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it should be possible to probe the spatial depen-
dence of binding interactions involving multiple
biomolecular components.
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Imaging Nucleophilic
Substitution Dynamics
J. Mikosch,1 S. Trippel,1 C. Eichhorn,1 R. Otto,1 U. Lourderaj,2
J. X. Zhang,2 W. L. Hase,2 M. Weidemüller,1 R. Wester1*

Anion-molecule nucleophilic substitution (SN2) reactions are known for their rich reaction
dynamics, caused by a complex potential energy surface with a submerged barrier and by weak
coupling of the relevant rotational-vibrational quantum states. The dynamics of the SN2 reaction of
Cl− + CH3I were uncovered in detail by using crossed molecular beam imaging. As a function of the
collision energy, the transition from a complex-mediated reaction mechanism to direct backward
scattering of the I− product was observed experimentally. Chemical dynamics calculations were
performed that explain the observed energy transfer and reveal an indirect roundabout reaction
mechanism involving CH3 rotation.

Bimolecular nucleophilic substitution is
a fundamental reaction mechanism in
chemistry (1). The reaction’s equation,

X + R-Y → X-R + Y, summarizes bond for-
mation by the attacking nucleophile X with the
moiety R and concerted bond cleavage of the
substituted leaving group Y. SN2 reactions are
widely used in preparative organic synthesis
(2). Low-energy negative-ion reactions, most
likely nucleophilic substitution, are suggested

to cause the large amount of DNA double
strand breaks in the wake of ionizing particles
(3).

Anion-molecule SN2 reactions may be the
most prominent type of ion-molecule reactions,
studied extensively both experimentally (4, 5) and
computationally (6, 7). Rate coefficients for these
reactions depend strongly on the surrounding
solvent (4), making experiments on isolated gas-
phase systems a crucial reference point in distin-
guishing solvent effects from the intrinsic dynamics
of the reaction. The low rate coefficients observed
in the gas phase, which are much smaller than the
classical Langevin capture rate expected for a
barrier-less ion-molecule reaction, are qualita-
tively well understood to stem from two wells
(Fig. 1) on the potential energy hypersurface (8).

This characteristic potential energy landscape
is attributed to the formation of ion-dipole col-
lision complexes on both sides of the reaction
barrier. The barrier itself, which represents a
transition state that corresponds to inversion at
the reaction center, has a substantial influence
on the reaction kinetics even though it most
often lies submerged with respect to the energy
of the reactants.

Studies of anion-molecule SN2 reactions have
determined reaction rates as a function of tem-
perature (9, 10) and energy (11) and probed the
dynamics of the pre- and postreaction ion-dipole
complexes (12, 13). An important finding from
these studies is that the reaction kinetics and
dynamics are often inadequately described by sta-
tistical theories (14–16, 12, 17), a result supported
by classical (6, 18) and quantum (19, 7, 20)
chemical dynamics simulations. An illustrative
example of nonstatistical behavior is the strong
dependence of the Cl− + CH3Br reaction rate on
the relative translational energy of the reactants,
despite insensitivity to their internal temperature
(14). Such dynamics contradict the statistical
assumption of rapid randomization of all the
available energy in the Cl− · CH3Br prereaction
complex. Nonstatistical dynamics of the ion-
dipole complexes are also evident in the product
energy partitioning for the Cl− · CH3I uni-
molecular decomposition (13), the mode-specific
dynamics of the Cl− · CH3Br complex (12, 21),
and the Cl− + CH3Br reaction rate dependence on
collision energy (11). Therefore, a detailed analy-
sis of the flow of energy during the course of the
reaction is required (6).
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Fig. 4. Hybridization percentage as a function of the [target]/[probe] ratio. The tile used is the one shown
in Fig. 3A carrying the Rag-1 probes. Two different tile concentrations are used: 10 nM (black squares) and
200 pM (red triangles). Each error bar represents SD calculated from measurements on 50 tiles.
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Until recently, many details of the SN2 dy-
namics of bimolecular anion-molecule reactions
could only be obtained from chemical dynamics
simulations. However, with recent experimental
advances (22), insight into the reaction dynamics

may be obtained frommeasurements of correlated
angle- and energy-differential cross sections.
Specifically, the probabilities for energy redistri-
bution within the ion-dipole complexes, their
dependences on initial quantum states, the branch-

ing into different product quantum states, and the
role of tunneling through the central barrier pose
open questions to be probed experimentally.

We report kinematically complete reactive
scattering experiments of the anion-molecule
SN2 reaction Cl− + CH3I → CH3Cl + I− (Fig. 1)
with use of our ion-molecule crossed beam imag-
ing spectrometer (22). In this way, we extended
the successful crossed beam imaging experiments
of neutrals (23) to ionic reactions. These single-
collision experimentsmeasure directly the velocity
vector of the product anion, which reveals the
energy- and angle-differential reaction cross sec-
tion. By using reactants with well-defined relative
kinetic energy and momentum, we can determine
energy transfer during the reaction, which yields
the fraction of total available energy partitioned to
internal modes of themolecular product. For com-
parison with the experimental results, we have
performed high-level trajectory simulations.

In the experiment, we produced slow pulses
of Cl− anions with a tunable well-defined kinetic
energy between 0.2 and 5 eV in a compact
electron-impact supersonic expansion ion source
(22). The ion pulses crossed a supersonic neutral
jet of CH3I seeded in helium, whereby a few of
the Cl− anions induced nucleophilic substitution
and liberated I− anions. The interaction region of
the crossed beam experiment was placed in a
pulsed-field velocity map imaging spectrometer,
which maps the velocity of the I− product anion

Fig. 1. Calculated MP2(fc)/ECP/aug-cc-pVDZ Born-Oppenheimer potential energy along the reaction
coordinate g = RC−I − RC−Cl for the SN2 reaction Cl

− + CH3I and obtained stationary points. The reported
energies do not include zero-point energies. Values in brackets are from (28).

A B C D

E F G H

Fig. 2. (A to D) Center-of-mass images of the I− reaction product velocity
from the reaction of Cl− with CH3I at four different relative collision energies.
The image intensity is proportional to [(d3s)/(dvx dvy dvz)]: Isotropic scat-
tering results in a homogeneous ion distribution on the detector. (E to H)

The energy transfer distributions extracted from the images in (A) to (D) in
comparison with a phase space theory calculation (red curve). The arrows in
(H) indicate the average Q value obtained from the direct chemical dynamics
simulations.
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onto a position-sensitive detector. With the use of
slice imaging (23) implemented by activating the
detector only during a short time window, we
imaged only scattering events for which the velo-
city vectors of the products lie within the plane
defined by the reactant velocities. Because of the
cylindrical symmetry of the scattering cross section,
this procedure yielded the velocity magnitude-
and angle-differential cross sections directly, with-
out resorting to Abel-inversion-type algorithms.
The neutral product does not need to be detected
because its properties can be inferred from con-
servation of energy and momentum (24).

The top row of Fig. 2 shows maps of the I−

product ion velocities from the Cl− + CH3I →
CH3Cl + I− reaction at four different relative col-
lision energies between Erel = 0.39 eV and Erel =
1.90 eV, which were chosen because they span the
distinct reaction dynamics observed in this energy
range. The only data processing applied to the ion
impact position on the detector is a linear conver-
sion from position to ion speed and a transforma-
tion into the center of mass frame. Consequently,
the velocity vectors of the two reactants, the Cl−

anion and the CH3I neutral, line up horizontally
and point in opposite directions, indicated by the
arrows in Fig. 2. Each velocity image represents a
histogram summed over 105 to 106 scattering
events. The total energy available to the reaction
products is given by the relative translational
energy, Erel, of the reactants plus the exoergicity,
0.55 eV, of the reaction (Fig. 1). I− products reach
the highest velocity when all the available energy
is converted to translational energy. The outer-
most circle in Fig. 2 represents this kinematic
cutoff for the velocity distribution. The other con-
centric rings display spheres of the same trans-
lational energy and hence also the same internal
product excitation, spaced at 0.5-eV intervals.

The images in Fig. 2 reveal many details of
the reaction dynamics. For the lowest relative
collision energy of 0.39 eV, there is an isotropic
distribution of product velocities centered around
zero with all scattering angles equally probable.
This pattern points to the traditional reaction
mechanism (8) mediated by a collision complex
whose lifetime is long compared to the time scale
of its rotation. The complex-mediated mecha-
nism is accompanied by a velocity distribution
that drops to zero far before the kinematic cutoff
is reached, as can be inferred from the position
of the outermost ring in the image. Thus, the
largest fraction of the available energy is parti-
tioned to internal rovibrational energy of the
CH3Cl product.

A distinctly different reaction mechanism be-
comes dominant at the higher relative collision
energy of 0.76 eV (Fig. 2B): The I− product is
back-scattered into a small cone of scattering
angles. This pattern indicates that direct nucleo-
philic displacement dominates. The Cl− reactant
attacks themethyl iodidemolecule at the concave
center of the CH3 umbrella and thereby drives the
I− product away on the opposite side. The direct
mechanism leads to product ion velocities close
to the kinematic cutoff. In addition, part of the
product flux is found at small product velocities
with an almost isotropic angular distribution, in-
dicating that for some of the collisions there is a
significant probability of forming a long-lived
complex.

At a collision energy of 1.07 eV (Fig. 2C), the
complex-mediated reaction channel is not
observed anymore. The reaction proceeds almost
exclusively by the direct mechanism, with a similar
velocity and a slightly narrower angular distribu-
tion relative to the 0.76-eV case. At an even
higher collision energy of 1.90 eV, the domi-

nating backward scattering pattern of the I− ion
spreads over an increased range of scattering
angles. The inserted rings demonstrate a con-
comitant broadening of the velocity distribution.
In addition, a new feature appears that consists of
two distinct low-velocity peaks symmetric in the
forward and the backward directions with respect
to the center of mass. As detailed below, these
peaks represent reactions that occur via a round-
about mechanism. At relative energies above 2 eV,
new dissociative channels open and influence the
scattering dynamics, and so we restricted the cur-
rent presentation to collision energies up to 1.9 eV.

For a quantitative analysis, we calculated the
energy transfer Q = Ekin,final − Ekin,initial for the
reaction events. For the lowest collision energy
of 0.39 eV, Fig. 2E shows that the observed
distribution vanishes for Q values far below
the kinematic cutoff at +0.55 eV. A theoretical
phase-space calculation (red line in Fig. 2E) (25),
which assumes that the available energy is dis-
tributed statistically among all degrees of free-
dom of the reaction products, shows excellent
agreement with the data after convolution with
the experimental resolution stemming from the
velocity spread of the reactant beams. The ob-
servation of statistical energy partitioning at this
finite collision energy is unexpected, given the
reported nonstatistical unimolecular decomposi-
tion of metastable Cl−·CH3I SN2 complexes
(13). We found that 84% of the total available
energy is trapped in internal excitation of the
CH3Cl reaction product, which amounts to Eint =
0.79 eV. At all the higher relative collision
energies (Fig. 2, F to H), the phase space model
cannot reproduce the observed dynamics. Here,
the Q value distribution peaks near its maximum
value of +0.55 eV. The mean internal excitation
in absolute and in relative numbers is given by
0.5 eV (40%), 0.45 eV (25%), and 0.95 eV
(40%). At 1.07 eV relative collision energy, a
minimum is found both in the absolute and the
relative amount of internal excitation, which is a
sign of subtle changes in the translation-vibration
coupling during the reaction.

To complement the above experimental study
of the Cl− + CH3I reaction dynamics, we per-
formed a trajectory simulation at the MP2(fc)/
ECP/aug-cc-pVDZ (26) level of theory by a
computational approach directly using this theory
(27). As shown in Fig. 1, this theory gives ener-
gies for the reaction’s stationary points in good
agreement with previous values based on rate
coefficient measurements (28). These simulations
are computationally expensive and only practical
at the highest collision energies where both the
encounter time is short and the reaction proba-
bility appreciable. Here, we report results for the
1.9-eV collision energy and CH3I rotational and
vibrational temperatures of 75 K and 360 K,
respectively, which are the approximate experi-
mental conditions.

Although the reaction has no overall barrier,
the simulations show a quite low reaction prob-
ability at 1.9 eV, decreasing from 0.065, 0.05,

Fig. 3. View of a typical trajectory for the indirect roundabout reaction mechanism at 1.9 eV that
proceeds via CH3 rotation.
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0.03, to 0.005 as the collision impact parameter,
b, is increased from 0.0, 1.0, 2.0, to 3.0 Å. On the
basis of the centrifugal potential at the central
barrier, the maximum impact parameter for re-
action is estimated as 5.2 Å, but the low reaction
probability at b > 2 Å makes it computational-
ly intractable to sample the complete range of
b. Nevertheless, important details of the reaction
dynamics are found. The reaction occurs by both
direct and indirect mechanisms, with a direct
fraction of 0.4, 0.8, 0.8, and ~1.0 for impact
parameters of 0.0, 1.0, 2.0, and 3.0 Å, respec-
tively, suggesting the direct reaction dominates at
the larger b values. The product energy parti-
tioning for the direct reaction is the same for these
four impact parameters, with average fractions of
0.04, 0.23, and 0.73 for rotation, vibration, and
translation, respectively. For the indirect trajecto-
ries, the average fractions of energy partitioning
to rotation (0.28), vibration (0.56), and translation
(0.16) are quite different. Because the direct
reaction is expected to dominate when trajecto-
ries are averaged over all impact parameters, an
overall fraction partitioned to translation in the
range of 0.6 to 0.7 is expected. This partitioning
corresponds to a mean internal excitation of about
0.85 eV, which agrees well with the experimental
value of 0.95 eV as given above. The much
higher internal excitation for indirect reactions
amounts to about 1.9 eV, which is in good agree-
ment with the average energy of the two low-
velocity peaks observed in the experiment (Fig. 2D
and Fig. 2H, left arrow).

The atomic-level mechanisms for the direct
and indirect reactions at 1.9 eV collision energy
are substantially different. The direct reaction
occurs by the classical SN2 reaction path, with
Cl− attacking the backside of CH3I and directly
displacing I− (8). The indirect reaction occurs via
a roundabout mechanism involving a CH3

rotation. The principal mode for this mechanism
is depicted in Fig. 3,where Cl− first strikes the side
of the CH3 group, causing it to rotate around the
more massive I atom. Then, after one CH3

revolution, Cl− attacks the C atom backside and
directly displaces I−. The time between the initial
Cl−-CH3 collision and the departure of I− ranges
around 400 fs. Two variants of the roundabout
mechanism, of much lesser importance and with
intermediate lifetimes of 1 to 4 ps, were also
found. One is identical to the roundabout
mechanism, except the departing I− becomes
transiently trapped in the post–reaction potential
energy well (Fig. 1). The other is similar to the
roundabout mechanism, except CH3 rotates
twice about the I atom. The translational energy
partitioning for the roundabout mechanism
approximates that of phase space theory (Fig.
2H), which assumes statistical dynamics. This
suggests that this mechanism may participate in
the statistical product energy partitioning observed
for the Cl− + CH3I SN2 reaction at lower colli-
sion energies.

This combined experimental and computa-
tional study has identified a previously unknown

roundabout, CH3-rotationmechanism for gas-phase
SN2 nucleophilic substitution reactions. This mech-
anism may also play a role for other SN2 re-
actions, such as the Cl− + CH3Br reaction, where
an energy-dependent change in the reaction mech-
anism has been discussed (11, 29). It will be of
particular interest to determine the role of the
roundabout mechanism in other and more com-
plex ion-molecule reactions.
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Tidal Modulation of Nonvolcanic Tremor
Justin L. Rubinstein,1* Mario La Rocca,2 John E. Vidale,1 Kenneth C. Creager,1 Aaron G. Wech1

Episodes of nonvolcanic tremor and accompanying slow slip recently have been observed in the
subduction zones of Japan and Cascadia. In Cascadia, such episodes typically last a few weeks and
differ from “normal” earthquakes in their source location and moment-duration scaling. The three
most recent episodes in the Puget Sound/southern Vancouver Island portion of the Cascadia
subduction zone were exceptionally well recorded. In each episode, we saw clear pulsing of tremor
activity with periods of 12.4 and 24 to 25 hours, the same as the principal lunar and lunisolar
tides. This indicates that the small stresses associated with the solid-earth and ocean tides influence
the genesis of tremor much more effectively than they do the genesis of normal earthquakes.
Because the lithostatic stresses are 105 times larger than those associated with the tides, we argue
that tremor occurs on very weak faults.

Shortly after the discovery of both non-
volcanic tremor (1) and recurring slow-slip
events (2, 3), Rogers and Dragert deter-

mined that these two phenomena occur coin-
cident with each other at regular intervals in the
Cascadia subduction zone (4). They termed this
phenomenon episodic tremor and slip (ETS).

Soon thereafter, ETS was also observed in the
Nankai Trough in Japan (5). ETS falls into a
newly identified class of geophysical phenomena
that are distinct from “normal” earthquakes. For
these slow-slip phenomena, seismic moment
scales with event duration (6), whereas for earth-
quakes, moment scales with the cube of event
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