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1. Introduction

Quantitative understanding of the propertics of water and agqueous jons i an cssential
prerequisite for understanding and modclling a large number of physicochemical phe-
nomena, including structural stabilities and [unctions of biomolecules.! In the course of
the last two decades Clementi’s group at IBM has devcloped 2 series of increasingly
sophisticated water models based on ab initie computations,™ which have been exten-
sively used in computer simulations (Monte Carle and Molecular Dynamics) of liguid
water %1% ionic'™? and DINA™"Y hydration. The most recent development is the NCC
model'™ which has a betier short range behavior, incorporates many body polarization
effects and has been shown to vicld excellent results for many structeral and dynamic
properties of liguid water {e.g., pair correlations, scattering intensities, IR spectra, sound
modes, specific heat, NMR relaxation timer, self-diffusion coefficient, etc.). The most
complete characlerization of the eguilibrivm structure in a fMuid model consists in deter-
mining the hierarchy of site correlations i.e., the pair, triplet, quadruplet etc., correfation
functions. However until now, the only correlation Munctions computed via simulation
techniques for liguid water both in the studies mentioned above and in afl simulations
emploving totally empirical water potentials are only the OO0, OH and HH pair corre-
lation functions. There are scveral reasons for this. Firstly, vsing the data of the current
experimental technigues (X-rays and newtron scattering) it 15 not possible to obtain the
correlations beyond the pair level. Sccondly, triplet and higher order correlations arc
much more difficelt 0 compute, paramcterize and imterpret. Thirdly, 1o our opinion,
their importance for benchmarking proposed theoretical meoedels, construcling semi-
analytical theories for the description of complex systems (e.g., blomolecules in solution)
and computing thermodynamic derivatives of the pair correlations (which mvoelve inte-

grals over higher order correlation functions) has not been adequately recognized yet.

In particular, high order correlations are required in order 10 construct refined versions
of the potentials of mean force (PMF) approach™™ which provides a uaijue, compu-
tationally feasible way to treat solvent cffects on biomolecular structures in agucous
clectrolytic environments, In “Part A" of this report, we have discussed the theoretical
background for computing many particle correlations via computer simulations. Here,

we report for the first time resulis for triplet correlations in NCC watcr.
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2. Computational Procedure

The NCC potential and its application to liguid water simulation have been eXtensively
discussed elsewhere.”™" A sample of 312 water molecules at the cxperimental densily of
0.997 gr/cm?, enclosed in a cubic box of sidclength 24.856 A and subject to periodic
boundary conditions, has been first equilibrated using the Molecular Diynamics method.
The Ewild sums technique has been used for the long range interaction energy cor-
reclions. Afier equilibration, the Newtonian trajectory of the syslem has béen computed
for 32 ps with a time siep of 0.5 femtoseconds and configurational parameters have becn
saved every four femtoseconds.

From 2000 different configuration, generated at time intervals of 16 femtoseconds, the
00, OH and HH pair correlations have been computed up to a distance of 8 A using a
discretization step A=0.2 A and standard techniques of counting pair distances. The
000, HHH, OOH and HOH triplct correlations have been computed using a triple
nested loop to count the number of triangles of specified vertices {e.g., OOO0) and side
lengths r, 5, r. Each side length being in the range 0 to 8 A with the same discretization
step A= 02 A as above. (Duc to the periodic boundary conditions correct triplet
counting is guaranteed only if

r + 5 + t = L where L is the side Iength of the cubic simplation bex, in our case L. =
24, 856 A). As discussed in “Part A” of this report the xyz {(x, . z = O, H) triplct
correlation function g@l(rs.t) where v, 5, ¢ are the distances between sites x-y, x-z and

y-z, respectively, 1s computed by means of the relation

<NE rst)>
(3) xpzkrt
E .r.{:rﬁ‘t} i [I-:I
3 Eﬂip,[p_.ﬂr:z‘u’r';mj

where NELr.s,t,) is the number of xyz triangles of sides r, s, &, in 8 microstate (particle
configuration) and < .. > denotes a simulation average. V is the volume of the cubic

simulation box and p,, p,p; the number density of site x, y, z, respectively.
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3. Resulis and Discussion

Each of the 2000 configurations used in the averaging process containg a total number of
3.616 x 10° triplets. They are sorted into 64 x 10? bins (r5f). The total numbers of
counts in the most populated bins (ie., those associated with the most probable triplet
configurations) al the end of the simulation, arc in the range 10,000-40,000. The present
triplet correlation study is not only the first one for water but also the most exiensive
one for any fluid system reported to date: Previous studies of hard spheres® #® and
Lennard-Jones systems™¥ have only sampled a very limited set of triplet configurations
(isosceles and equilateral tniangles). Duc to the fact that g™(rs.t) 15 a function of three
distance variables, graphic representations are only possible either in the case where one
of the distances is held constant or when two or three of the distances are equal. The
parameterization of triplet functions 15 also entirely mon-trivial but preliminary results
with bicubic-splines in conjunction with a confocal ellipsoidal coordinates represantation
look promising and further work in this direction is underway.

An important point which we have also investigated in this study is how well triplet
functions can be represcnted as functions of the pair correlations involved (closure
relations). Perhaps the most widely vsed ansatz in this direction, 15 Kirkwood's Superpo-
sition Approximation, KSA,» which in our case becomes

g st = e PP (2)

with (x.¥.2 : O, H).

We next present some of the results obtained so far.  Results for pair correlatons are

not included since they have been previously discussed.™*
O00-Correlations

The triplet function for isosceles configurations is depscted as a 3-dimensiopal plot in
Figurc | and as a contour plot in Figure 2. The maximal value of this function (6.352)

occurs at r — 460 A, s = 2.80 A and reflects the most probable configuration of three
water molecules. Tn all contour plots regions where g is high are marked by H and

regions where it is low by L.
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The position of the global maximum of the QOO isosceles triplet correlation in the r, 5
plane corresponds to the positions of the second and hrst peak of the OO pair corre-
lation respectively. The triplet correlation decays rather fast and has values close to one

in the region s = 3.5A, t = 3.5A, but it is quite structurcd even there.

Figure. 3 shows a contour plot of the triplet function predicted by the KSA. The
maximal value gfg{ﬂ.ﬂ is overestimated (%.080) and the position of the peak (r = 3.00 A,
s = 3.00 A) is also inaccurate. The same is also true of the boundary of the contour
plot which essentially defines the region in the r.s plane where triangles can form (i.e., the
triangle inequalities -are obeyed). Comparison of Figures 2, and 3 shows that the KSA
does not describe this boundary correctly for r > 6.0A, although it is reasonably accurate

in a large portion of the region where the triplet function is close to one.

A more global test of the accuracy of the KSA is shown in Figure 4 where a represen-
tative sample of g™ values not only for isosceles configurations but also for all other
configurations is plotted against the corresponding values predicied by the KSA.. I the
KSA were exact all points in this plot should fall on the diagonal. It is seen that many
points are near the diagonal, but for conhgurations with 9= 2 and also for those close
to the boundary mentioned above (lower quasi-linear cluster of points on the plot) the
KSA Fails,

HHH Correlations

Figures 5-7 depict the analogous resulis for isosceles HHH triplets. A global maximum
(5.541) is attained at T = 160 A and 5 = 2.60 A, the former value is close to the HH
distance in 8 NCC water molecule (1.5139 A) whereas the latter value is very close to the
position of the first {intermolecular) peak in the HH pair correlation function.

The extent to which the KSA Tails (in a similar manner as discossed above) and the
regions where it is approximately valid can be judged from Figures 7 and 3.

OHI Correlations

In thiz case the =et ol isosceles confighirations of course includes the individual water
molecules, This gives rise to a huge peak (512) which [or lechnical reasons has been trun-
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cated in producing Figures 9, 10, and 11, In the whole region 1 = 3,5 =t = 4 this corre-
lation is very flat and attams values close (o one.

The KSA is again not correct for some configurations (compare Figures ) and 11) but
as can be seen in Figure 12, it is a quite good approximation [Oor many other triplets,

OHO Correlations. Hydrogen bonding in liquid water

Onc of the most important properties of liquid watcer i its associative nature which is
due to hydrogen bonding. Pair correlation functions do not directly reflect the hydrogen
bonding properties of a given water model (e.g., the NCC) but triplet corrclations arc
ideally suited for the quantitative study of this property in the ligquad phase.

Figure 13 shows the OHO triplet correlation function at a fixed OO distance (r=3.0 A)
and variable OH distances s and r. Figure 14 is a contour plot of the same data. The
particular value of r chosen is close to 2.97 A which is the OO distance in the most stable
{lowest energy) configuration of the isolated NCC water dimer.'® The correlation fanc-
tion is entirely symmetric with respect to the 5 and ¢ variables as it should be.

Due to the symmetry, it suffices to discuss the structure of the correlation function in the
region of the 5. ¢ plane below the diagonals in Figs- 13 and 14. There arc two pro-
nounced peaks at ¢+ = 1.0 As=340Aandr = 1.0 A 5 = 200 A of heights 23,593
and 20,0, respectively. The latter is due to the H involved in the nearly lincar H bond of
the msolated water dimer (rgn = 2.97 A HOH = 174.102%) tyy = 09572 A sgy =
2.0162 A) whereas the former is due to the second H on the H-donor side of the water-
water dimer (compare Figure 1 of Refl 19).

In Figures 13 and 14 one also clearly recognizes two secondary peak structures beyond
the one discussed, albeit of much smaller height and less localized nature. They arc due
to the nther two H-atoms in the water dimer. In the isolated dimer all these peaks
should be essentially é-functions, the main ones retain their sharpness but the subsidiary
ones become [Tatter and less localized due to thermal and many body effects in the liquid
watcr phase.
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Figures 15 and 16 are the analogous OHO correlation plots for a shorter OO distance (r
= 28 A). The structure of the correlation function is entirely similar but the height of
the maximal peak is somewhat bigger (26.374) compared to 23.893 and the s-valuc some-
what smaller (3.20 A instead of 3.40 A)

4. Concluding Remarks

Computation of the triplet correfations in liquid water provides a wealth of information
on its equilibrium structural and thermodynamic properties which cannot be obtained
using pair correlations alone. We are currently studying efficient ways to paramcterize
the enormous amount of numerical data obtained, test other closures (e.g., the
hypernetted chain closure) and compute certain integrals over the triplet correlation func-
tions which determine experimentally known thermodynamic derivatives of the pair cor-
relation function, {Le., the pressure derivative). These developments will provide further
sensitive tests for the accuracy of the models used and enable us to use the information
obtaincd in biophysical applications (e.g., the hydration of biomolecular structures).

We wish to thank R. Klement at the MPI, Goettingen, FRG, for his great help in

producing the graphs.
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Figure Captions
Figure 1. The OO0 correlation function for isosceles triplets in NCC water.
Fipure 2. Contour plot of the GOO correlation function (isesceles triplets),

Figure 3. Contour plot of the QOO correlation function for isosceles triplets as predicted
by the KSA.

Figure 4. Global test of the accuracy of the KSA for OOO triplets.
Figure 5. The HHH corrclation function for isosceles triplets in NCC waler.
Fignre 6. Contour plot of the HIH correlation function {isosceles triplets).

Figure 7. Contour plot of the HHH correlation [uaction for isosceles triplets as predicted
by the KSA,

Fipore 8. Global test of the accuracy of the KSA for HHH triplets.
Figure 9. The OHH correlation function [or isosceles triplets in NCC water.
Figure 10. Contour plot of the OHH corrclation function (isosccles triplets).

Figpure 11. Contour plot of the OHH correlation function for isosceles triplets as pre-
dicted by the KSA.

Figure 12. Global test of the accuracy of the KSA for OHH triplets.
Figure 13. The OHO correlation function for one OO distance r = 30A

Figure 14. Contour plot of the data in Figure 13.

Figure 15. The OHO correlation function for one QO distance r = 2.8A.




Figure I6. Contour plot of the data 1n Figure 15,
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