330 Russian Chemical Bulletin, International Edition, Vol. 52, No. 2, pp. 330—335, February, 2003

Parameters of models and conditional sensitivity coefficients
of radial distribution functions for water calculated
by molecular dynamics data
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The influence of parameters of rigid models of the 12-6-1 type on the properties calculated
in computer experiments, viz., radial distribution functions and internal energy, was studied by
the method of step-by-step transform of the water models supplemented by calculations of

conditional sensitivity coefficients.
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The intermolecular interaction potential plays the de-
termining role in a theoretical study of properties of any
system. A tendency to use as simple potential functions as
possible always existed!>2 and remarkably increased in re-
cent years.3—3 This is due to a necessity of performing
arduous calculations over a variety of properties and in-
tervals of thermodynamic state parameters (tempera-
ture (7') and pressure (P)). Water is the most typical
example.4—12

More than 100 empirical potential functions have been
proposed for water. Among them, the simplest and most
efficient functions take into account only the Coulomb
interaction of excess charges and the nonelectrostatic in-
teraction between oxygen atoms,? most often using the
Lennard-Jones (LJ) potential. When a new function is
chosen, it is parametrized by a method of numerical ex-
periment (Monte Carlo (MC) or molecular dynamics
(MD)). This is a rather laborous and prolonged process
and, as we have shown earlier, 3 it does not ensure a good
final result. In our opinion, the use of the method of step-
by-step transform of models (MSTM) and related deter-
mination of conditional sensitivity coefficients (CSC)4
can substantially alleviate the problem and reject improper
models prior to computer experiments. In addition, our
calculations can estimate the influence of each parameter
of the potential function on the shape of the potential
hypersurface and properties calculated in computer ex-
periments.

The true sensitivity coefficient o;; = dF/dA; is the par-
tial derivative of the property F with respect to the param-
eter ); in the equation'>~17 determining the property Fas
a function of independent variables x;

F=flxg,ec o, AXis oo s M)A

In this situation, F'is any property of water obtained by
computer simulation, which is the function of the poten-
tial of pair interaction of particles U(r,Ai,...,A,) (r is the
distance between the particles). The A; parameters are the
force interaction constants, geometric characteristics of
charges (when the latter are arranged not in the centers of
atoms), and geometric parameters of molecules.

Such a calculation of the sensitivity coefficients is a
very difficult procedure.!” In addition, it produces only
the characteristic of a model, which does not reveal the
source of differences between different models. Mean-
while, the proposed method of step-by-step transform of
models makes it possible to perform comparative analysis.
In this work, the MSTM was applied to the study of rigid
models of water with the three- and four-center arrange-
ment of charges in the model molecule.

Calculation procedure

All known potentials of water can be classified by certain
properties. Among empirical rigid models, we can distinguish
several potentials for which the pair interaction function is writ-
ten as the sum of the LJ potential and Coulomb components

U(r) = 4el(0/150)"? = (/1501 + X.4,4,/1;s (1)
LJ

where g is the distance between the oxygen atoms belonging to
two water molecules, and / and j are the centers of the localized
positive and negative charges. This group of potentials includes
the three-point!8 SPC,1 SPC2,20 TIPS,?! and TIP3P ! models
and four-point!8 TIPS2,22 TIP4P,! SRWK?2,23 WK, 24 and BF 25
models. These models are most widely used in practice and only
they are considered below. For such potentials, the U(r) func-
tion depends on six parameters: gy, ©, €, 'oy, oM, and ZHOH,
where gy is the excess charge on the hydrogen atom, € and ¢ are
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the constants of the LJ potential, oy is the O—H bond length in
the water molecule, rgy is the distance between the center of
the oxygen atom and the excess negative charge displaced along
the bisectrix of the HOH angle, and #£HOH is the bond angle in
the water molecule. In more complicated models, the number of
parameters is much greater, and they can be different. For ex-
ample, for the description of the nonelectrostatic interaction by
the Buckingham potential,?® the A4, o, and By parameters appear
instead of 6 and ¢

U,o(r) = Aexp(—or) — Bg/P.

The method of step-by-step transform of models involves
transition from one model to another by a gradual change in the
values of parameters of the model, and the value of only one
parameter is varied at each stage. For each model appeared
upon the transform, the U(r) function (1) is minimized for the
trans-dimer by roo and y and 6 angles (Fig. 1). As a result, the
Uvin> "min> Ymin> and 8., values are determined, as well as the 7,
value at which U(r) crosses the abscissa and the asymmetry
characteristic of U(r) curve 2/;/! for the equilibrium configura-
tion.14:18.27 These values for the SPC, SPC2, TIPS, TIP3P,
TIP4P, SRWK2, BF, and WK models and for all considered by
us 51 intermediate models are completely presented in Refs. 28
and 29. The radial distribution functions g;(r) (RDF) and inter-
nal energy Ui, were calculated for all models using the molecu-
lar dynamics method. Simulation was performed in the NVT
ensemble at 300 K for the system containing 213 water mol-
ecules in a cubic cell with periodical boundary conditions using
the SHAKE procedure.3? The density corresponded to the ex-
perimental value for water equal to 0.997 g cm—3. The Newton
equations were integrated using the difference Verlet scheme.
The temperature was maintained constant using an external
thermostat. The time of each execution for the system to achieve
equilibrium was 50 ps, and the equilibrium region in which the
properties were calculated?® was also 50 ps. Figure 2 illustrates
the method of step-by-step transform: changes in the calculated
values of the internal energy U, and heights of the first peaks of
the oxygen—oxygen RDF goo!™m@* depending on two parameters
of the model, viz., the effective charge on the hydrogen atoms gy
and distance between the oxygen atom and displaced negative
charge rgy, While the other parameters of the model remained
unchanged.

When studying a similar set of potentials, one can estimate
the sensitivity of each characteristic of the U(r) function or the Y
property calculated with this function to a change in the param-
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Fig. 1. Designations to minimization of U(r). Molecule A (pro-
ton acceptor) is perpendicular and symmetrical to the figure
plane, molecule B (proton donor) lies in the figure plane, and
the 0 angle is formed by the symmetry axis of molecule A and the
roo vector. For the three-point models, ¢\, = 0, and for the
four-point models, g); # 0 and lies on the symmetry axis of the
molecule with the displacement along this axis from the O atom
toward the H atoms at the ) distance.
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Fig. 2. Plots of Uy, (a) and gop!™®™ (b) vs. the gy and roy
parameters.

eter of the model A through the finite differences AY/AM, i.e.,
conditional sensitivity coefficients.14.28:29

For parametrization of the empirical potentials, the LJ equa-
tion is often written in the form!

Upy(r) = Ap/r'? — Ag/1".

Therefore, we decided to consider the coefficients 4;, = 4ec'?
and Ag = 4ec® as A in addition to € and . Note that the signs at
CSC do not coincide in the general case when calculated from
Ay, and Ag, on the one hand, and using € and o, on the other
hand. For example, AUp;,/Ae and AU;,/Ac have the same
signs, while AU,;,/A4¢ and AU,,;,/AA;, have different signs,
and the CSC AgoolmaX/AS, Agoolmax/AG, and Agoolmax/AAG,
Ago0' ™3 /AA,, are characterized by the same relation of signs.

Results and Discussion

Analysis of the obtained CSC values?8:29 suggests the
following.
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The sign of AY/AM for each transition depends on the
A parameter. This allows precision parametrization of the
U(r) function to be performed for obtaining the best coin-
cidence in computer experiments between the calculated
values and the physical experimental data. This "reliable"
U(r) function can be used to study properties, which are
very difficult to measure or cannot be measured at all. In
all cases, AY/A(ZHOH) is much lower than the other
AY/AM (in this case, we do not mean A = A}, or A = Ag
because A, and Aq are magnitudes of another order). This
shows that the parametrization of any model related to a
change in ZHOH cannot provide noticeable improve-
ments and the choice of ZHOH = 109.47° (as in models
of the SPC type, an angle in the regular tetrahedron) or
<HOH = 104.52° (as in models of the TIPS type, an
angle between the O—H bonds in the water molecule in
the gas phase) is not important from the viewpoint of final
results.

In the series of transitions, all AY/A\ coefficients re-
tain the sign and order of magnitude except for the
A(21;/1)/AN coefficients, which are sign-variable and
change in modulus up to three orders of magnitude, and
the coefficients describing the influence of the A param-
eters on the characteristics of the radical distribution func-
tions g;(r).282% This confirms the role of asymmetry of
the U(r) function in the calculation of properties of the
liquid phase and should be taken into account in com-
parison of the computer experimental results obtained
using different potential functions.

The AY/AA,, values are very useful for the parametri-
zation of models because the behavior of the repulsive
potential branch (1) is determined, to a great extent, by a
short-range repulsion, i.e., its nonelectrostatic compo-
nent. Hence, controlling the latter, one can gain the de-
sired description of the left wall of the potential well. In
this case, handling with the A, parameter is simpler than
the variation of the € and ¢ values attaining the required
combination.

Electrostatic attraction forces described in the consid-
ered models by the Coulomb potential Xq,q;/r; make the
predominant contribution to long-range interactions.
Based on the AY/Aqy, AY/Argy, and AY/Argy values, we
can correct, in the first approximation, the behavior of
the right branch of the potential curve. A finer parametri-
zation should take into account the AY/AAq values be-
cause the nonelectrostatic attraction makes a substantial,
although not main, contribution to the long-range inter-
action forces. As for the transform of models to obtain a
certain behavior of the potential curve in the region of a
minimum, parametrization should be performed in the
space of parameters. Special attention should be given to
the AU,;/AN and Ar,;, /AL coefficients.

The dipole moment of the model molecule depends
on its geometry, the position of the negative charge, and
the value of the point charge gy. The latter two param-

eters are determining. In effective pair potentials, the pa-
rameters are selected in such a way that the p value would
be close to the experimental dipole moment of the water
molecule in the liquid phase (when the field imposed by
surrounding molecules contributes to the dipole moment
of the central molecule) y; ~ 2.6 D 31 (WK model, etc.).
Another variant is presented by the SRWK2 models, for
which p is closer to the experimental dipole moment of
the water molecule in the gas phase (u, = 1.85 D).32 The
third variant represents models of the TIPS type, for which
W is intermediate: ~2.2 D. In the step-by-step transform of
models, the gy and rg)y; values were varied in such a way
to obtain a set of potentials for which the dipole moment
would range from 2.6 D for WK to 1.4 D. The calculation
of AY/Argy; was performed for pairs of models with the
same gy and different rqy, and AY/Agy were calculated
for pairs with the same rgy but different gy. Analyz-
ing the resulting CSC values, we revealed several regu-
larities.

It is quite expected that the lower the gy value, the
lower AY/Argy,: a decrease in gy decreases the contribu-
tion of electrostatic forces to the interaction of particles,
and the relative position of charges in the molecule exerts
a smaller effect on both the characteristics of potential
curve and the calculated properties. It is of interest that
AY/AA;, and AY/AAq behave similarly when the charge
decreases. This should be taken into account in the pa-
rametrization of the models. It is also noteworthy that the
shorter the roy distance, the weaker the influence of the
change in gy on the potential well depth U,;, and on the
internal energy U, calculated in computer experiment.

As for the properties of water obtained by calculation
using the considered models,?8:29 the conclusion is evi-
dent: the lower the dipole moment (i.e., the closer to p, =
1.85 D), the lower the heights of the peaks g;(r) and the
higher the internal energy of the system (almost always
AUin/Aqy < 0, AUin/Aroy > 0, Agoo'™™/Agqy > 0,
Agoo™™/Aqy > 0, Agoo'™¥/Argy < 0,
Agoo ™ /Argy < 0, Algon"™/gou™™)/Aqy > 0,
A(gOHlmaX/gOHzmax)/ArOM <0, A(gHHlmaX/gHHzmax)/AqH >
>0, and A(gyy '™ /gy2™)/Argy < 0). This fact can be
explained directly from the information specified in the
values of parameters of the effective pair potential: if the
parameters are selected in such a way that the dipole
moment of the molecule would be close to p,, then the
information is thus implied on the model that the interac-
tion of particles in the system is weak. Correspondingly,
vice versa: a high dipole moment of the model molecule
implies that the particle interacts efficiently with the en-
vironment and the system should be characterized by high
peaks of the radial distribution functions g;(r) and a low
internal energy.

It is known that none of the models of water proposed
in the literature can correctly reproduce the experimental
radial distribution functions, even when the model is pa-
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rametrized by them. The peculiarities of models param-
etrization by g;(r) were considered!313; hence, here
we only remind that, according to the recent experi-
mental data,33 roo!max = 2.875 A, goo!Ma* = 2.3-2.5,
rOHZmax =45 A, gOOZmax > 1, gOHlmaX/gOHZmax <1, and
gun' ™ /gg?™ > 1. The experimental internal energy
of water is —9.92 kcal mol~!.33 We have demonstrated!3
that the models cannot simultaneously be parametrized
by g;(r) and Uj,.. Here we present the results of studying
in more detail the influence of a change in the parameters
of the model on the properties of water obtained in com-
puter experiments. Parametrization almost always requires
to attain simultaneously a lower internal energy and lower
RDF peaks or vice versa, i.e., they should be changed in
the same direction. However, in the majority of cases, the
lower the internal energy, the higher the maxima in g;(r),
and their RDF have opposite signs with rare exception,
which unfortunately is not regular. These results confirm
the earlier conclusions.!3

The following situation was considered when analyz-
ing the influence of the parameters of models on the
calculated radial distribution functions and internal en-
ergy. The basic was the SRWK2 model for which the
dipole moment was u = 1.878 D, rgy = 0.26 A, and
gu = 0.6le|. The rgy values were varied simultaneously
with gy in such a way that the dipole moment of the
model molecule remained equal to 1.878 D. The models,
whose rqy were 0.15, 0.20 and 0.25 A and g were
0.4482Je|, 0.5063|e|, and 0.5816]e|, respectively, were thus
obtained. The results of calculations with these potentials
were compared to each other. It turned out that the inter-
nal energy of the system increased with an increase in rgy
and, hence, qy (see Fig. 2, a). The radial distribution
functions for the models are presented in Fig. 3. The
higher rqy; and gy, the smaller the radii of the coordina-
tion spheres (r;" ™# decrease) and, simultaneously, the
higher gt (see, i.e., Fig. 2, b), and in the case of
8oo(7) at high rgy, the second maximum appears in a
region of 4.5 A.

This information can be very useful for the parametri-
zation of the models. We clarified that the properties cal-
culated in computer experiments are affected by the val-
ues and arrangement of the effective point charges in the
model particles rather than the dipole moment.

Another regularity found by us is also valuable. We
considered three groups of models, in each of which the
g%/ ratio remained unchanged and the ¢y and € values
were varied obeying this criterion. The radial distribution
functions and internal energy in the groups behave, in
general, as expected: the higher gy, the lower Uy, and the
higher g;" ™. Another fact is of interest: in each of the
groups of models, the characteristic points of the poten-
tial curve U(r) (Fpin, 75> efc.) are arranged at the same
distances. At the same time, as turned out, the position of
the first maximum of the oxygen—oxygen radial distribu-
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Fig. 3. Radial distribution functions goo(7) (a), gou(#) (b), and
gun(?) (¢): 1, SRWK2 model; 2, model of the SRWK2 type with
rom = 0.2 A at u = 1.878 D; and 3, model of the SRWK2 type
with rgy = 0.15 A at p=1.878 D.

tion function (roolma") remains unchanged, but its height
changes. This indicates an explicit relation between the
behavior of the oxygen—oxygen radial distribution func-
tion in the region of the first maximum and the behavior
of the repulsive branch of the potential curve. Thus, it
becomes possible to modify the model during parametri-
zation correcting the potential well depth and retaining
its position and the r; value at variable dU/dr|,—,; values
and, thus, to correct the height of the first peaks of the
oxygen—oxygen radial distribution function without
changing its position.

Let us consider the use of the obtained results for the
development of a new rigid three- or four-point model.
The main idea is to reject variants of the models providing
unsatisfactory RDF and U, values without MD experi-
ment. For this purpose, one can use the CSC and the
correlations found by us,?8 which obey the equation34:35

y=ax+b. (2)
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Table 1. Parameters of Eq. (2) for calculations using the correlation equations (energy in kcal mol~!, distances in A)

Position Parameter Refs.
y b a b 54 R N¢
1 Uit Upin 1.686 1.165 0.91 0.91 69 29
2 Uit QU(F) /OF| =y 0.188 —0.617 0.63 0.96 53 34
3 Uit wd 0.942-1072  —6.947 1.43 0.82 58 29
4 800'™™ Uit —3.385 —3277-102  0.74 0.87 30 14
5 P, 8o max 1.910 1.201 0.17 0.93 28 14
6 goo (r=4.5A) AU(r) /OF| ,=yinn® 0.138 0.403 0.06 0.92 53 34

4 Root-mean-square deviation.
b Correlation coefficient, Eq. (2).
¢ Number of models.

TW = Uning00 ™11/ (ro0 ™™ = Finin)-

€ rinnl 18 the abscissa of the inflection point in the U(r) curve at > ry;,.34

The U(r) function for the chosen model is minimized
and its characteristic parameters?’ including the deriva-
tives are determined (Table 1). Then U, is calculated by
position 1 and, for checking, the same value is calculated
by positions 2 and 3. Then goolma" is determined by posi-
tion 4, the ratio

=, lms s
P =gon "/gon""

is found by position 5, and finally, goo (r = 4.5 A) is
determined by position 6. The potential is considered
appropriate when the calculated values are close to the
experimental data obtained in diffraction experiments (see
summary tables in Refs. 13 and 34). In this case, the MD
experiment can be carried out, and the result can be veri-
fied by position 4 in Table 1. If the coincidence is absent,
one should correct the parameters of the U(r) function
using the CSC as reference.? It should be immediately
noted that for the three-point models, for which the po-
tential curve is written as Eq. (1), no substantial success
can be achieved.13 This is also seen distinctly from the
CSC values??: as mentioned above, an increase (alge-
braic) in U;,,; simultaneously decreases all three key values
of other magnitudes, namely, goo!™®, P, and goo2™?,
and vice versa. Therefore, variation of the parameters of
the potential can only somewhat improve, in the best
case, the coincidence of the MD or MC calculated values
with the data of physical experiments but does not allow
them to coincide completely. This conclusion is also con-
firmed by the results in the work,3¢ whose authors con-
cluded that three-point models of the SPC and TIP3P
types cannot be parametrized by the properties of ice Th
even when the polarizability is taken into account. How-
ever, this parametrization is possible for four-point mod-
els of the TIP4P type. This conclusion has completely
been confirmed later3” by a more detailed study of the
possibility of parametrization of the same models by the
properties of liquid water at 298 K. Indeed, we found that
the coincidence of the signs of the CSC 2 AU,,,/A and

some other AY/AA (this is a necessary condition for suc-

cessful parametrization) is observed only for some four-

point models and is never observed for three-point mod-
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Fig. 4. Oxygen—oxygen radial distribution functions for models
of the TIP4P type with gy = 0.4428e| (a) and 0.52l¢| (b) and
rom = 0.15 (1) and 0.26 A (2).
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els. For example, in the case of transition for models of
the BF type, this is true for AP, /A(ZHOH), Agoo2™/AAg,
and A(gyy ™>/gyn2™®)/Aroy, while for the TIP4P mod-
els, it holds true for Agop'™®/Argy. The radial distribu-
tion functions of the latter pair of models are compared to
another pair of transition models for TIP4P in Fig. 4. This
figure clearly indicates the direction of necessary changes
in the oxygen—oxygen RDF to coincide with the re-
sults of physical experiments (Ui, = —10 kcal mol~!,
200'™™* = 2.4, P, = 0.65, goo>™™ = 1.1). The question
how the three-point models can be improved by the in-
troduction of the non-Coulomb interaction of other pairs
of atoms except O...0, for example, H...H or O...H, re-
mains yet unclear and is being studied by us presently.
The revealed regularities should undoubtedly find
practical use for parametrization of models. The results of
this work are only a part of the continued study, whose
final purpose is to obtain the model potential for water
without disadvantages of the models known presently.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 99-03-
32064).
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