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Dynamic Global Potentials and Second Virial Coefficients from Trajectory Calculations
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We report on a novel method of verifying the validity of intermolecular potentials. By using trajectory
calculations with an ab initio pairwise potential or an assumed Lennard-Jones pairwise potential, we calculate
the intermolecular dynamic global potential which can be used to calculate experimentally obtained quantities
such as a second virial coefficient. The agreement between calculated and experimental quantities is a measure
of the quality of the intermolecular potential that is used in such calculations. The method is demonstrated
for benzene-Ar collisions. An ab initio and a Lennard-Jones pairwise potentials are used, and calculations
of the dynamic global potential and the second virial coefficient were performed at 300, 700, 1500, and 2820
K. It is found that the dynamic global potential is a function of the temperature, and explanations which take
into consideration the anisotropic potential of the benzene molecule and the effects of the vibrational, rotational,
and translational energies on the dynamic global potential are provided. The method applies to neat gases as
well as to binary gas mixtures.

Introduction experimental values oB(T). Another approach is to use
perturbation theory with reduced paramefei&is is a prag-
matic approach which yields potentials for neat gases and gas
parameters in empirical or calculated potentials are adjusted until MXtures. The_ potentla_lls that are obtained by this approach are
agreement is obtained with experimental data such as viscosity,bas'ca_‘”y_Stat'c pot(_antlals. o )
thermal conductivity, or the second virial coefficieB(T)).*° Ab initio calculations were done on uracil dimers using an
(There is extensive literature on the subject and additional @mpirical potential and a rigid rotetharmonic oscillatorideal
references can be found in refs 1 ané%) The pragmatic way ~ 9as approximatiofSince, in this method, the number of degrees
by which empirical potential parameters can be obtained from ©f freedom is limited, direct numerical integration to obt&(f)

Many physical properties of gases depend on details of the
intermolecular potential that are largely unknown. Therefore,

B(T), defined by the equation was performed. A potential of mean force is used in conjunction
with assumed potentials to obta{T).” Here again, different
PVIRT= 1+ BTV + C(T)V? + ) potentials yield the same valueB(T). The potential parameters

for alkanes were found by using force field calculations and a
rpotential fitting to experimental values B{T).8 For polyatomic
molecules the situation is even more complicated. The internal
vibrationat-rotational energies affect the kinetic parameters in

is by systematic iterations until a reasonable agreement betwee
calculated and experiment®(T) is obtained. Such procedures
sometimes give unphysical results. Thus, the unphysical square ) . : . ;
well potential yields good agreement with experimental values a complicated way, making ghrect cor_rela_tlon between inter-
of B(T), while a LJ or a Sutherland potential gives poor restilts. molec_ular potential and ex_penmental kln(_atlc data an extremely
Early work used simple empirical potentials such as Lennard- complicated task. In our trajectory calculation approach, reported

Jones (LJ), Kihara, exp-6, Sutherland, square well, and dthers in the next sections, we calculaﬁ'l)_for a mlxet_j gas of an

to calculate B(T). More recently, advanced computational atom ano_l a polyatomic molecule with fully active vibrations
methods were used to obtain intermolecular potentidls. ~and rotations.

Atomic force field calculations were used to calcul8@) as Lately, quasiclassical trajectorynolecular dynamics calcula-
well as thermodynamic properties of gas phase and ||qu|d tions are used to eXplOfe binary molecular collisions and
benzené. It turns out that, in spite of the good agreement chemical reaction¥’ 3! Specifically, molecular dynamics cal-
between experiment and calculations of the valueB(@) in culations are used to obtain quantities such as average energy
the gas phase, only specific force fields gave a good agreementransferred per collisio?2327312IAE[] energy transfer prob-
with liquid-phase results as wélThis is due to the averaging  ability density functionsP(E',E),*! reactions rate coefficien#d?
effect of all the orientations in gas-phase binary collisions that and lifetimes?® These trajectory calculations use pairwise
is absent in the liquid phaseGood agreement of some force empiricaf#23or fitted ab initio pairwise intermolecular poten-
fields with quantum calculations is obtained. Empirical potential tials® that are obtained by various recip&szor example, one
energy surfaces (PES) for nonvibrating mixed gases;2®, empirical procedure is to use a pairwise LJ potential and adjust
were obtained by a least-square fitting to high-resolution spectrathe values ofe; and oi pairwise parameters by additional
of van der Waals complexes andB(T).% Rotation and quantum  parameters that are derived from the global LJ paraméters.
corrections were used in the calculationsB§T). Here again, Ab initio PES require fitting and adjustments as well to convert
a variety of different PES gave a good agreement with them to a pairwise form that is useful for practical calculatigns.
The sum of all pairwise potentials for an atom approaching a
* Corresponding author. E-mail: chroref@aluf.technion.ac.il. molecule in a given, fixed direction in space yields a static global
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potential. These static potentials are not useful in the calculations 600

of experimental results for reasons that are described below.
In a recent papétwe have developed a method that enables
the calculations of an average, or a global, dynamic potential
by averaging many single-trajectory potentials. A dynamic
global potential is not only instructive, it is also useful, since it 4104
represents a quantity that is based on averaging tens of thousand
of trajectories with all possible orientations and impact param-
eters. It can be used, for example, to calcul(fB. It is possible
then to compare calculations with experiments. Dynamic global -
potentials are obtained by binning the potential energy as a
function of the center-of-mass (CM) distance for all the
trajectories and dividing the sum in each bin by the number of

3
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parameters and Euler’'s angles is used. This method is especially
useful for nonspherical molecules with an anisotropic potential '
like benzené! The dynamic global potential, which is obtained 408 -~—E,_ !

that way, has a complicated shape and cannot be fit to any —  [ZXL. RAS) il M _250
simple equatiod! A spherical, or a static, potential simply L et el ~kf 1o
would not do. aoa | TN R I .

In principle, inversion oB(T) yields intermolecular potentials. - LU E v T -250
However, inversions are impractical and in the rarest of cases, 2 3 time, ps

when the procedl_Jre applies, the r_esults are not uri'idm_ere Figure 1. Energy vs time of individual trajectories. The arrows indicate
than one potential can be obtained. Therefore, reliable |eft or right coordinate. (a) A short duration trajectory. The atom

pairwise potentials remain one of the pressing problems of approaches the center of mass in a perpendicular direction to the plane
molecular dynamics. In the following, we show how starting of the molecule. (b) A long duration trajectory. The atom approaches
from pairwise potentials it is possible to obtd¥(T) and thus in the plane of the molecule.

verify experimentally the validity of an intermolecular potential. parameteby, was determined separat@§2¢A value of 0.9 nm

was used in the present calculations. A total of 30-680 000
trajectories were used in the present study for each dynamic

The numerical methods used in the present work are reportedglobal potential. The large number of trajectories was chosen
in refs 23 and 24. The equations of motion are integrated by to provide good statistical sampling in the binning process.

Theory

using a modified public domain program VerfdsThe inter- The second virial coefficient is defined by the equation

molecular potential is pairwise fitted ab initfoor Lennard-

Jones potentials. Bludsky, Spirko, Herouda, and HdBza, B(T) = ZnNAfoo(l— expV(r)/KTYr? dr 3)
0

BSHH, have reported ab initio calculations of an-4enzene
cluster and fitted the results to a potential function which
contains pairwise atomatom interactions. This is called the
BSHH potential.

whereV(r) is the dynamic intermolecular global potential and
r is the separation between the centers of mass of the colliding
pair. The reduced virial coefficienB*(T*), is defined by

. C. _
Vi = A—fi - B (% - —3); i,j=1-6 2) BT =B/ @

I fi i where T* is the reduced temperaturel* = kTle, k is
Boltzmann’s constant, andis the well-depth. The value df
is 27Na0®3. Na is Avogadro’'s number and is the distance
between the molecular centers when the potential is zero. This
definition applies to cases, like the present one, where the

intermolecular potential is anisotropic.

A, B, and C are constantst is the CM relative distance,
indicates a carbon or a hydrogen atom, aimdlicates an argon
atom. The LJ parameters were evaluated by the method of ref
22 and are given in ref 27. Basically, the well-depthnd the

collision radius o of the pairwise C-Ar and H-Ar LJ ) .
interactions are given by the Ne\r and the He-Ar values, The methodology of evaluatir§(T) is as follows. The values

respectively, calculated by the normal combination rules. The of the dynamic global potential from the trajectory calculations

parameters of the potential are then adjusted to give the overall@'® Placed directly in eq 3. No smoothing or data reduction is
effectivee ando values. performed. Extrapolation of the data is done at very short and

The intramolecular potential includes all the normal mode V€Y long distances outside the trajectory’s effective range. This

contributions, stretching, bending, and wagging. The values of W& integration is performed from near zero to very long
the parameters of this potential were obtained from the modified distances.

valance force field calculations by Draegfeand are given also

in refs 23 and 24. The initial translational and rotational energies
were chosen from the appropriate thermal energy distributions. The dynamic global intermolecular potential is a result of
The initial impact parameter was chosen randomly from values averaging 30 00650 000 trajectories. Each trajectory has its
between 0 and its maximum valbg. The initial internal energy  particular time evolution. Figure 1 shows two trajectories. Each
was either the average thermal energy or an assigned valuegraphical representation of a trajectory exhibits a time evolution
The energy was distributed statistically among all the normal of the vibrational, translational, rotational, and the intermolecular
modes of the molecule. The value of the maximum impact potential as a function of time. The rotational and translational

Results and Discussion
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Figure 2. Static global potentials vs center-of-mass distance calculated 0.2 0.4 0.6 0.8 1.0 1.2
by using BSHH ab initio pairwise potential. The full circle indicates CM distance (nm)
an Ar atom. () Ar on top of the center of the benzene ring-X-The Figure 3. Dynamic global potentials vs center-of-mass distance.
Ar in the plane of the molecule on a line connecting the center-of- ~40 000 trajectories averaged over all initial conditions were used.
mass of the molecule and the center of the@bond. (++-) The Arin These potentials are based on BSHH ab initio pairwise potential.
the plane of the molecule on a line connecting the center-of-mass of

the molecule and the-€H bond. Boltzmann distributions of translational, vibrational, and rota-

tional energies at a given temperature.

energies were chosen randomly from the appropriate Boltzmann . . . .
distributions. As can be seen, the intermolecular potential Global PotenUaI.Thc_e (_:Iynam_|c global pot(_ent|als, which are
based on a BSHH ab initio pairwise potential, at four temper-

changes greatly at the point of impact. The Ar atom climbs on atures are given in Figure 3. The general features of the curves
the repulsive wall and the potential energy increases. The same 9 9 ’ 9

process occurs at the end of the collision. In between, there iSarsléitjléyvsilflf]e;err:i.n?r;[qﬁﬁngtKOtgi; Lr']rr\]lqe ;?]Seepggfjnafif?ﬁ:tcg
a change in the potential energy as the atom samples parts Omat the approaching Ar atom.“sees” é fast rotating molecule
the molecular space. . ) . . )
. . i . . that is basically a rotating sphere. The distance at zero potential

Single Trajectories. Figure 1a shows a trajectory of a  gnergy is 0.467 nm, not much different from the Lennard-Jones
collision of very short duration, 150 fs. The atom hits the  offective opeonmene ar = 0.447 NM reported in the literatu#2The
molecule and climbs the repulsive wall; then the relative gimijarity of the values is not surprising since the effectivis
translational energy drops to zero and increases to its final valueeya1yated for a spherical potential. The corrected cross section
as the pair separate. During the collision, the molecule lost its ;g given by the expressiamce = Q@2* g2 whereQ?2* s the
rotational energy, while there was hardly any change in the yequced collision integral. The value ofor is 0.37 nm. The
vibrational energy. This is a classical case ofRT energy  correction clearly does not improve the valueroThe LJ based

transfer process. This trajectory describes a down collision with qjjision integral is not a good correction for the anisotropic
AE = —325 cn1l. The depth of the potential well indicates system that is studied here.

that the atom approaches the molecule from above its center of
mass. This can be seen from the static potentials in Figure 2'different shape. The minimum in the curve is deeper and at a

The static potential is obtained by summing up "’.‘” PAINWISE ' o 5rter CM distance, 0.38 nm. The point of zero potential is at
potentials when the atom approaches the nonrotating molecule

from a given direction. When the atom approaches the moleculeo'327 nm, much shorter than the high temperature case and
. - S much different than the value uoted above. The
in a perpendicular direction to the plane of the molecule, the © Obenzenear g °

o . o . dynamic global potential shows also an irregularity in the range
minimum in the potential is deeper and at a shorter distance y 9 P g y 9

than when the atom approaches from any other direction Themo'46_0'517 nm. The upper value is the location of the minima
. . ) f th ic gl | ial high . Th
well-depth of 400 cm?® of the trajectory in Figure la corre- of the dynamic global potentials at higher temperatures N

- . . reasons for the differences between the high-temperature and
sponds exactly to the deepest well in the static potential, nameIy’low-temperature global potentials can be explained as follows.
the Ar above the CM of the benzene.

’ ) ) o At low temperatures the asymmetry of the benzene comes into
Figure 1b shows a trajectory of a long-lived collision. The pjay. This can be seen from the static potentials in Figure 2. At
Ar atom hovers over the molecule for a long time, 1500 fs. |ow temperatures, the slow rotations and low translational
During the collision lifetime there is a constant exchange of energies enable the atom to find its way to the deepest potential
vibrationat-rotational energies while the translational energy \ell, which is located above the CM of the molecdte.
the repulsive wall and it is “kicked” out. Here again the energy potential at about the same distance as the minimum in the static
transfer is mostly R~ T and AE = —113 cnt™. From the  global potential. The irregularity in the dynamic global potential
potential well-depth (see Figure 2) we know that the initial atom- is also due to the anisotropic potential of the benzene molecule.
molecule collision occurred when the atom was in the plane of The reason is that the other shallower wells in the potential
the molecule. An analysis of many single trajectories indicates energy surface appear at larger distances as can be seen from
that the atom does not stay at its initial impact location but the static potential shown in Figure 2. Therefore, short CM
samples various parts of the molecular space. distances are excluded when the Ar approaches in the plane of
The value of the potential energy at each intermolecular the molecule because the nearest CM distance must be longer
distance in each trajectory is sampled and binned, and an averagéhan the CM-hydrogen atom distance or the distance between
of the potential energy of all the trajectories at each bin is taken. the CM and the center of the<€C bond (Figure 2). The irregular
The final outcome is a dynamic global potential averaged over shape of the dynamic global potential precludes a simple fitting
all orientations of the nonsymmetric molecule and averaged over equation in the CM coordinate system. (In the distance of closest

The low-temperature dynamic global potential has a totally
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Figure 4. Dynamic global potentials vs center-of-mass distance.
~40 000 trajectories averaged over all initial conditions were used.
These potentials are based on BSHH ab initio pairwise poteiitial.
indicates rotational temperaturg.indicates translational temperature.
T, indicates vibrational temperature. (a) The temperatures of all the
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cold molecule allows the fast moving atom to sample various
parts of the PES and the global potential resembles the potential
of a colder system. Next is a dynamic global potential curve
for v and r at 2820 K and t at 300 K. Here the effect on the
shape is even more dramatic. The low relative translational
energy allows the atom to sample more of the PES and the curve
resembles even more a low-temperature case. When both r and
tare at 300 K but v is at 2820 K, the potential curve is almost
identical to a canonical case where vrt are at 300 K. That is to
say, vibrational excitation has practically no effect on the
dynamic global potential. This stands to reason, since increasing
the vibrational energy does not change the size of the molecule
in any significant way, neither does it change the mechanism
of the collision as do r and t.

Figure 4b reinforces the conclusions that were obtained from
Figure 4a. It shows four dynamic global potentials. The thermal
system is at 300 K and the temperature of one type of degree
of freedom is changed systematically to 2820 K. A change in
vibrational energy hardly changes the dynamic global potential.
A change in rotational or translational energies has a profound
effect on the potential. As before, translations have a larger effect
than rotations.

Second Virial Coefficient. Values of B(T) for various
potentials and limiting conditions at four temperatures are given
in Table 1. The calculations were performed over a wide
temperature range. The temperatures studied were 300, 700,
1500, and 2820 K. Group 1 of numbers in Table 1 gives values
of B(T) that were obtained by placing the numerical values of

modes are 2820 K except as indicated. (b) The temperatures of all thethe BSHH dynamic global potential, depicted in Figure 3, in
modes are 300 K except as indicated. The enlargement of the barredeq 3. The integration is from 0 t® and the potential at short

rectangle is in the insert. It shows that there is hardly any difference
betweenT, and T,. The vertical scale in the insert is from180 to
—80 cntl. The horizontal scale is from 0.42 to 0.52 nm.

approach, minimal distance, coordinate system the global

potential is regular and can be fit to an exp-potential?)
The dynamic global potentials at 700 and 1500 K are also

distances, the repulsive part of the potential, and at long
distances is obtained by extrapolation. Also given in this group
of numbers are values efand o that were obtained directly
from the BSHH dynamic global potential, which is depicted in
Figure 3. Comparisons of valuesBfT) in group 1 with values

of B(T) obtained from a LJ potential of identicalande, group

3, and with values dB(T) that were obtained from a LJ potential

shown in Figure 3. As expected, these potentials are intermediateii, iterature values o ande, group 4, show that the values

cases between the high- and the low-temperature cases. Th

700 K curve shows a double-minima potential. The first is at
the location of the minimum of the 300 K curve, and the second
at the location of the minimum of the 2820 K curve. The first
minimum is shallower than the minimum at 300 K, because

®f B(T) in group 1 are markedly different. The spherical LJ

potentials cannot reproduce accurately the valuesB(d)
obtained from the BSHH dynamic global potential.

A more sensible way of calculating(T) from an ab initio
potential is to integrat®/(r) in eq 3 starting from the atom

the molecule rotates faster and collisions occur, on the average yqjecule distance of closest approagia instead of integrat-

at larger distances. This manifests itself in a larger valuefor
which is 0.348 nm compared with the distance of zero potential

ing fromr = 0. This way, the core dimensions and the excluded
volume are taken into consideration. This is similar to the

of 0.327 nm at 300 K. The 1500 K curve has one minimum gisiance parameter in the Kihara poterfighat replaces by

only at the same position as the second minimum of the 700 K

curve and at the same position of the minimum of the 2820 K
curve. Instead of the first minimum there is an inflection point.

The explanation for the different shapes of the potential curves
is, in a nutshell, that at high temperatures the fast rotations

expose a spherical molecule to the high-velocity incoming atom.
The collision duration is shdit and the atom does not sample
the whole PES. At low temperatures, the slow rotations and

r — riniiat- Values ofB(T) that were calculated in this way are
presented in group 2 together with the values;gfa.

For comparison we have calculat®&{T) from a Kihara
potential (which is given by eq 5) with identical values «of

o- rinitia|)12 _ (‘7 - rinitial)6
I~ Tinitial ' = Tinitial

V(r) = 46’( (5)

translations enable the atom to sample a greater part of the PES.

In the next section we check this point in detail.
Effects of Vibrational, Rotational, and Translational
Energies on the Shape of the Potential CurveTo test the

and o as in the calculations dB(T) in groups 1 and 2. This
information is given in group 6 in Table 1. The Kihara potential,
which is basically a modified LJ potential, does not reproduce

effects of vibrational, v, rotational, r, and translational, t, energies satisfactorily the values oB(T) that were obtained from the
on the dynamic global potential we ran sets of 30 000 trajectories BSHH dynamic global potential, even though the samaedo

with different initial conditions, and Figure 4 shows the results.

were used in both calculations.

Four curves are shown in Figure 4a. One is when the system, We have also calculated a LJ dynamic global potential by
e.g., vrt, is at a thermal equilibrium at 2820 K. Another curve running 30 000 trajectories using a LJ pairwise potential whose
is when v and t are at 2820 K and r is at 300 K. The rotationally parameters are based on the literature values afd ¢ that
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TABLE 1: Second Virial Coefficients for BSHH and
Lennard-Jones Potentials as a Function of Temperature

1. B(T) Calculated with a BSHH Potential (Integration frans 0)

TK T* B(T), cm® mol~* B(T)* o,nm ¢ cm?
300 1.04 —0.25999x 10° —0.584 16x 10' 0.328 2012
700 3.74 —0.48286x 10* —0.916 28 0.347 130

1500 8.02 0.126 9% 1(? 0.113 42 0.446 130

2820 15.08 0.332 48 1(? 0.258 83 0.467 130

2. B(T) Calculated with a BSHH Potential (Integration framia)

B(T), €,  Tinitial,
TK T* cm® mol~! B(T)* o,nm cm! nm
300 1.04 —0.29389x 10° —0.660 32x 10' 0.328 2072 0.299
700 3.74 —0.80147x 1? —0.15209x 10' 0.347 130 0.294
1500 8.02 —0.15929x 10? —0.142 36 0.446 130 0.284
2820 15.08 0.4868% 10" 0.37898x 10! 0.467 130 0.285

3. B(T) Calculated with a LJ Potential (Integration fram 0)

TK T* B(T), cnm® mol~* B(T)* o,nm € cmt
300 1.04 —0.10589x 10® —0.23793x 100 0.328& 2017
700 3.74 0.366 95 10t 0.696 33x 101 0.347 130

1500 8.02 0.463 4% 107 0.414 15 0.446 130

2820 15.08 0.656 44 1(? 0.511 02 0.467 130

4. B(T) Calculated with a LJ Potentiab(LJ) = 0.447 nmg(LJ) =
148 cnr! from Our Work (Integration fronn = 0)

T,K T B(T), cnm® mol~* B(T)*
300 1.41 —0.153 01x 10° —0.13583x 10
700 3.29 —0.361 91x 10* —0.32127x 107t
1500 7.05 0.425 9% 1(? 0.378 14
2820 13.25 0.562 69 1(? 0.499 51

5. B(T) Calculated with a LJ Potential wiitor ande(LJ) =
148 cnr! (Integration fronr = 0)

T,K T B(T), cm® mol~* B(T)* Ocorr, NM
300 141 —0.24086x 10® —0.13582x 10t 0.520
700 3.29 —0.37168x 10t —0.321 24x 1071 0.520

1500 7.05 0.631 8% 1(? 0.564 66 0.520
2820 13.25 0.765 54 1(? 0.595 95 0.397

6. B(T) Calculated with a Kihara Potential (Eq 5)
(Integration fromrinitiar)

TK T B(T), cm® mol~* B(T)* o,nm ¢ cmt
300 1.04 0.3330k 10" 0.74822x 10! 0.328 2012
700 3.74 0.1557& 10* 0.29562 0.347 130

1500 8.02 0.6318% 10%* 0.564 66 0.446 130

2820 15.08 0.76554% 1(* 0.595 95 0.467 130

7.B(T) from a LJ Global Potential Obtained from a LJ Pairwise Potential
with o = 0.286 nm and = 508 cn1!

T B(T), cm® mol~* B(T)*
0.41 —0.826 79x 10° —0.280 22x 107

a¢ ando were taken from the BSHH potential of Figure 3.

T,K
300

were calculated by the normal combination rules. Details are
given in the theory section. The results for 300 K are given in
group 7 in Table 1. The value offrom the LJ dynamic global
potential is 0.286 nm and the value ofis 508 cntl. These
values are to be compared with the literature values ande

of 0.477 nm and 148 cm, respectively. The values &(T)
also differ by more than a factor of 5. That is to say, starting
with a LJ pairwise potential that is based on literature values
does not yield back a dynamic global potential or a virial
coefficient that is obtained from literature values of a static LJ
potential. We have also checked whether the valud(of in
group 4 improve by correcting the value @fby the collision
integral. The new values &{(T) are given in group 5. We find
that using a LJ potential withio; does not improve the values
of B(T), and there are still large deviations from the values of

B(T) in group 1.

Bernshtein and Oref

Refson et aff reported differences of-810% in the values
of B(T) of water when flexible intramolecular potentials, instead
of rigid potentials, are used. These findings support the validity
of the present work, which uses flexible intramolecular potential
for the benzene molecule. However, we would expect smaller
deviations in the values dB(T) of benzene when rigid and
flexible potentials are used because the benzene molecule is
structurally rigid. On the other hand, nonrigidity effects are
expected to be more pronounced in water, which is a nonrigid
molecule. The shape of the dynamic potential, which is affected
very little by vibrational excitation, supports this conclusion.

In conclusion, it is possible, by using quasiclassical trajectory
calculations, to verify the parameters of an intermolecular
pairwise potential by calculating a dynamic global potential that
can be used to check for an agreement between calculated and
experimental quantities such as second virial coefficients. This
approach is especially important for nonspherical systems with
anisotropic potential where the static potential is orientation
dependent and the dynamic global potential is not a smooth
function of the relative center of mass distance. A comparison
of the values of the second virial coefficient that were obtained
from ab initio-based dynamic global potential with values that
were calculated by using a Lennard-Jones and a Kihara empirical
models shows a great discrepancy and points to the inadequacy
of simple empirical models.
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