbation theory (MP2) calculations using HF-
the clusters predicted by the other models. The inclusionoptimized geometries [23], and density functional calcula-
polarization appears to favor cage-like structures composiens [24,25]. The comparison of experimental measurements
of 5- or 6-ring faces over the simpler combinationg®f,, and MP2 calculations of harmonic OH stretch frequencies of
S,. and S, geometries, mainly consisting of fused cubebgnzene-water clusters on the other hand indicates th&t
observed for the fixed charge models. This is also seen iis @ot a cyclic structure, and the most likely candidate is a
study of (HO),, forn =12, 16, and 20, where the POL1 modetage structure [26,27]. However, the presence of benzene may
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alter the energy ordering of the water clusters. Tetrahertz 0 5 10 15

ser vibration-rotation tunneling spectroscopy in conjunctic

with quantum Monte-Carlo simulations also indicates that

the global minimum structure is a cage structure [28].  Figure 4 Average magnitude of the water dipole moment,
In Figure 4 we compare thedependence of the magni-u, average energy per water molecuie,and average oxy-

tude of the average molecular dipole moment, of E, and gen-oxygen distance,,, , vs. cluster size). Open squares:

of the average nearest neighbor oxygen-oxygen distagge, SPC/E; solid squares: polarizable model; solid triangleis:

for the SPC/E and the fluctuating charge model. The valuesio results.

of ¢ and r,, are calculated based on the lowest energy

cluster. The dipole moment irgases up ton = 7, and the

values are in good agreement with thk initio results of tum result, and the clusters of the polarizable model are the

reference [10] obtained for the same cluster geoesetAt least strongly bound. With respectriq, vs.nthe polarizable

the crossover from predominantly two-dimensional to thresad the quantum models are quantitatively very similar. Com-

dimensional clusters, i.e., betweer 8 to 10, &/ exhibits a pared to the SPC/E model they show a significant decrease

slight depression. Thenkl plateau value is close to 2.8 Dof r,,, with increasing1 (up ton = 8). Overall the result for

We note that recently Silvestrelli and Parrinello [29] usinte polarizable model mirrors the behavior@fas function

ab initio molecular dynamics studied the behavior of the di n. Not shown are experimental data for, [33], which

pole moment of water molecules in the gas and in the liqéadl roughly 0.15 A above the values for the polarizable model.

phase. In the liquid phase their dipole moment has an awowever, zero-point motion effects, which are not included

age value of about 3 D. Another recent calculation orathe here, significantly reduce this gap [32].

initio level gives an average dipole moment of 3.09 D per In conclusion, the genetic algorithm proposed here yields

water molecule in ice Ih [30]. These values are significan®PC/E clusters, which are in good accord with the currently

larger than a previous and extensively used value of 2.6ddcepted candidates for the respective global minimum struc-

which was obtained by an approximate induction model [3i(ires. The only exgion is the hexamer. The fluctuating

In the middle panel of Figure B is plotted for the SPC/E charge version of the SPC/E model is less successful. Cur-

and the polarizable model in comparisoratminitio results rently, we do not know why. Nevertheless, matters are not

[32]. The twophenomenological models bracket the quadecided conclusively beywd n = 9. In favor of the model
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