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A nearside/farside analysis of differential cross sections has been performed for the complex-forming
Sn2 reaction CIm + CHzBr — CICHz + Br. It is shown that for low rotational quantum numbers a direct
“nearside” reaction mechanism plays an important role and leads to anisotropic differential cross
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sections. For high rotational quantum numbers, indirect mechanisms via a long-lived intermediate complex
are prevalent (independent of a nearside/farside configuration), leading to isotropic cross sections. Quantum
mechanical interference can be significant at specific energies or angles. Averaging over energies and angles

reveals that the nearside/farside decomposition in a semiclassical interpretation can reasonably account for
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|. Introduction

State-resolved differential cross sections for chemical reactions,
containing information on angular distributions of the scattered
products and thus describing a reactive process at a very detailed
level, provide the most stringent test for a quantitatively accurate
theoretical model for elementary chemical reactions.’® Only a
few reactive systems could be studied with quantum-state
resolution in scattering experiments,”* where the flux of the
reaction products is measured that go into different scattering
angles and final ro-vibrational states for different initial levels.
Differential cross sections often exhibit complicated inter-
ference patterns'>"* which are difficult to analyse. lon-molecule
reactions, studied experimentally employing crossed-beam
imaging,"> an approach widely used for reactions between
neutral species,>'® are also employed for the investigation of
reactions between neutrals and anions, based on the technique
of velocity map imaging."” A velocity map imaging spectro-
meter in conjunction with a low-energy ion source has been
used successfully to study gas-phase Sy2 reactions by Wester
and co-workers."®

Several reaction mechanisms are possible in the prototypical
SN2 reaction X~ + CH3Y — XCH; + Y~ with halogen atoms X
and Y." In the direct mechanism, the nucleophile X~
directly attacks the cone built by the carbon and the three
hydrogen atoms and forms the new X-C bond in a direct
collision while simultaneously the other bond, C-Y, is broken.
In the indirect mechanism, on the other hand, a relatively long-
lived resonance state is produced, corresponding to an inter-
molecular complex that is bound by long-range ion-dipole forces.
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the analysis of the reaction mechanism.

This complex carries out rotations before dissociating back into
the reactants or finally forming the products. By investigating the
importance of different reaction channels, new insight can be
gained into this fundamental chemical reaction mechanism.

In our previous quantum-mechanical studies on nucleophilic
bimolecular substitutions,**™** reaction probabilities and total
reaction cross sections have been calculated and discussed in
detail. In ref. 32, differential cross sections have been computed
based on rotationally resolved time-independent quantum-
mechanical scattering calculations for CI~ + CH3Br — CICH; +
Br™. The results show almost isotropic cross sections for reactant
molecules with high rotational quantum numbers. Backward
scattering is disfavoured for reaction out of states with small
rotational excitation, in particular the rovibrational ground state.
This is due to a quantum-mechanical effect, the interference of
partial waves, that in general can be rationalized by simple
classical arguments. In particular for higher vibrational excita-
tion, an umbrella effect that favours the backward direction can
be explained by the strong enhancement of the reactivity by
opening a direct reaction mechanism. In non-central collisions, or
in other words collisions with initial rotational motion, a torque
due to the ion-dipole interaction is exerted on the molecule which
after a rotation by about 90° completes the reaction.

Connor and co-workers for the first time applied an approximate
version of Fuller’s nearside/farside theory of angular scattering -
originally developed to understand nuclear heavy-ion differential
elastic cross sections - to molecular collisions.>® While the
nearside/farside theory provides valuable insight into structured
angular distributions, a disadvantage of a nearside/farside
decomposition is that it is not unique.

In the present paper, we report on a nearside/farside analysis
in the prototypical substitution reaction CI~ + CH;Br — CICH; +
Br . From a theoretical point of view, it is necessary to extract
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converged complex S-matrix elements from a quantum scattering
calculation, not only the squared moduli in which the phase
information is lost. While the latter are sufficient for the calcula-
tion of integral scattering cross sections (and can be obtained by
averaging without taking into account the phases), differential
cross sections are computed by first summing up the S-matrix
elements weighted by Legendre polynomials and squaring the
moduli of that sums afterwards. The complex S-matrix elements
are obtained from the scattering wavefunction after projecting the
asymptotic wavefunction onto channel Jacobi coordinates.

The paper is organized as follows: in Section II we report
on the theory behind the nearside/farside analysis as applied
to a molecular collision, while numerical details are contained
in Section III. The results and their discussion are presented in
Section IV. Finally, Section V gives our conclusions. Through-

out, all energies are quoted in ecm ™.

II. Theory

The computation of S-matrix elements for the reaction Cl™ +
CH;Br (v,j) —» CICH; (v',j') + Br™ is described in detail in ref. 31
and 32. In ref. 32, state-resolved differential cross sections at
total energy E for vanishing helicity have been computed from
S-matrices S%,,(E) employing the usual formula

danm _ 1 . 2
do (E,0) = 4kn2‘fnm(E7 0, 1

with the scattering amplitude f(E,0) given by a partial wave
summation

Jom(E, 0) = fj Am,1 (E) Py (cos(0)) (@)
J=0

and coefficients a,, ;(E) according to
Anm, (E) = (2] + 1)STm(E). (3)

Here, k, denotes the wavenumber of the initial state and P; is
the usual Legendre polynomial of the first kind of order J. 6 = 0
denotes forward scattering, and 6 = n corresponds to backward
scattering.

The differential cross sections themselves can be directly
related to experimental results. To shed more light on the
underlying reaction mechanisms, we employed a nearside/
farside analysis introduced by Fuller** which has successfully
been applied to reactive scattering.>*>° In a nearside/farside
analysis, the scattering amplitude is decomposed into a sum of
two subamplitudes moving clockwise (f(0)) and counter-
clockwise (f'(0)) around the interaction zone:

FO)=£70)+f(0) (4)
with f*(0) defined by

FE0) =S 4P (cos(0)). )
J=0

In a semiclassical picture, f(0) can be associated with trajec-
tories scattered from the nearside of the target (with respect to
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Fig. 1 Nearside and farside scattering for the SN2 reaction ClI™ + CH3Br —
CICHs + Br™. Two semiclassical trajectories with the same scattering angle,
i.e. equally contributing to the differential cross section are shown. The
nearside trajectory runs nearer to the detector which is thought to be
positioned at the angle 0. See the text for comments on this simplified
picture since for collisions beyond the simple elastic atom—atom case the
semiclassical nearside/farside theory is not trivial.

the detector), while () corresponds to trajectories on the
farside of the target. The two semiclassical trajectories con-
tribute to the same scattering angle. Applying this picture to the
Cl/Br exchange reaction, a direct reaction mechanism is
expected to contribute mainly to the nearside scattering ampli-
tude, while an indirect mechanism (with the formation of a
long-lived complex) contributes to both the nearside and the
farside amplitude. This is schematically shown in Fig. 1. Here,
it should be noted that semiclassical trajectories can be easily
displayed for simple non-reactive atom-atom collisions, where
the change of the scattering vector is monitored. In this case,
nearside and farside trajectories leading to the same scattering
angle show different angles with respect of the rotation of the
scattering vector (¢f. Fig. 1 in ref. 36). However, when more than
two particles are involved, the task of identifying nearside and
farside contributions is not trivial. For non-reactive atom-
diatom collisions, a similar procedure can be applied employ-
ing the projection of the Jacobi vector onto the fixed plane
perpendicular to the total angular momentum vector; its
precession angle during the course of the collision is then
monitored.?® This formalism can be extended relatively simply
to reactive atom-diatom collisions.>® Thus, the trajectories
shown in Fig. 1 are not easily comparable to curves directly
related to geometrical data obtained from a conventional semi-
classical calculation.

However, the decomposition of the scattering amplitude
into subamplitudes is not unique. The final differential cross
section is composed of contributions from nearside scattering,
farside scattering and interferences of both. In the present
analysis, we use the canonical decomposition

Pieos(0) = 5 Pileos(0) = 20,(co50) ) ()

with Qj(cos(0)) being Legendre polynomials of the second kind.
Substituting eqn (4) into eqn (1), we obtain a decomposition of
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the differential cross section into a farside (superscript +), a
nearside (—) and an interference (i) component:

do do}t do;, do’
nm _ nm ( nm ( nm (
do (E79) do \E50)+ do \E70)+ do \E76)7 (7)
where the nearside/farside components are given by
dot, 1. 2
do (E70) 7W’fnm(Ea 0)| (8)

while the interference component results from

nm

dQ

do? 1
(E,0) = 4kn2(

(B0 T (B0 + 73, (EL0) £, (E.0) ).

©)

with the bars denoting complex conjugation.

[1l. Numerical details

The SN2 reaction is treated as a pseudo-triatomic system with
the methyl group regarded as a united atom. The internal geo-
metry of this group is optimised for each set of Jacobi coordi-
nates R, r and . Starting with the exact Hamiltonian operator in
Jacobi coordinates and restricting ourselves to vanishing helicity,
we drop the Coriolis coupling term (centrifugal sudden approxi-
mation, CS*”%%) and obtain the Hamiltonian for total angular
momentum j > 0

Hes =T/ + T + 7, (10)

with the influence of total angular momentum approximated in
the kinetic energy contribution Tl according to
2

(11)

where j denotes the angular momentum of the pseudo-diatom.

In the framework of time-independent quantum scattering
theory the Schrodinger equation for fixed total energy E and
fixed J is solved employing an expansion of the wavefunction in
products of translational functions and eigenfunctions of the
surface Hamiltonian. The numerical solution of the scattering

(a) E =350 cm, (vj) =(0,0)

6
50
"
40
4
. 30
EF 5
«© 1 A
= B o0
o 2 o
o ()
°
17 10
0 o P Peris P e - 0
f 20 40 60 80 100 120 140 160 180
-1 J
0/ degrees 10

e e S

View Article Online

Paper

problem makes use of the technique of R-matrix propagation.®®
We employ the wave functions and overlap matrices computed
for J = 0 and add the above term 7%g as an energetic correction
to the Hamiltonian in the propagation of the wavefunction
along the hyperradius. Asymptotically we impose appropriate
boundary conditions and finally obtain the complex scattering
matrix.

We made use of the same parameters as employed in ref. 31
and 32. To be able to compare the results, we carry out the
calculations at the same energies for nearside/farside state-
resolved differential cross sections as in ref. 32: Eg; = 350, 850,
1400 and 1900 cm™%; to smoothen many fluctuations that are
characteristic of this resonance-driven reaction, for each energy
Eqir, differential cross sections were actually computed at 21
equidistant values Eg;y — 1.0 cm ™, Egie — 0.9 cm™ ..., Egie +
1.0 cm™ ' and then averaged. In addition, for each angle 04 the
differential cross sections have been averaged over intervals of
[Odif - oaw Odif + Oav]y with Oav =5°

IV. Results and discussion

In Fig. 2, 3, 5 and 6, the initial-state selected differential
reaction cross sections and the corresponding nearside/farside
decompositions are graphically displayed. They are summed
over all product states for total energies E, of 350, 850, 1400
and 1900 cm™". sin(0)(do/dQ)(Ew) is shown, which is the
integrand employed in the calculation of the total cross sections
0ot(Eror), making the contributions to oy, visible. As a conse-
quence, the data for § = 0 and 6 = 180° are exactly zero, as long as
the differential cross sections remain finite. This is not seen in the
plots, first because this occurs only at precisely these two angles
and second because of data averaging. The data are smoothly
averaged over intervals of 10° with the exception of 0 and 180°.
Forward scattering with the newly formed Br~ ion moving to the
left corresponds to 6 = 0, while backward scattering with that ion
moving to the right is associated with 6 = 180°.

Fig. 2 shows the differential reaction cross sections for a total
energy of 350 cm ' and different initial rotational excitations

(b) E =350 cm, (vj) =(0,11)
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Fig. 2 Differential reaction cross sections for Cl™ + CHsBr(v,) - CICHs + Br~ at £ = 350 cm~* and decomposition in nearside and farside contributions
for selected initial rovibrational states (v,). Also shown is the interference contribution. (a) (v,) = (0,0); (b) (v,j) = (0,11).
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Fig. 3 Differential reaction cross sections for Cl~ + CH3Br(v,j) -» CICHs + Br~ at £ = 850 cm
for selected initial rovibrational states (v,j). Also shown is the interference contribution. (a) (v,)) =
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Fig. 4 (a) State-to-state specific differential reaction cross section for

Cl™ + CH3Br (0,0) > CICH3 (0,0) + Br~ at £ = 350 cm™* and decomposi-
tion in nearside, farside and interference contributions. (b) Same as (a), but
detail with enlarged scale along the vertical coordinate axis. Note the
negative and positive parts in the interference contribution.

(v =0;j = 0, 11). At this relatively small energy, it can be seen
clearly that (do/dQ)sin(6) increases with j (note the scaling) and
becomes increasingly more isotropic. For small j, many oscilla-
tions typical of resonance features can be observed. Here, the
fact that the cross sections become larger with j can be
explained mainly by an energetic effect. Rotationally excited
initial states are higher in energy, and thus the systems have -
at a given total energy - less translational energy available
which, however, enters the equation for the calculation of the
cross section in the denominator. For the initial state (0,0),
back scattering is slightly less effective. For low total energies,
the nearside/farside analysis reveals some structure in the

This journal is © the Owner Societies 2015
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differential cross sections with a slight preference of small
scattering angles. For initially vibrationless and rotationless
states the nearside scattering dominates the farside contribu-
tion by 20%, partly by more than 50%, pointing towards a
preference of the direct reaction mechanism over complex-
formation.

However, if rotation is excited, the relative difference between
nearside and farside contribution becomes negligible. The inter-
ference contribution between the nearside and the farside
amplitude is very small. For higher rotational excitation, this
effect becomes even more pronounced, indicating that if the
methyl bromide molecule rotates, the reaction occurs mainly via
complex-formation and not via the direct reaction pathway. So,
the differential cross section becomes isotropic for high initial
rotational excitation.

In agreement with our previous results,® the differential
cross sections are largest for small energies. At higher total
energies (850 cm ™', Fig. 3), the (0,0) differential cross section
shows a similar behavior, i.e. back scattering being slightly less
probable, but the average differential cross section has become
smaller by roughly a factor of two. Also, the oscillations in the
differential cross sections are less pronounced. For initial
rotational excitation, the differential cross sections decrease
and become more isotropic, so that finally almost no aniso-
tropy can be observed (the cross section for angular momentum
quantum number j = 40 is shown in Fig. 3(b)). Isotropic cross
sections point to the existence of long-living resonance states
which shows that the correlation with the initial angle dis-
appears. For reaction out of the ground state and out of the
state with rotational excitation j = 40, the reaction cross
sections are anisotropic, the coarse-grained fluctuation is more
pronounced for j = 40 while the fine structure is less distinct.
The scale of the cross sections in Fig. 3 should be noted. Again,
nearside and farside scattering contributions are equally strong
and overall the interference contribution obviously is negligible.

However, it should be kept in mind that the curves shown
are averaged due to strong oscillating patterns in the cross
sections for this resonance-driven reaction. Also in the integral
cross sections calculated within a model with the number of

Phys. Chem. Chem. Phys., 2015, 17, 26670-26676 | 26673
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Fig. 5 Differential reaction cross sections for Cl~ + CH3Br(v,) — CICHz + Br~ at £ = 1400 cm ™~ and decomposition in nearside and farside contributions
for selected initial rovibrational states (v,). Also shown is the interference contribution. (a) (v,j) = (0,0); (b) (vj) = (1,0); (c) (v,) = (0,42); (d) (v,)) = (1,38).

degrees of freedom reduced to only two, many extremely
narrow resonances are present; an even more pronounced
resonance structure is found in the differential cross section.
Furthermore, the differential cross sections shown in the present
paper are summed over product states, and this summation
process smoothens the curves presented in this paper.

The raw data, i.e. state-to-state cross sections before aver-
aging over energies and angles, show prominent interference
patterns. This can be seen from Fig. 4 for the state-to-state
differential cross section at a fixed energy of 350 cm ' as a
function of the scattering angle (the (0,0) — (0,0) transition is
shown). In particular, while the total, nearside and farside
contributions are strictly positive due to their definition, the
interference term is real, but can be negative as can be clearly
seen from Fig. 4. After averaging, the interference contribution
becomes negligible. This to a large extent is due to the annihila-
tion of negative and positive components. That justifies the
interpretation of this term as an interference type component
of the differential cross section and helps to identify the reaction
mechanisms in a semiclassical picture and to establish the link
to experimental results.

For even higher total energy (Fig. 5(a)), 1400 cm ™", similar
features can be observed so that the trend becomes even
clearer. However, the coarse oscillations for (0,0) are again
more pronounced. Fig. 5(b) shows the same for additional
initial vibrational excitation, which is possible at this given
total energy. The differential cross sections increase as expected

26674 | Phys. Chem. Chem. Phys., 2015, 17, 26670-26676

from our previous collinear studies,* while the behaviour with
respect to angular excitation remains as before. The dip for
backward scattering becomes more pronounced and the oscil-
lations are coarser. For reaction out of the ground state and the
state with one quantum in the C-Br stretching vibration, the
differential cross sections show structure, but not a clear
preference of a particular angular regime. Nearside scattering
dominates, in particular for (v,j) = (1,0) and for wide angles,
whereas for small angles the contributions of nearside and
farside scattering are very similar. A relatively strong interfer-
ence contribution is observed. Clearly, the direct mechanism is
enhanced when the broken bond is excited (v = 1, Fig. 5(a)).
High rotational energy means low translational energy. The
cross sections are almost perfectly isotropic and the nearside
and farside contributions are very similar.

Again, for energies of 1900 em ™ (Fig. 6(a—f)), the differential
cross sections tend to be more isotropic for larger values of j.
The cross section for the initial state (0,0) becomes more and
more interesting (Fig. 6(a)), because the peak for backward
scattering (0 = 180°) is only one third as high as the maximum
value located in the range between 100° and 160°. The struc-
tural features become even coarser and the typical resonance
structure is lost. Without initial excitation (Fig. 6(a)), the near-
side part is strongly dominating. The scattering occurs in the
angular range between 100° and 170°. The farside contribution
remains almost constant, which points towards a direct reac-
tion mechanism. Additional vibrational excitation (Fig. 6(b))

This journal is © the Owner Societies 2015
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Fig. 6 Differential reaction cross sections for Cl™ + CH3Br(v,) —» CICH3 + Br~ at £ = 1900 cm™~t and decomposition in nearside and farside contributions
for selected initial rovibrational states (v,). Also shown is the interference contribution. (a) (v,)) = (0,0); (b) (v,)) = (1,0); (c) (v,) = (2,0); (d) (v,) = (1,42); (e) (v,) =

(2,34); (f) (v,j) = (0,69).

shifts this range to 90°-140° with backward scattering less than
one third of the maximum cross section. An even larger effect is
seen in Fig. 6(b) with a pronounced interference pattern. Two
quanta in the vibrational mode cause a further shift down to
80°-115°. For two quanta in the C-Br stretching vibration, (v, ) =
(2,0) (Fig. 6(c)), an angular maximum at 90° is observed. For even
higher initial energies (1900 cm™") the differential cross sections
are shown in Fig. 6(d). For high rotational excitation (v = 42), the
same effect as already discussed occurs. The same can be said

This journal is © the Owner Societies 2015

for Fig. 6(e). From Fig. 6(f), we see that the forward scattering is
reduced and the nearside contribution again dominates.

To rationalize the calculated behaviour of the differential
reaction cross sections, in particular the isotropy for large
J-values, it is useful to go back to simple classical-mechanical
arguments. For a fastly rotating target molecule, all directions
for dissociation of the intermediate complex are possible and
equally probable. A complex that lives long enough (i.e. the
resonance of which is narrow enough with respect to energy)

Phys. Chem. Chem. Phys., 2015, 17, 26670-26676 | 26675
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can perform several rotations before the actual reaction takes
place. So, no direction is favoured, yielding isotropic differential
cross sections.

It should be discussed why cross sections for backward
scattering are smaller. Remember that in our previous collinear
studies®®*° only backward scattering was possible, with the
chloride anion attacking the methyl group, forming a bond
with the carbon atom, and after the umbrella flip of the methyl
group bouncing back to the direction where the chloride ion
came from. In the full three-dimensional picture, this direction
is strongly disfavoured because the chlorine anion approaches
the CH;Br molecule off from the collinear axis. In the classical-
mechanical picture, due to the strong ion-dipole interaction
a torque is exerted on the molecule, and it begins to carry out a
rotation or, when the ion is very close to the molecule, a
libration. However, due to the shape of the potential, no full
rotational cycle can be performed if the available energy is not
high enough, and an angle of about 90° seems most probable.
This explains why exact backward scattering is such a dis-
favoured event. The strong electrostatic forces have a substantial
influence on the differential cross sections in the cases without
initial rotational excitation. The molecule orients towards the
ion in the case of any deviation from the central collision.

V. Conclusions

We have carried out a nearside/farside analysis on the nucleo-
philic bimolecular substitution reaction CI~ + CH3Br(v,j) —
CICH;(v',j') + Br~ as it was first introduced in molecular
scattering by Connor and co-workers based on an idea of Fuller.
It is revealed that in gas-phase Sy2 reactions the structure in the
differential cross sections at higher energies is related to the
nearside scattering contribution, pointing towards a direct reaction
mechanism where the attacking ion directly approaches the open
cone formed by the carbon and the three connected hydrogen
atoms. The indirect mechanism, on the other hand, is described by
complex-formation and subsequent dissociation after cartying out
rotational motion. The differential cross section becomes isotropic
because no angle is favoured. This mechanism clearly is connected
with the farside contribution which introduces no structure in the
differential reaction cross section.
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