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Abstract

The hard-sphere line-of-centers collision model can be extended analytically to include the orientational dependence of bof
the energy barrier and the critical distance of approach. This hard-ovoid line-of-centers model is applied to the translatione
activation of the bimolecular nucleophilic substitution & reaction, CI + CH;Cl — CICH,; + CI™, for which a direct
reaction mechanism was found in recent classical trajectory calculations. The model is compared with recent experiments al
the classical trajectory calculations. (Int J Mass Spectrom 185/186/187 (1999) 343-350) © 1999 Elsevier Science B.V.
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1. Introduction earlier theoretical predictions [4,5]. The experimental
cross section [1] rises slowly above an apparent
Recent guided ion beam experiments [1] and clas- translational energy threshold of 45 15 kJ mol %,
sical trajectory calculations [2] have investigated the about four times the ab initio potential energy barrier
collisional activation of the prototype bimolecular height. Classical trajectory calculations [2] match the
nucleophilic substitution (&) reaction, threshold energy and the shape of the cross section
remarkably well, although the calculated cross sec-
tions are more than an order of magnitude higher than
This reaction proceeds on a Symmetric double-well experiment. The trajectories show that the reaction
potential, with a central & potential energy barrier ~ proceeds by directmicroscopic reaction mechanism,
that is about 11.5 kJ mot higher than reactants 1.e. complex formation due to the ion—dipole well is
according to recent ab initio calculations [3]. The unimportant at elevated collision energies. At energies
experiments show that translational energy is ineffi- just above the apparent threshold, the angular scattering
cient at promoting reaction (1) [1], consistent with Of products in the trajectory calculations is predomi-
nantly backward, characteristic of a rebound mecha-
nism, while at higher energies the products become
In honor of Professor Michael T. Bowers on the occasion of forward scattered, characteristic of a stripping model [2].
his 60th birthday. Much previous work on reaction (1) and othg(2S

Cl; + CHsCl, — CI.CH; + Cl; (1)
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reactions has centered on the success or failure ofsphere LOC model for reaction (1) is the orientational

statistical reaction models [6—10]. For the collision-
ally activated, direct reaction mechanism, statistical
models are clearly inappropriate. It is interesting to
examine whether simple kinematic collision models
for direct reaction might be capable of reproducing

dependence of both the minimum energy and distance
of closest approach. The potential energy surface for
reaction (1) is strongly dependent on the orientation of
CH;CI. Passage over thg,3 barrier at the minimum
energy can only occur if Cl approaches the carbon

the observed energy dependence of the cross sectiorftom exactly along the C—Cl axis of GEI. For other

for reaction (1). The best-known simple collision

angles, the barrier height increases and the position of

model is the hard-sphere line-of-centers (LOC) model the barrier (the distance of Cfrom CH;Cl at the top

[11,12], for which the cross section is given by Eq.
),

o(Ey) =0 if Er < e (2a)

Er— €
o(Ey) = md? (T"> if Er> e (2b)
Er
whereE- is the relative translational energy,is the
hard-sphere diameter (sum of the radii of the two
reactants), ane, is the threshold energy for reaction.

of the barrier) changes. Modifications to the hard-
sphere line-of-centers model to include an orienta-
tional dependence of the critical energy and distance
have been presented previously [12,14-18]. In this
work, the model is applied to the case of a collision
between an atom and a molecule with simple func-
tional forms for the orientational dependence that lead
to analytical expressions for the cross sections as a
function of energy. This model is then applied to
reaction (1) and the results compared with the cross

The LOC model specifies that the component of the sections from experiment [1] and the classical trajec-
collision energy along the line-of-centers between the Oy calculations [2].

reactant molecules must exceeg at the critical

distance of approach, which is fixed at the hard-sphere 2. Collision model

diameterd.

The hard-sphere LOC model predicts a sharply
rising cross section from the threshold, strongly at
odds with the experimental results for reaction (1).
The experimental data were fit with a widely used
empirical threshold power law model given by Eq.

@),

(ET_ Eo)N

O-(ET) = 0Op E
T

(3)

where o, N, and the threshold energf, are

adjustable parameters [13]. Eq. (3) is equivalent to the o(E;) =

hard-sphere LOC model fad = 1 ando, = 7d?.
The optimized parameters [1] for reaction (1) were
o, = 0.024 KleVN~1, N = 2.64, andE, = 45 +
15 kJ moll. Despite this high threshold energy
compared with the ab initio potential barrier height of
11.5 kJ mol %, the reaction was shown to proceed by
conventional backside,2 attack at the carbon atom,
at least up to 200 kJ mot [1].

One possible reason for the failure of the hard-

2.1. General orientation-dependent line-of-centers
model

In the generalized collision model for an atom—
molecule reaction, the total reaction cross section is
obtained by integrating the energy- and orientation-
dependent reaction opacity functid®(E+, b, vy, ¢),
over random initial values of the impact paramdier
and the orientatiory and ¢, according to Eq. (4),

=l

X 2mb dbsiny dy d¢

P(ETl b! 71 (b)

(4)

wherey gives the orientation of the target molecule in
the plane of the collision and is its azimuthal angle

of orientation. The angles are defined by a vector
indicating the orientation of the reactant molecule
relative to the line-of-centers connecting the atom
with the center-of-mass of the molecule at the mo-
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Fig. 1. Geometry parameters used in the hard-ovoid line-of-centers
collision modelb, impact parametew, relative velocity vector .,
critical distance of approach along the line-of-centatsin-plane
angle of orientation of the target molecule (bold arrows) relative to
the line-of-centers; c.m., center of mass of the target molecule. The
curve represents the cross section of the hard-ovoid critical reaction
surface, Eq. (12), witlp, = 4.06 andp, = —1.31.

ment of reaching a critical minimum separatiog(y,

¢). These parameters are shown in Fig. 1. In the
line-of-centers model [11,12,14,15], reaction is as-
sumed to occur if the component of the relative
kinetic energy along the line-of-centerg, 5, ex-
ceeds a minimum valu&(y, ¢). The energy along
the line of centers is given by Eq. (5)

b2
oy, 4»)2)

Using the line-of-centers criterion, the opacity func-
tion is defined by Eq. (6),

P(Et, b, v, ¢) = H(E oc — Eo(v, ¢))
=H[Er— ETbZ/rc(% $)?

- EO(V! d))]

whereH(x) is the unit step function, i.ed(x) = 1

for x > 0 andH(x) = 0 for x = 0. To evaluate the
cross section, one must define the functiogsy, ¢)

and Ey(y, ¢) and integrate Eqg. (4) over Eq. (6),
setting the integration limits to exclude regions where
the opacity function is zero. The integration over
impact parameter can be carried out by observing that

Eloc = Er (1 %)
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reaction can occur fronb = 0 up to a maximum
impact parameteb,,,., in Eq. (7) given byE, oc =

Eo(y, @),

E-—E , 1/2

b, ) = v, ) T2 ) )
which yields Eq. (8)

1 2 T
o(Eq) = 4f J r(y, ¢)?

(0] 0]
Er — Eo(y, ¢)
8 ( Er )
X H[Er — Eo(y, ¢)]sinydydd  (8)

For the simple hard-sphere line-of-centers model,
both the energy barrier and the critical distance are
constants. Integrating Eq. (8) with(y, ¢) = d and
Eq(y, ) = €4 gives the well-known result, Eq. (2).

2.2. Orientation-dependent energy barrier

Smith [14] and Levine and Bernstein [15] have
previously derived the extension to the line-of-centers
model when the energy barrier is dependent on the
orientation angley. They expandgy(y, ¢) to first
order in (1— cosv) according to Eq. (9),

Eo(v, ¢) = €0 + €4(1 — cosy) (9)

wheree, is a positive coefficient, which defings=

0 as the most favorable angle of attack for the case
where reaction occurs preferentially at one end of the
molecule. The maximum angig, .. given by Eq. (10)
defines the cone of acceptance for the reaction

€0+ € — ET)
€1

Osvy=nmw

Vinax = min[w, cosl( (10)
The integration of Eq. (8) ovey is carried out from
limits y = 0 toy.Yielding the reaction cross section
given by Egs. (2a), (11a), and (11b)

’7Td2 (ET B 60)2

o(Ey) = 4e,E,

if eg<Er=ey+ 2¢;
(11a)
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Ert—e€,— €
o(Ep = 7rd2<T01) if Er> e+ 2¢; o(Ep) = — | p3(Er — €0 — €)
Et E,

(11b)

4
Eq. (11) is equivalent to those presented previously + 2Popl( Er—e—3 61)
[14,15]. Addition of the orientation-dependent energy
barrier yields a cross section that is quadratic with the o 2(Ex — €o)
excess energy, smaller in magnitude and less steeply 2p1< 3
rising than the simple line-of-centers model. At ener- (13b)

gies above the barrier for all angles of attack, EQ. |nciysion of the orientation-dependent critical dis-

(11b), the cross section has the same form as theynee results in a significantly more complex cross
simple line-of-centers model, but with an apparent

threshold energy ok, + €;, equal to the angle-
averaged barrier height. Eq. (11b) explicitly limits the
maximum cross section te = wd?.

- el>] if Ex> €gt+ 2¢;

section function. Near threshold, the cross section is a
sum of terms of E; — €,)"/E; with powers ofN = 2, 3,
and 4. Becausg, can be positive or negative, the cross
section can deviate in either direction from Eq. (11).

If the linear dependence &, andr. on (1 — cos
v) is not realistic, then higher terms could be added, or
2.3. Orientation-dependent critical distance the integration could be carried numerically using

arbitrary functions ofr (y, ¢) and Ey(y, ¢). A

In general, the minimum distance of approach as higher level of complexity involves adding a depen-
well as the energy barrier varies with orientation. This dence ong, i.e. a torsional potential. In that case, the
effect has been included in the angle-dependent LOC integration limits depend on bothand ¢. Near thresh-
framework using ellipsoidal surfaces to define the old, the barrier height might be represented by Eq. (14)
critical distance [16—-18]. For the presentXSreac-
tion, where reaction occurs at only one end of the FolY: ®) = €0+ €x(1 — cosy)

molecule, an appropriate functional form for the + €,(1 — cosy)(1 — cosne) (14)
orientational dependence of the critical distance is
given by Eq. (12), For the case witln (y, ¢) = d, one obtains Eqg. (15)

7Td2(ET - 60)2
AE(€2 + 2e€e,)Y?

r(y) =pot+pi(l—cosy) O=y=n (12) o(Ep) =

which represents a curve called a limacof Pascal
(more generallyy = a + b cosv). Its surface of

revolution about they = 0 axis is an ovoid (e99-  near threshold irrespective of Thus, the presence of

shaped spheroid). The integration of Eq. (8) using the the torsional potential simply reduces the magnitude
orientation dependence of the barrier height in Eq. (9) of the cross section relative to Eq. (11a). For higher
and of the barrier position in Eq. (12) yields analytical energy ranges, or when the critical distance is also

expressions for the cross section as a function of grientation dependent, the integration is best done
collision energy, Egs. (2a), (13a), and (13b) numerically.

if eg<Er=e+ 2¢; (15)

7po(Er — €0)° | mpops(Er — €0)°
4e,E; 6e3ET

o(Ey) =
3. Application to the CI~ + CH4CI S\ 2 reaction
mpHEr — €)*

[ <Er=
2467 if eg<Er=ey+ 2¢;

Reaction (1) has a preferred orientation of attack
(13a) with the chloride atom approaching at the carbon
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atom opposite the leaving chloride atom. Treating the
orientation as fixed during the direct reaction is crude

but reasonable because the mean rotational period for

CH,CI at room temperatures,, ~ 2 X 10 *? s, is
long compared with collision time at the translational
energies of the experiments; for exampte,, ~
(1-2) X 10 *3s for an interaction distanced 6 A at
relative translational energies of 50—200 kJ ol
The LOC collision model neglects effects of the

long-range interactions between the reagents as they

approach the critical dividing surface. That is most
valid for high collision energies, relative to the ion—
dipole well depth of 43.5 kJ mof for CI~ + CH,CI

[19]. The classical trajectory calculations confirm that
the reaction proceeds directly without formation of an
ion—dipole complex [2]. As discussed previously,
statistical models that would be valid for a mechanism
involving a complex with randomized internal energy
distributions are incapable of reproducing the ob-
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Fig. 2. Orientation dependence of the energy barrier (top) and

served reaction cross section or kinetic isotope effect critical distance (bottom) from the HF/6-31G* potential energy

while also using the accepted barrier height [1].

3.1. Parameters from calculated potential energy
surface

Ab initio calculations can be used to estimate the
parameters,, €,;, py, andp,. The HF/6-31G* level
[20] of theory gives a barrier height for the reaction of
14.9 kJ mol ', which is slightly too high, and should
give qualitatively correct angular dependence. The
minimum distance of approach required for reaction is
taken as the top of the barrier fog&attack, which is
the CI-CH~CI geometry for a given CI-C—Cl angle
with two identical C-Cl bond distances, and the
positions of the hydrogen atoms relaxed. The origin
for determining the angle of attackand the critical
distancer, is taken as the center-of-mass along the
CI-C axis in chloromethane, i.e. treating ¢ as a
pseudo-diatomic. Fig. 2 presents the height of the
barrier and the critical distance as a function of<1
cos vy) for the favorable and unfavorable azimuthal
angles ¢ = 0 and ¢ = /3, respectively). The
parameters obtained by linear regression fits of Egs.
(9) and (12) to the calculated Hartree—Fock values of
E, andr . up to energies of 100 kJ miot are given in

surface, using the center-of-mass of the Clz@beudo-diatomic as
the origin. The solid circles give the calculated points for the most
favorable torsional angles (e.¢.= 0) and the open circles are for
the unfavorable torsional angles (edy.= «/3). The lines are the
fits to Egs. (9) and (12) for near-threshold energies (below 100 kJ
mol™~Y), with parameters listed in Table 1.

Table 1. The ab initio values show some curvature,
but the linear fits give a reasonable orientation depen-
dence near threshold. The dependence on the azi-
muthal anglep is not large and will not be considered
further, although the dependence would likely be
much greater if the hydrogen atom positions were not
relaxed in the Hartree—Fock geometry optimizations.

Table 1
Model parameters

Fit to HF/6-31G*

barriers®
Parameter =0 b = 7l3 Fit to experiment
€ (kJ mol?) 16.5 16.0 11.%
& (kI mol?) 603 691 60%
po (B) 4.06 4.05 0.090
p1 (A) -1.31 -0.82 3.32

2Values obtained for ab initio HF/6-31G*,@ barriers as a
function of orientation. See text.
b Constrained to theoretical values, as described in text.
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Both experiment [1] and the classical trajectory
- calculations [2] show a secondary kinetic isotope
effect; the cross section for reaction (1) with &His
o6 | _ 16-20% higher than with CITI. The only mass
04 ] F L effect in the hard-ovoid model arises from the shift of
02 ] / center-of-mass origin. However, that results in a
negligible difference in the calculated cross sections.
Thus, the hard-ovoid model cannot account for the
r observed kinetic isotope effect. It is possible that
consideration of kinetic mass effects [21-23] in the

collision could account for the isotope effect, but that

0 200 400 600 800 is beyond the scope of this article.
Energy (kJ/mol)

w
(=]
I

1.0

0.8 r -
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0 10 20 30 40 50

Cross Section (10'16 cm2)

3.2. Adjustable-parameter fits
Fig. 3. Calculated model cross sections using the parameters

obtained from the HF/6-31G* ab initio calculations. (a) Hard- . ) .
sphere line-of-centers model, Eq. (2). (b) Hard-sphere line-of- It is quite possible that the model parameters

centers model with orientational dependence of the energy barrier, obtained from fits to the Hartree—Fock potential bar-
Eq. (11). (c) Hard-ovoid Iine—of—cent.ers model, W_it_h ori_entational riers are inadequate, either because the partially re-
dependence of both the energy barrier and the critical distance, Eq. . . .
(13). The inset shows the threshold region magnified. laxed top-of-the barrier geometries picked as the
position of the critical distance are unrealistic or
Fig. 3 shows cross sections calculated using the because the functional forms f&g(y, ¢) andr (v,
simple hard-sphere line-of-centers model, Eq. (2); the ¢) are too simplistic. Therefore, | have also fit the
hard-sphere orientation-dependent-barrier line-of- data using,, €;, po, @ndp, as adjustable parameters.
centers model, Eq. (11); and the hard-ovoid orienta- Using a full four-parameter fit, a minimum energy
tion-dependent-barrier line-of-centers model, Eq. barrier ofe, ~ 42—49 kJ mol* is obtained. Statisti-
(13). Parameters based on the Hartree—Fock valuescally significant independent values §fandp, cannot
for reaction (1) are used. All three models greatly be obtained; that is, the higher terms in Eq. (13a) are not
overestimate the magnitude of the experimental cross required to fit the data. The energy barrier is similar to
section. The behavior of the hard-ovoid model is the apparent threshold energy of #515 kJ mol * that
closer to the experiments than the simple hard-spherewe obtained using the empirical threshold power law,
LOC model. In particular, it shows a delayed onset Eqg. (3), whereN was treated as an adjustable power [1].
above the threshold. However, the hard-ovoid model Thus, as a completely empirical function, Eqg. (13) has
still rises too rapidly from the threshold energy little advantage over Eq. (3).
compared with experiment. It is interesting to establish whether the hard-ovoid
If the reaction is completely impulsive and the CI model can reproduce the experimental results with the
in chloromethane acts as a spectator atom, then usingthreshold energy constrained to the ab initio barrier
the carbon atom as the origin instead of the center- height. The fit usinge, = 11.5 kJ mol fixed from
of-mass of CHCI might better represent the direct G2(+) calculations [3] and, = 603 kJ mol * based
dynamics. The calculated energy and especially the on the Hartree—Fock calculations, and then optimizing
critical distance parameters are substantially different the two distance parameters (Table 1) is shown in Fig.
for that case, but the features of the calculated 4. Although the quality of this fit is not as good as a
hard-ovoid cross sections are qualitatively similar as four-parameter fit, it is noteworthy that it is possible
with the center-of-mass origin. The valuesgfand to reproduce the general cross section behavior near
p, are smaller, but the cross sections are still larger threshold with the hard-ovoid model using the ab
than experiment. initio barrier height. That suggests that orientational
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Fig. 4. Fit of Eq. (13) to the experimental data for reaction (1) using
a fixed value ofe, = 11.5 kJ mal* based on the ab initio barrier
height. Other parameters are given in the last column of Table 1.
The values ofp, and p, are optimized over the range 0—-200 kJ
mol~L. The dashed line is Eq. (13) using the optimized parameters;
the solid line is convoluted over experimental energy distributions.
The open circles are experimental cross sections [1]. The solid
circles are from classical trajectory calculations [2], reduced by a
factor of 12 to match the experimental results.

restrictions can partially explain the experimental
behavior. However, the required critical distances are
much too short to be physically reasonahlg € pq
= 0.09 A aty = 0°), which implies that the reaction
probability is reduced for reasons other than merely
orientational effects. For example, there may be
collisions where the reactants reach the critical dis-
tance of approach, but then rebound. That is the
equivalent of recrossings of the dividing surface in
transition state theory [14], which have been shown to
be prevalent for reaction (1) in classical trajectory
calculations at thermal energies [24,25].

For comparison, | also show in Fig. 4 the results of
the classical trajectory calculations [2] for the trans-
lationally activated reaction, reduced by a factor of 12

to match the experimental magnitudes. The shape of

the cross sections are similar, which is encouraging. It
would be interesting to investigate the classical tra-
jectories further to determine whether the orienta-
tional dependence predicted by the hard-ovoid model
is reasonable, and whether a critical distance of

approach can be defined that separates reactive and[

nonreactive trajectories.
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4., Conclusion

Orientational effects dramatically alter the thresh-
old behavior of the collision cross section model from
the simple hard-sphere line-of-centers model. With an
orientation-dependent energy barrier, the cross sec-
tion rises much more slowly above the threshold
energy than predicted by the hard-sphere LOC model.
The effects of including the dependence of the critical
distance on orientation and the azimuthal anglular
dependence are less dramatic. The derived functional
form of the hard-ovoid LOC model cross section, Eq.
(13a), provides further justification for the use of the
empirical threshold law, Eq. (3), near threshold.

For the {2 reaction of CI' with CH;CI, the
hard-ovoid line-of-centers collision model can partly
explain the experimental results. Although the model
can reproduce the general shape of the experimental
and classical trajectory cross sections, using model
parameters obtained directly from ab initio calcula-
tions yields unreasonably high cross section magni-
tudes. It is not surprising that a collision theory model
does not completely explain thgSreaction dynam-
ics. Nevertheless, the hard-ovoid model shows that
orientational effects can push the threshold onset of
the reaction cross section to energies significantly
higher than the minimum potential barrier, as is
observed experimentally.
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