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Termolecular Collisions: Comparison between Analytical Expression and Trajectory
Calculations’
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The fraction of the rates of termolecular collisions/bimolecular collisions is calculated by an analytical and
semianalytical expression. The results are compared with results obtained by classical trajectory calculations
on benzene and Ar, which are used to find directly the number of bimolecular and termolecular collisions as
a function of pressure for a given set of initial conditions. The comparison indicates very good agreement for
the semianalytical model and very reasonable agreement for the analytical model, both in the rabis@ 20

atm. Equation 15 in the text is a reliable and convenient “hard sphere” formula for calculating the fraction of
termolecular collisions rate as a function of pressure.

Introduction One quantity of great interest is the fraction of three-body
Termolecular collisions play a major role in chemical collisions as a function of the pressure for a given system, and

reactions at high pressures such as combustion and atmospherit? obtain it, one must perform extensive computations. Unlike
reactions. In such collisions, the role of the third body is to & Pinary collision, where the hard sphere collision is the
remove energy from a collision complex, stabilize it, and enable "éférence model to which actual collisions are compared,
a binary reaction to take place. Schematically, the process Canterr’_nc_>|ecular collisions do not have a universal _analytlcal
be described by a two-step mechanism=-48 — AB*; AB* collision model that can serve as a basis for comparison and as

+ M — AB + M where A and B are the reactants, AB* is the @ tool for “back of the envelope” calculations. The work
collision complex, M is the third body, and AB is the product descr_lbed be_low tests analyycal models against exact results of
of the binary reaction. We have done an extensive study of three-classical trajectory calculations and suggests it as reference
body collisions in the system benzene, B, in argon bath at high M0del.

pressurelsby classical trajectory calculations (paper 1). The work
indicated that there are several mechanisms for three body
collisions: chaperon mechanism, where there is an exchange The ability to obtain the number of bimolecular and the
of partners during the collision of the third body with the number of termolecular collisions from trajectory calculations
collision complex and the chaperon leaves with the excess provided us with an excellent tool, not available before, with
energy (1) B+ Ar — BAr* and (2) BAr* +Ar" — BAr' + Ar which to compare the rates of bimolecular and termolecular
where the prime indicates the second argon atom; energy transfetollisions obtained from analytical and semianalytical expres-
mechanism, where M hits the collision complex and departs sions. In the following, we give two such models and compare

Theory

with excess energy (1) B Ar — BAr* and (2) BAr* +Ar' — the results with trajectory calculations.
BAr + Ar’; concerted mechanism where all the three bodies  Binary and Termolecular Collision: Semianalytical Ex-
separate almost instantaneously (11BAr — BAr* and (2) pression. We have tried to calculate the ratio of the rate of

BAr* +Ar' — B + Ar + Ar'. Paper | goes into the details of termlecular to the rate of bimolecular collision from basic
the mechanisms and gives, in addition, parameters such as therinciples by using the expressions for binary collidfon
average energy transferred per collision, collision lifetimes, and

the effects of temperature and pressure on these quantities. In ) 312(o\ 12

addition to the nonreactive system described above, there are L= @- —| ccl 1)
some computational examples of three body reactive colli-

sions: (a) the formation of ozone by the energy transfer wherel; is the collision integraly is the reduced mass, and
mechanisrfr4 (1) 0, + O — Oz* and (2) O + Ar — Oz + c is the concentration

Ar, for which energy transfer mechanism was assumed, and the

reaction88 (b) H + O, + Ar — HO, + Ar and (c) H+ CN . U,
+ Ar — HCN + Ar, for which the chaperon mechanism was I, = j(’) expl— 5 |S (V) Ve Ay (2)
assumed, and (d) the react’df2Ne + H — Ne; + H, where 2ksT

the direct three body mechanism dominates over the ET or _ . .

chaperon mechanisms. As indicated above, in the B/Ar caseS 1S the energy dependent collision cross section and the
described in paper 1, all three mechanisms operate, and it iS,SUb.S(_:I'IptI |s_2 for binary collisions and_3 for termolt_acular
therefore, incorrect to single out one mechanism as the dominat-Collisions.xz is calculated by the conventional expression and

ing one. us is given by

T Part of the special issue “Richard Bersohn Memorial Issue”. ms(ml + mz)

* To whom correspondence should be addressed. F&¢2 4829 3643. i e — ©))
E-mail: chroref@technion.ac.il. m; +m, +m,

10.1021/jp0486393 CCC: $27.50 © 2004 American Chemical Society
Published on Web 05/29/2004



8132 J. Phys. Chem. A, Vol. 108, No. 39, 2004 Bernshtein and Oref

If we assume, as in paper |, that the termolecular collision is a a single radius is more complicated and is defined as a geometric
two step mechanism where the third body collides in the second mean
step with a collision complex, we can write an expression for

a binary collision between the third body and the collision ro= (p12p23p31)1/3 (12)
complex
where p; was obtained by Smith from general kinematic
U 32 2\1/2 considerations using normalized interparticle distances
Z3= kT \z C1. £Lals 4) "
By = (5 + 1) D T T (12)
wherec; . »is the concentration of the binary collision complex. ! L m(m + TY])Z
Assuming equilibrium between the colliders and the collision
complex!! the concentration of the collision complex is ri is the collision radius of moleculeand m is the mass of
moleculei.
C, ,= C,CAT fr;lu:)) exp{ —U,(r) /kBT}r2 dr ) The average three-body velocity is
157[8Ks T\ 22
whereUs, is the global bimolecular potential and the integration UsT 35 e (13)

limits are between the equilibrium distance of the diatomic
molecule at the bottom of the potential well;, and the distance iy is given by the expressiéh

between 1 and 2 at the top of the centrifugal barrigr,. We

have calculated numerically, andUs, the global termolecular , m,m,m, 12

potential, of a thermal equilibrium system at 500 K and found M3 = m, + m, + m, (14
that they are very similar. Therefore, the subscript is omitted

andU is calculated as a binary global potential. Using eg$1  Note thatuy is defined differently tham in eq 3. The ratio of
one obtains the final expression for the ratioZefZ; is the rates of termolecular collision to bimolecular collisions in
a vessel at a give set of initial conditions for the system benzene

Z [ 312 T :
23 _ 4aP 3(:‘3) ﬂzg exp-U(r)/ke T] 2 dr 6) + 2Ar is given by the expression

ZZ B kBT |2 2 _ 2 n\5/3.5/3 4/3 1\1/2
ZyZ, = 7" (2M')" 5 (ry + 1) (uoluz) " PI(400sT)  (15)
To obtain numerical values, one has to knbvandls, that ) )
is to say, the energy dependent cross sections. where the factor 4000 comes from adjustments of units and
Binary and Termolecular Collisions: Analytical Expres- factors that appear in the various equations leading to eq 15. In
sion. The total rate of binary collisions between molecules (or ©btaining eq 15, we lat = rs andm, = mg andM' is given by

atoms) of typel and type 2 is given by the expression ,
M = [my(m, + 2my)%(4m, + m) ™ (16)

The ratioZs/Z, in eq 15 will be compared to trajectory results
in the next section.

Trajectory Calculations. The details of the calculation are
reported in detail in paper | and only a brief summary will be
given here. The mechanism of a termolecular collision is a
sequence of two binary collisions. In the first, a single Ar atom
collides with a benzene, B, molecule. The beginning and the
end of the binary collision are defined by the FGBSmethod.

In the pressure dependent termolecular trajectory calculations,
the starting distanceR,, between the centers of mass of the
binary collision complex between benzene and Ar, BAr, and
7 = GCC ©) the third-body,_ Af, of_the second collision is_ _chosen_ranqlomly

3 3V3€1C2Cs from the combined distance-volume probability density distribu-

) . tion function which has the general form
In both bimolecular and termolecular expressions, the assump-

tion is that o is independent of energy. Even with this P(R.) = R 2exp(=R./1)/C 17
assumption, the quantities; and s are not easily found. We (Ri) = Ro” exp(CR/2) (17)

follow the treatment by Smith which has a degree of  \yherej is the mean free path ar@is a normalization factor.
empiricism in it, and use our computational results for the Tpis type of a distribution ensures that the termolecular
benzene-Ar system to check how good the assumptions in the trajectories that are initiated at large distances will not have an
expressions by Smith are. ) undue effect on energy transfer quantities. It should be noted
o3 is defined in terms of an average lengthby using the  that R, includes the excluded volume of the binary collision
fOI‘mu|a fOI‘ the V0|ume Of a 5'Sphere Wh|Ch IS the Cross section Comp|ex Tak|ng JUSt the Center-of-mass dlstances W|" b|as the

Z, = 00,€,Cy (7)

o is the cross section, which for hard spheres[{s; + r)/2]?
r; andr, are the hard sphere radii of species 1 and & the
average velocity

v, = (8kg T/mu,) ™ (8)

The subscript 2 o, v, and Z indicates a binary collision,
whereas the subscript 3 below indicates a termolecular collision.
The expression for the rate of termolecular collisions is

of a 6-dimensional hypersphere results, especially at high pressure where the mean free path is
short.
03 = (87°/15) (10) The inter- and intramolecular potentials, which were used in

the calculations, as well as the methodology, are given in great
In binary collision the average length is defined by a clear-cut detail in paper | and will not be repeated here. The numbers of
expressiorr; + r, in termolecular collisions, the definition of  binary and of ternary collisions, in a given time interval, were
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60 - conclusion is that eq 6 can provide excellent results for those
who are ready to invest a great deal of effort to obtain them.
Also given in Figure 1 is a plot of eq 15. As can be seen, the
analytical expression yields very good agreement with the
trajectory results, which are the basis for comparison. The results
deviate by 6-60% in the pressure range-Q50 atm. Since the
trajectory results were obtained for a Lennard-Jones inter-
molecular potential, we have used the same Lennard-Jones
parameter$ in eq 15. The collision radius of benzenAr was
0.447 nm and/kg = 213 K. Correcting for the collision integral
at 500 K,o*= o (223,12 we obtainc* = 0.473 nm. Fronu*,
we obtain the value of the “hard sphere” equilibrium distance
ro = 2%* = 0.531 nm. The hard sphere radii of Ar and
benzene where calculated in the same way as above. For Ar, it
is 0.189 nm and for benzene 0.365 nm. The values of the various
r's are the great unknowns and slight changes in their values
function of pressure at 500 K, Trajectory results{>, semianalytical can improve the agreement markedly. This is a known problem

model with termolecular global potenti&h, semianalytical model with al_so in calculating the number of bimolecular CO”'S"_)”S a_md |_n
bimolecular global potentialy, analytical model. this respect the old problem of unknown cross sections is with

us as always.
counted directly using the FOBS criterion. The ratio of the two N summary, using classical trajectory calculations with a
gives directly the ratis/Z,. The number of binary collisions ~ Lennard-Jones intermolecular potential, we have calculated and
includes all of the binary collisions that occur up to the reported the ratio of the rates termolecular collisions to
maximum impact parametelp,,, whether they lead to termo-  bimolecular collisions for given sets of initial conditions. We

M M T T T T T T
0 20 40 60 80 100 120 140
Pressure, atm

Figure 1. 1. Ratio of termolecular to bimolecular collision rates as a

lecular collision or not. have compared the results with a semianalytical and an analytical
expression. We obtain very good agreement between the
Results and Discussion analytical results and the direct count of trajectories from our

classical calculations. The importance of this work is in having
a totally independent reference point, the trajectory calculations,
to which analytical models can be compared. We recommend
using the analytical expression, eq 15, for back of the envelope
calculations of the rate of termolecular collisions.

The fraction of termolecular collisions out of all binary
collisions that take place as a function of the pressure for
benzenet 2 Ar which was obtained from trajectory calculations
is given in Figure 1. The plot is linear at high pressures but
curves at low pressures where the valu&pépproaches zero.
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have used, in eq 2, hard-sphere cross sectibobtained from References and Notes
FOBS, instead of energy dependent cross sections. The distance )
where the particles first interact by FOBS is averaged over (1) Bernshtein, V.. Oref, I. JChem. Phys2003 118 10611.
. . L . (2) Gross, A,; Billing, G. D.Chem. Phys1993 173 393.

hundreds of thousands of trajectories and this distance is taken  (3) Gross, A.: Billing, G. D.Chem. Phys1994 187, 329.
as the hard sphere radius. The bimolecular collision radius is  (4) Gross, A.; Billing, G. D.Chem. Phys1997, 217, 1.
0.606 nm and the termolecular one is 0.649 nm. The agreementc J(SghMaf%uhesﬁé% fdaV\llggg,SW-; Pais, A. A. C. C; Varandas, A. J.

. . : .J. Phys. Che .
between the trajectory results and the model is very plea_smg (6) Varandas, A, J. C.. Pais, A. A. C. C.; Marques, J. M. C.; Wang,
and one could not hope for better results. Two lines are given w. Chem. Phys. Lettl996 249, 264.
in the figure. One represents eq 6 with and one withUs;. (7) Varandas, A. J. C.; Rodrigues, S. P. J.; Gomes, P. £h&m.
The deviation of thdJs results at 150 atm is 23% and of the ~Phys. Lett1998 249 297.
U, it is 8%. One could not hope for better results. Both lines 636?) Varandas, A. J. C.; Rodrigues, S. PJJPhys. Cheml.999 103
extrapolate to zero, as expected from a linear model. However,  (9) Pack, R. T.; Walker, R. B.; Kendrick, B. K. Chem. Phys1998
there are uncertainties and difficulties in the calculations. The 109 6701. _ _ )
energy dependent cross sections are not known and even if on (10)71'1""‘*' R.T.; Walker, R. B.; Kendrick, B. K. Chem. Phys1998
assumes hard-sphere cross-sections, as we have done, there 1S (11) amdur, I.; Hammes, G. R. I€hemical Kinetics: Principles and
the problem of the limits in eq 6. To evaluate s andrios, Selected TopicsMcGraw-Hill: New York, 1966; pp 36 and 37.

one has to calculate the global potential which is not trivial (12) a) Smith, F. T. Triple Collisions and Termolecular Reaction Rates.
In Kinetic Processes in Gases and Plasntédschstim, A. R., Ed.; Academic

and against the philosophy of this work to have a simple, press: New York, 1969: p 321. (b) Smith, F.Diss. Faraday Soc1962
analytical expression for termolecular collisions for reasonably 33, 183. (c) Smith, F. TPhys. Re. 196Q 120, 1058. (d) Smith, F. TPhys.
accurate back of the envelope calculations. Therefore, althoughRev. 1963 130, 394.

; ; ; (13) Bernshtein, V.; Lim, K. F.; Oref, I. Phys. Chenl995 99, 4531.
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