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Classical trajectory simulations can be used to glean a wealth of information on the geometric details of
gas-phase molecular collision events for which the standard theoretical treatment lacks the ability to predict.
For instance, the standard treatment gives no informatiocoorfiguration-specificcollision parameters. A
configuration-specific parameter is defined here as the average value for a collision parameter that is exclusive
to either an ensemble of front-end or an ensemble of rear-end molecular collisions. This paper presents statistical
results of simulation “measurements” on several configuration-specific parameters, including the configuration-
specific collision frequencies. The simulations use single-component systems of hard spherical molecules
confined within a spherical boundary. To complement the simulation effort, a systematic mathematical analysis
for the configuration-specific parameters is presented. This analysis uses the Ma&alemann distribution

of molecular speeds as usual, but exploits the distinction between front-end and rear-end collision space, and
uses the line-of-centers speed rather than the relative speed. The configuration-specific expressions derived
from this analysis are in very good agreement with the simulation measurements for every molecular collision
parameter studied in this work.

Introduction )00 = \/i_ﬂyzyze,ﬁvz So 7
Brief Review of the Standard Analysis. The standard T

analysis for a single-component ideal gas at thermal equilibrium . .

leads to the following expressions for the collision frequency andp = m/2KT. Evaluating eq 6 yields

of a single moleculezaa, the average relative collision speed,

[rel[] the average relative collision angl@ ] and the mean D= %—z 4 (8)

free pathA: V.am N zp

Popd,e 0 It is useful to briefly recap the standard method for deriving
Zyp = B (1) eg 1, which is discussed in detail in ref 2. Initially a system of
gaseous molecules is treated as completely static except for one
o= V200 2) single molecule, hereafter called the test molecule. In time
the test molecule sweeps out an average cylindrical volume
T element given byaa[@. The test molecule will collide with
m’*reID: (3) . e .
2 any molecule whose center of mass is located within this volume
o0 KT element. To account for full molecular motion of the system,
l=—= (4) [@is replaced withy ] The corrected volume elememtya-
Zpn \/EPGAA (e, is then multiplied by the number of molecules per unit

volume, which isP/KT for an ideal gas, to obtain the number

in which @0is the average thermal molecular speé&dis
Boltzmann’s constant (1.380% 1072 J/K), and oaa is the
collision cross section. The total collision frequen@pa,
depends orzaa and the number of moleculel, as follows:

Nz, PNop @

a
ZAA 5 rel

2kT ®)

in which the factor of%; is introduced to avoid counting
molecular collisions twice. The expression fafican be derived
from the following integral expression:

D= [ of(v) do (6)

in which f(v)ov is the Maxwel-Boltzmann distribution of
speeds given by

of collisions,Poaal#reMKT, occurring in time. This expression
is then divided byt to obtain eq 1.

The Basic Concept of Configuration-Specific AnalysisA
careful examination of the geometric details of molecular
collisions reveals certain dynamic features that are not taken
into account in the standard analysis. One feature is that all
molecular collisions occur either in a front-end or in a rear-end
configuration. In a front-end configuration the component line-
of-centers velocity vectors are oriented “head-to-head” (sche-
matically represented as <), whereas in a rear-end config-
uration they are oriented “head-to-tail~( — or — «).
Although most physical chemistry textbook authors recognize
that rear-end collisions do occur, they do not treat the system
as separate ensembles of front-end and rear-end collision events.
Most authors treat the system by simply using the average
molecular speedi2l] in their analyses rather than the more
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rigorous method using the distribution of spedds)ov. If all

Wiseman

projections ofy; andwy, respectively, onto the internuclear axis.

the molecules were actually traveling at the average speed, therThe angular variablesy; andop, not to be confused with. in
only front-end collisions could occur. Hence, it stands to reason the expression fone(a,v1,22), are hereafter called the collision

that configuration-specific analysis requires usf@@@ov. The
mathematical approach for addressing configuration-specificity

angles.
Equation 14 is a general expression that is true irrespective

is a bit more detailed than the standard analysis, but has theof the shape of the molecules or whether a collision actually

distinct benefit of rendering configuration-specific collision
parameters.

One final feature that has not been considered within the
context of kinetic molecular theory is the use of the line-of-
centers speedy, rather than the relative speede, in the
analysis. The chief motivation for this choice is thaj does
not contain the geometric information required to derive
configuration-specific parameters. Understanding the distinction
betweenure and v is important, and so the next subsection
briefly examines the fundamental relationship betwegrand
Vlc.

The Relationship betweeny and ». The relative speed,
vrel, between two moleculessis

Urel(0L,01,0) = \/Vrel'vrel = \/(Vl =V (v — V) =

x/ulz + 1,2 — 2v,0, cosa (9)

in which v is the relative velocity vecton; andv; are the
velocity vectors for molecules 1 and 2, respectively, andccos
= vy-Vo/v1vo. Note thaty; and v, are positive scalar quantities.
The general integral expression fareOcan be generated as
follows usingurel(a,v1,02), the Maxwell-Boltzmann distribution
of speeds represented Hyw;) and f(v2), and the angular
probability distribution function represented BYo)da.:

D= [0 [0 [ veuvy,0,)f(0)f(2,)P(@) doy do, doc
(10)

The angular probability distribution function, defined as the
probability thaty, and v, will be oriented between ando +

oa relative to each other, is given as follows for the angular
range, 0< a < m*

__sinoda

P(a)oa = 5 (112)

Evaluating eq 10 yields eq 2.

The line-of-centers speed, which is scalar, is defined as the
negative time rate of change of the distange, between the
centers of mass of two bodies, i.e.:

o

>t (12)

Ve =

The line-of-centers speedg, and the relative velocityye, are
related via the following dot product expression
U = ~Vrerlpp = (V1 — Vo) Uy, (13)

in whichuyz is the unit vector along the axis joining the centers
of mass. The dot products;-u;» and v»-u;2, can be replaced
with their scalar terms to yield

V1(04,0,04,0,) = v, COSQL, — v, COSQL, (14)
The line-of-centers speed is the scalar projectiongfonto
the internuclear axis, angd coso; andv, coso, are the scalar

occurs. However, for a collision event eq 14 is sufficiently
informative only if the two bodies are spherical. The details of
a molecular collision involve complicated expressions of
orientation vectors if either or both molecules are structured.
In addition,oaa becomes orientation dependent as well. Hence,
to keep the analysis simple, discussions in this paper are limited
to spherical molecules.

As a side noteye(a,v1,v2) remains constant for any pair of
noninteracting molecules until a collision involving one or both
molecules occurs. On the other hand, even for noninteracting
moleculesuic(ay,02,01,02) continuously varies becausa and
oz continuously vary. The only exception is when and v,
are collinear, in which casgc(o1,02,01,2) = vrel(Q,v1,02). Of
course, the probability for a collinear orientation is vanishingly
small.

Chapman and Cowlirfghave pointed out that analyzing
certain collision parameters requires two internal scalar coor-
dinates. Obviously, sincge(a,v1,02) depends on only one scalar
coordinate, there are certain parameters that cannot be analyzed
usingurel(a,v1,02). Among these include configuration-specific
collision parameters. The use®fi(o,v1,02) in the analysis leads
exclusively to non-configuration-specific (or overall) collision
parameters, such as those given in eggl.l

A collision can occur only ifyic(ot1,02,01,02) > 0. In front-
end collisionsuic(aug,02,01,02) is always positive irrespective of
the speeds of the colliding molecules. For this reason there are
no speed restrictions in the analyses of front-end configuration-
specific parameters. On the other hand, in the analyses for rear-
end configuration-specific parameters a restriction must be
placed upon the minimum speed of one of the molecules to
ensure thatic(o,02,01,02) > 0. As will be demonstrated shortly,
this distinct feature of rear-end collisions reduces the probability
of rear-end collisions, making front-end collisions more probable
than rear-end collisions.

Fortunately, the theoretical expressions for the various
configuration-specific collision parameters derived in this paper
can easily be “measured” using trajectory simulation methods.
Results from simulation studies on several systems is presented
in the Results and Discussion, and the data compare quite well
with the theoretical predictions.

Theory

Expressions forZaa front and Zaa rear. Configuration specific-
ity can be captured in the analysis using diféerential collision
frequency The general expression for the differential collision
frequency between two different types of molecutgs,g, used
by Kauzmann in his derivation @ag is’

O-ABUrelc3 Nz/A(3 NZ/B

0Zy5= -

(15)

in which oag is the collision cross section given byg = 7(ra

+ rg)? (ra andrg are the molecular radii), aniN,, is the number

of i molecules i(is A or B) having speeds betweenandv; +

dv. Equation 15 is not yet complete since it does not contain
the angular probability distribution function. This function will
be added in a moment. Using Kauzmann'’s line of thought, the
differential collision frequency between molecute#fishe same
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Figure 1. Representative configuration for a front-end collision
between two spherical molecules. PoiAtsand A; define the spatial

coordinates for the centers of mass for molecules 1 and 2, respectively,Z _ foo foo fn/2
andry; is the internuclear distance between the centers of mass when“AArear — Jo J,,
the molecules are touching. Note that molecule 1 is in the foreground.

The dihedral angley, is the angle between the planes definedvby
and ui;, and v, and ui,. The quantities,vs, v2, a1, and ap, are
independent of andri, for spherical molecules.

typecan be written as
O-AAUrelé Nvlé Nuz

0Zpp= >V

(16)

in which the factor ofl/, ensures that molecular collisions are
counted only once. The general expressiorofdr, is given by
the following modified form of eq 7:

0N, = Nf(v;)ov; = %3/2%26—/3 U‘zévi a7)
7

The expression fodZaa in eq 16 is not configuration specific
since it does not contaimc(ou,0,v1,v2). If vrel(a,vL,v2) is
replaced withuc(oy,02,v1,02), however, the expression f6Zaa
becomes configuration specific. For configuration-specific col-
lision space the angular probability distribution function defines
the probability for a collision in which molecule 1 approaches
at an angle betweea; and o; + do; and molecule 2 at an
angle between, anda, + da; (see Figure 1). This angular
probability distribution function is

P(a,,a,) = sina,sino,0a,00a, (18)
The factor of%, in the expression foP(a) does not appear in
the expression foP(o1,02) because, as will be shown momen-
tarily, the angular functions containing; and o, are each
integrated over a range af2 rather thanr. Putting the functions
for vic(a,00,01,02), ON,, ON,,, andP(as,07) into eq 16 and
replacingN/V with P/KT yields

8NPo,,3°
kT

(v, cosa, — v, COSaL)e Pe P sa,0a,0v,00, (19)
1 1 2 2 1 2YV Y1V Y2

0Z A0y, 01, 05) = sina, sin oL, %,

The regions of configuration-specific collision space are
defined by the limits of the integrations. For the front-end
configuration,a, varies between 0 and/2, a, varies between
/2 andsr, and the molecular speeds vary between 0 @aras
usual. Evaluating the integral form of eq 19 using the limits
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for a front-end configuration yields

ZAA,front =

1 7t/2
Jo Jo S o

The front-end collision frequencyaaiont, IS sSmaller tharZaa
by the factor 1/2.

For rear-end collisions either; ando, both vary between 0
ands/2 (i.e., 1— 2 —), or betweent/2 andx (i.e.,— 1 2).
To ensure thatic(ay,00,01,00) is positive everywhere then for
the case in which & oy,0, < 7/2, v; must vary betweenvg
cosap)/(cosay) andeo, and for the case in which/2 < oy,0,
< 7z, v, must vary betweeny{ cos a;)/(cos ayp) and . The
expression for the rear-end collision frequency therefore contains
two separate, but numerically identical terms that upon evalu-
ation yield

PNo,,2

O
dZpa(0g,05,04,0) = KT (20)

72

o Jo dZan(aq,05,01,05)

f;: j;‘” j;rjlrz '/;;2 AZpp(01,00,0,0)

(V2 = 1)PNo,,20
AArear = 2kT

(21)

in which y1 = (v2 cosap)/(cosay) andy, = (v1 cosay)/(cos
o). The rear-end collision frequenc¥aarear, IS smaller than
Zaa by the factor 1— 1/v/2.

The overall collision frequency is simply the sumZfa sront
and Zaarear, 1-€.:

PNo 0
ZAA = ZAAfront + ZAA,rear = W

As expected, the configuration-specific analysis yields the same
expression foZaa as the standard analysis.
The fraction of front-end collisionSysront, IS

(22)

ZAA,front _ 1

Nfront —

V2

Note thatyont is also the probability for a front-end collision.
Equation 23 predicts that about 70.7% of all collisions for hard,
noninteracting spherical molecules at thermal equilibrium are
front-end collisions. This prediction agrees very well with
simulation data.

Expressions for i nontdand @icreald The fundamental
expression for the average configuration-specific line-of-centers
speed @k is

(23)

ZAA

1
[y = ?Akj; Uie(0y,065,01,05) AZpp(0,05,01,05)  (24)

in which the integral is over the configuration-specific region
of collision space represented kyThe configuration-specific
differential term,0Zaa(0,02,01,02)/Zank, 1S the complementary
term that replace$(v)ov for analyzing average values for
configuration-specific collision parameters. As such, it can be
shown that

1

>— [, dZ,\(0y,00,0,0,) =1
ZAA,kjl; A0, 02,0,

(25)

From eq 24, Wicsondd and [@icrearld can be shown to be,
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respectively:
1 4
D o = 5(1 + E)Eme 1285430  (26)
V2+1
Bie roar 3= (—2)(% = 1)Dvm 0.6890130 (27)

The average configuration-specific line-of-centers speeds,
e fronJand e rearll) are smaller tharide by the factors,

(2 + 7)/(4V2) (~0.90891) and K2 + 1) — 2))/(4V2)
(~0.48721), respectively. Moreovejionllis nearly 87%
larger than@ic rea]

Configuration-Specific Collision Probabilities and Mean
Free Paths.Because there are two types of collisions in a single-
component system, there are four possible patternk—df
collision sequences, which in turn define four distinct types of
configuration-specificmean free paths. It should be noted,
however, that ak—k' collision sequencemay not occur in
successionThe difference between sequential and successive

Wiseman

increases, in accordance with the Maxwdloltzmann distribu-
tion. Equation 31 accounts for these two effects, and the net
result is@gondis larger thanall

On average the speeds of molecules that engage a front-end
collision are the same. However, this is not the case for rear-
end collisions, in which the average speed for the molecules
that are coming from behind in the collisions is somewhat larger
than that of the molecules that are in front. The analysis for
rear-end collisions therefore leads to two average speeds which
can be shown to be

(7 — 1)(W2 + 1)30

Brea fas = 2 ~1.292630 (33)
(6 — m)(v2+ 1)B0
Brear sion = 5 ~ 0.8626@0 (34)

in which “fast’ refers to the faster molecule that is behind, and
“slow’ to the slower molecule that is in front.
Expressions for [duc frontl) [Oc rearfasty) aNd [uc rearsiowl] The

collisions as defined here is there are no intermediate collisions general expression for the average line-of-centers collision angle,
between successive collisions, whereas there may be intermedifg,. [] is

ate collisions between a specified collision sequence. For
example, one or more front-end collisions may occur between
two sequential rear-end collisions. Since the probability for any
single type of collision is less than 1, the configuration-specific

1
[y (= ZAK/; 0 dZpp(011,0,01,05) (35)

mean free paths are all larger than the overall mean free pathExpressions fofdyc front) [uc rearfasts) @aNd [0 rearsiowIderived

given by eq 4.

Whereas configuration-specific mean free paths are defined
in terms of specified sequential collisions, the overall mean free
path is defined in terms of successive collisions. Noting that
the probabilities for front- and rear-end collisions ar¢/2/and
1 - 1N2, respectively (see eq 23), the expressions for the
probabilities forsuccessie k—=k' collisions, px-, are

1\2 1
Prront—front = (72) = E (28)
P =p = (i)(l - i) ~020711  (29)
front—rear rear—front & «/E .
11\2
Prear—rear = (1 - 72) ~ 0.085785 (30)

It can be easily shown thg> kv pk—k = 1.

Expressions for(@ont[) Brearfassl and [rearsiow] The average
speed for molecules involved in a configuration-specific colli-
sion of typek is:

1
IjlkD: ZAK/:( Y, dZAA(alyQZ!UlYUZ) (31)

Equation 31 differs from the expression fa.x[lin eq 24 in

from eq 35 are, respectively:

1(1 n %) ~51.148

|-_ﬂ‘l'lc,fromD: 2

(36)

1 7
m"Ic,rer:\r,f«stst]:': E(\/é - 1)(5 - 1) ~ 39.478 (37)

V241

5 ~ 69.162

mlc,rear,slowD= (38)
The expression fofdyc sronidJcan be derived using= 1 or 2.
The expression fofdyc rearfastJcan be derived using= 1 and
integratinga; anda,; between 0 and/2, v; between 0 ando,
and v, betweeny; andeo; or it can be derived using= 2 and
integratingo; ando,; betweent/2 ands, v1 betweeny, andeo,
andv; between 0 andb. The expression falyc rearsiow can be
derived using = 2 and integratingx; and a, between 0 and
/2, v1 between 0 aneb, andv, betweeny; andeo; or it can be
derived using = 1 and integratingt; anda, betweent/2 and
7, v1 betweeny, ande, andv; between 0 anco.

Simulation Methodology. The trajectory simulations in this
work use the classical motion equations that conserve momen-
tum and energy for elastic collisions. The systems consist of
smooth spherical molecules confined inside a spherical container
whose center is at the origin of the coordinate system. The radius
of the containertcons is related tof, P, andN, as illustrated in

that eq 31 refers to the average speed of the individual moleculesthe following analysis. The volume of the contain®gen, is
that undergo collisions, whereas eq 24 refers to the average line-

of-centers speed of two colliding molecules. The expression for
WrondJgiven below can be derived using= 1 or 2 in eq 31.
Gon = 158+ 30O~ 1L.0BIGO  (32)

The reason thdBsondds slightly larger tharidis explained as
follows. The probability of a collision in any given time

increment increases with the speed of a molecule. This effect

is offset by the fact that the fraction of molecules having speeds

3
4‘77:rcont

3

Vcont_ (39)
EquatingVeont to the volume of an ideal ga¥, = NkT/P, and
rearranging yields the following expression Qg

3Nk

1/3
rcont: (4.7'L'P

(40)

The molecules are initially placed inside a cubical box that

higher than the most probable speed decreases as the speed inscribed within the spherical container. This method is chosen
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because the algorithm for placing molecules in an ordered arraymolecules andj occurs if the following condition is encoun-
is much simpler for a cubical geometry than a spherical tered:
geometry. The cross diagonal of the inscribed box is equal to

the diameter of the sphere, and so the length of each edge of \/(x‘- — xi)2 + oy~ Yi)2 +(z Zi)2 <2ry (43)
the boX, Shox IS Zconfv/3. The box is subdivided into small

unit cells, each of which contains one molecule at the beginning Analogously, an mw overlap for molecule occurs if the

of the simulation run. The unit cell lengthge, is following condition is encountered
= @ = i E s 41 V Xi2 + yi2 + Ziz = rcont_ TrA (44)
Seell = N3 - J3\4rP, (41)

in which 7 is the adjustment factor that compensates for

) nonideality arising fromra being nonnegligible relative tQon:
The molecules are randomly offset betweehand~rain each  For a physically realistic mw collision, represented by= 1,

coordinate from the centers of the cells to ensure positional andthe molecules are reflected at the point they hit the wall.
directional randomization once the molecules are in motion and However, the simulation values f&@xa are as much as-3%
begin colliding. high and those foi as much as~3% low whent = 1. The
There are two sources of systematic error that arise becauseagreement can be brought within a fraction of a percent using
of nonideality in these systems. One source arises from the factthe adjustment technique far that will be discussed in a
that the free volume is slightly reduced due to the finite volume moment.
of the molecules. This error can be corrected by using the The algorithm described as follows calculates the time of
effective system pressug, in the expressions for the collision ~ OVverlap, which is defined as the amount of time during which

frequencies (egs 20, 21, and 22) and the mean free path (eq 4)'ghe c_ondition _described by either eq 43 or 44 holds true. All
The expression foPsg is given as possible collision events are tested for overlap for each molecule

at each time step. For each detected collision event, the time of

3 overlap is determined by the degree of motion reversal required
P.—p Feont 42 to ensure one of the following two conditions is met, whichever
eff — 3 N 3 ( ) applies.
Feont — NIfa ’

2 2 2 _ o
The second source of error arises from the fact thds not \/(Xj —%)"t ¢ W +(EF—2)"=2r, (m-mcollision)
negligibly small relative tacon: The correction for this error (45)

will be discussed in a moment. RN o

Once in motion, the molecules are confined to the spherical X" Y+ 7" = oo = W (M-wcollision)  (46)
container via reverse reflection (reversing the sign of the
component velocity vectprs o_f a molecule when it hits.the wall). according to the collision event having theaximum oerlap
Because molecules collide Wlth the v_vaII at ran(_jor_n orientations, time, Atmax The actual time steptac, then becomes
they are reflected at random orientations. In principle, therefore,
randomness should not be compromised as a result of reflection. At
Simulation studies in which the radial concentration gradients
were closely monitored show that there are no permanentAfter the time step is adjusted via eq 47, the only molecule(s)
gradients anywhere in the system once it has equilibrated (therethat is(are) still in contact is(are) the one(s) with the maximum
are, however, local fluctuations.) This overall uniformity in overlap time. The appropriate recoil equations are applied to
concentration suggests that there are no directional biases othis (these) molecule(s) before the next time step.

systematic deviations from the MaxweBoltzmann distribution Itis duly noted here that a small fraction of glancing-m
resulting from reflection at the wall. collisions can be missed using this approach. This fraction

Both types of collision events, molecule-with-molecule{m ShOUId 'become. smalller as the value Mlsang is redgced.
Simulation studies using a range of values Adg.nq indicate

mz)n‘:zgt mﬁ?'gf:';;\g'stgvﬁl r(]n:r\]/v ) argoﬁ_lsztrl]c. E:grgze?nd that the number of collisions that might be missed is negligibly
u ved | e Istons, Y small for the range used in this work.

and the magnitudes of the momentum vectors are conserved in The adjustment for is described as follows. The ratio of

the m-w collisions. _ the simulation collision frequencyZaasim to the theoretical
The component velocity vectors for each molecule are chosencollision frequency Zaameory is @ function ofz, i.e.

so that each molecule has an initial speed equal to the root-

mean-square speed. This ensures the system has the correct

kinetic energy, which islSkT/2. The magnitudes of the vectors

are all equivalent, but the signs are randomized to ensure the

net momentum in each coordinate is close to zero. The total Studies show th&t0) < 1 andf(1) > 1. Hence, there is a value

system energy and the sum of momenta in each coordinate aref 7, hereafter calledigea, in which 0 < Tigeas < 1 andf(zigeal)

monitored to ensure numerical integrity and motion randomness.= 1 within random error. Noting that the collision frequency is
The user-input standard time stefteang is on the order of ~ iNversely proportional to the volume, which ist#con: — 7r4)°)/

10-14s, The standard average positional advancement per time(3); the ratio off(1) to f(zisea) can be shown to be

step, given byArgiand = [BAtstang is on the order of 0.01 nm. 1) ro— 7 r\3

BecauseAtsiang is finite, some degree of overlap occurs with =f1)= (C"’“—'dea'A)

each detected collision event. An—m overlap between f(Tigea)

The entire system of molecules is then motion reversed

Atgang- At 47)

act max

7.
_TAAsim _ f(r) (48)
ZAAtheory

(49)

Feont — Ta
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TABLE 1: Results of Classical Trajectory Simulations and Theoretical Predictions for a Series of Systems Having Various
Values for reont and N2

FeondNM results errors
N theoretical simulatioh random systematic

10.68 Zpplst 5.452x 10% 5.614¢0.029)x 10 0.52 3.0
125 Alnm 32.69 31.74£0.16) 0.50 -2.9
14.96 Zpplst 1.4961x 10%? 1.54366-0.0072)x 10* 0.47 3.2
343 Alnm 32.69 31.69£0.15) 0.47 -31
21.37 Zaplst 4.362x 10 4.448@-0.012) x 10'? 0.27 2.0
1000 Alnm 32.693 32.056£0.084) 0.26 -1.9
29.92 Zaplst 1.1968x 10 1.2149¢-0.0018)x 10% 0.15 1.5
2744 Alnm 32.693 32.198£0.050) 0.16 -15
40.60 Zanlst 2.9917x 10 3.0264(0.0035)x 10t 0.12 1.2
6859 Alnm 32.693 32.2990.039) 0.12 -1.2

aAll of the systems have the following specification$:= 300 K, P = 1.00 atm,M = 78.1 gmol* (CeHg), ra = 0.265 nm,[Argand I~ 6.27
x 1073 nm, [0~ 285 ms™%, andt = 1 (fixed). ® The 95% confidence levels are given in parentheses.

Rearranging eq 49 yields the following expression fig&as: 3.5
Tideal = fl/s(l) - —Com[ r( )1 (50) /
A 25

The simulation runs always begin with= 1. When the
system becomes well equilibrated, the valuef{a) is used to Percent

calculaterigeq Via €q 50. Whenr = 1 is replaced withr = Tigea errors systematic
in eqs 44 and 46, the values Bkasim andAsiy readjust to their 15 =
new values after abouf\bcollisions. The errors for the adjusted /./
values forZaasim and Asim were within the random errors for 1
every system studied in this work. However, none of the
configuration-specific parameters that were monitored were 05 —
noticeably affected by the value affor any of the systems random | _ s—
studied. o ———p &
The simulation program begins monitoring the various 0 0.005 0.01 0.015 0.02
collision parameters after a user-specified number efrm
collisions. The total number of fm collisions in the runs Ty
ranged from~7 x 10° for the smaller systems te4 x 1P for P
the larger systems. Figure 2. Graphs of [Error;| + Errorz,,)/2 Vst alfcon for the random

Each molecule has a distance tracker that uses the followingand systematic errors in Table 1 (excluding the first data set.) The two
expression to track the distancl,traveled between successive sets of data points were each fitted to the empirical functidygr;|
collisions: + Errorz,)/2 = a expra/rcon). The best-fit values for the random

and systematic errors are, respectively, as follows: 0.0569/0.665,
andb = 120/87.8.

nSC
d = UiZAtactj (51) Results and Discussion
£

Table 1 shows simulation data and theoretical predictions for
in which ngc is the number of time steps between successive systems in which is fixed at 1,ra = 0.265 nm, and the ratio,
collisions. The value fory is constant between successive ralrcons ranges from 0.00653 to 0.0248. The purpose for
collisions, whereadt,j may or may not be the same for each conducting these runs was to assess the trend in the random
new time step. The values fak are not affected by mw and systematic errors fdrandZaa asra/rcontand 1N become
collisions since molecular speeds are unchanged by reflectivesmaller. The random errors are the percent errors determined
collisions. Once the second collision in the succession occurs,from the 95% confidence levels, and the systematic errors are
the current value off; is used to update the average value for the percent errors determined from the differences between the
A, andd is then reset to 0. A separate algorithm trapks for theoretical and simulation values. Unfortunately, the size of the
each pair of successive collisions. systems that can be feasibly studied is limited by computer

After about 20N m—m collisions the molecules become runtime, so that only a limited range fog/rcont is practical.
evenly distributed throughout the spherical container, the Fortunately, the range fam/rcont in this work is large enough
distribution of speeds very closely follows the Maxwell to show that, after a threshold system size is reached, both the
Boltzmann distribution (eq 7), and the average molecular speedrandom and systematic errors decreaserdson: and 1N
for the system converges t@Cwithin a small fraction of a decrease. Figure 2 shows graphs f&rior,| + Errorz,,)/2 vs
percent [#0s slightly smaller than the root-mean square speed ra/rcont for the random and systematic errors. An empirical
used to initialize the speeds of the molecules.) After 1 is function was fitted to the two data sets. From this function the
replaced witht = 7i4eq, the system executes a user-specified values for the random and systematic errors extrapolategl to
number of time steps before beginning the statistical analysis. reont = 0 are~0.06% and~0.7%, respectively. The value for
Between 20 and 40 sets of simulation data points were used inthe extrapolated systematic error may be high because the
the statistical analysis for each run conducted in this work.  systematic error for the largest system shows a distinct
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TABLE 2: Results of Classical Trajectory Simulations and
Theoretical Predictions for Several Collision Parameters for
a System Having the Following Specifications:T = 300 K, P
= 1.00 atm,M = 28.0 gmol~1 (Ny), ra = 0.185 nm,N = 729,
[Argandd~ 5.23 x 1073 nm, @0~ 476 mrs ™, reone &~ 19.2 nm,
and Tigeal ~ 0.470

parameter theoretical value simulation value
Zapls™t 2.585x 10%? 2.583(0.008)x 102
s 0.7071 0.7078£0.0014)
@ie{Im-st 612.2 612.240.9)
@ie,dm-s™t 328.2 328.0£1.0)

Alnm 67.17 67.270.22)

Pr— 0.5000 0.5009£0.0026)

Pr—r 0.085 79 0.08610¢8.1 x 107%)
Pr—r 0.2071 0.20570.0069)

Pr 0.2071 0.20570.0069)
@ilim-s™t 518.7 518.74¢0.5)

@y Im-s™t 615.7 615.5¢1.2)

@y s[Im-s* 410.8 411.3¢1.0)

[duc [ideg 51.15 51.15¢0.01)
[duc,rfIdeg 39.48 39.45¢0.01)
[duc,r.s[Ideg 69.16 69.18£0.01)

@The subscripts are abbreviated here as follows: front; r =
rear; r,f = rear,fast r,s = rear,slow

TABLE 3: System Specifications: T = 300 K, P = 1.00 atm,
M = 28.0 gmol=! (Ny), ra = 0.185 nm,N = 2,197, [Argand I~
5.23x 103 nm, @0~ 476 mrs™L, reome & 27.8 Nm, andtigeal

~ 0.582

parameter theoretical value simulation value
Zpals™t 7.790x 1012 7.808(0.020)x 102
s 0.7071 0.7076£0.0010)

Qi AIm-s 612.2 612.140.7)
@icdm-st 328.2 328.2¢£0.7)

Alnm 67.17 67.0G£0.17)

Pr—t 0.5000 0.5028£0.0015)
Pr—r 0.085 79 0.08652(6.1 x 10°%)
Pr—r 0.2071 0.2066£8 x 107%)
Pr—t 0.2071 0.2066£8 x 107%)
@rlIm-s~t 518.7 518.6¢£0.4)

Gy Im-s? 615.7 615.6£0.7)

@y sIm-st 410.9 410.3¢£0.7)

[0y ldeg 51.15 51.14€0.01)
[ue,rsdeg 39.48 39.53(0.01)
[ue,rslZdeg 69.16 69.210.01)

0
downward curvature. Hence, it is quite possible that the

extrapolated values for the random and systematic errors
converge more closely with each other than implied by the

extrapolation method used here. In any case, the trend certainly

shows that the system is very close to ideal in the limit that
ralfcont @pproaches zero. Adjusting compensates for the
nonideality of the system due to its finite size. As sughsal
approaches-1 asra/rcont approaches zero.

Tables 2-6 show simulation measurements and theoretical
predictions for several systems in which the following collision
parameters were monitore@aa (€q 22) 7tront (€q 23),[@ic frontJ
(eq 26),Wicrear (€ 27),Prront—front (€0 28),Prront—rear 2NAPrear—front
(eq 29),prear—rear (€9 30),4 (eq 4),ErondXeq 32),Drear fast(€Q
33), Wrear sioW (€] 34),[duc frond (€9 36),[duc rearfast (€Q 37), and
[Ouc rearsiow €Q 38). About 75% of the simulation measurements
are in exact agreement with the theoretical predictions within
the 95% confidence levels.

The ratio,A/rcon; Was allowed to vary over a large enough
range (from~0.63 in Table 6 to~6.5 in Table 4) to determine
whether systematic errors occur for systems in wiichreon:
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TABLE 4: System Specifications: T = 300 K, P = 1.00 atm,
M = 4.00 gmol~1 (He), ra = 0.129 nm,N = 1,000, [Ar stand]
~ 5.32 x 1073 nm, @0~ 1260 ms™2, reone &~ 21.4 nm, and
Tigea ~ 0.490

parameter theoretical value simulation value
Zanlst 4.559x 10 4.542¢0.019)x 10'?
7 0.7071 0.70710.0013)
@icdm-st 1620 162143)

e, Um-s™? 868.3 869.8£2.8)
Alnm 138.2 138.70.5)
Prs 0.5000 0.4988£0.0025)
Prr 0.085 79 0.08574(9.0 x 1074
Pr—r 0.2071 0.2060£0.0011)
Pr—t 0.2071 0.2060£0.0011)
BiIm-s ! 1372 13724:2)
I 1629 163243)
(3 s[Im-s~* 1087 108543)
(duc s Ideg 51.15 51.12¢0.01)
[duc,rslldeg 39.48 39.510.02)
[dyc, sIdeg 69.16 69.15¢0.01)

TABLE 5: System Specifications: T = 300 K, P = 1.00 atm,
M = 78.1 gmol~1 (CgHg), ra = 0.265 nm,N = 1,728, [Argand ]
~ 0.0106 nm,WV0~ 285 ms ™, reone & 25.6 NM, andtigea ~
0.421

parameter theoretical value simulation value
Zanlst 7.537x 10 7.548(:0.014)x 10%?
s 0.7071 0.7075£0.0007)
@iedm-s* 366.6 366.6£0.3)
@ic,Im-s? 196.5 196.74£0.3)

Alnm 32.69 32.64£0.06)

Pr—t 0.5000 0.5018t 0.0012)
Pr—r 0.085 79 0.0863%4.8 x 10°%)
Pr—r 0.2071 0.2066£4 x 1074)
Pr—t 0.2071 0.2066£4 x 107%)
BIm-s™t 310.6 310.6£0.2)

By Im-s~* 368.6 368.6£0.3)

@y sm-s™t 246.0 246.14£0.4)

[dyc fIdeg 51.15 51.15¢0.01)
[duyc,r.[[Ideg 39.48 39.4%0.01)
[duc,,s[Ideg 69.16 69.22£0.01)

TABLE 6: System Specifications: T = 300 K, P = 1.00 atm,
M = 720.7 gmol~1 (Cgp), ra = 0.375 nm,N = 1,728, [Arsiand]
~ 0.0150 nm,W0~ 93.9 ms, reont & 25.6 NM, andrigea ~
365

parameter theoretical value simulation value
Zpalst 4.986x 1012 4.996(-0.010)x 10%?
N 0.7071 0.7078£0.0005)

Qe sImest 120.7 120.740.1)

@i, [Im-s™t 64.68 64.65£0.08)
Alnm 16.27 16.24£0.03)

Pr-t 0.5000 0.5023£0.0011)
Pr—r 0.085 79 0.08627#4.1x 1079
Prr 0.2071 0.2068£5 x 107%)
Pr—t 0.2071 0.2068£5 x 1079)
BiIm-s ! 102.2 102.3¢0.1)

@y ¢dm-s* 121.3 121.440.1)

@y slIm-s™ 80.98 80.99£0.07)

[duc ldeg 51.15 51.14€0.01)
[duc,rsLldeg 39.48 39.5@£0.01)

[due,r s[Ideg 69.16 69.14€0.01)

Outside of pedagogic pursuits and classroom discussions,

configuration specificity in gas-phase dynamics has several other
potential applications. For one, adding configuration specificity

The results clearly show that the behavior of the systems is notas a higher level of analytical detail may shed some insight

discernibly altered ifl. > reont

into certain gas-phase dynamic processes. Also, configuration
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specificity may shed some light in interpreting the results of kT PNoagXa(1 — Xy)
certain gas-phase experiments such as molecular beam studies. Zpg= E - T

kT
It should be emphasized here that even though configuration
specificity does add deeper understanding of gas-phase collisionn which u is the reduced mass add is the mole fraction for
processes, the analysis is limited in its application due to the componentA.
restrictions that the molecules are spherical and noninteracting.
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