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The association and collisional stabilization of the SN2 entrance channel complex [Cl- · · ·CH3Cl]* is studied
in a low-temperature radiofrequency ion trap. The temperature dependence of the ternary rate coefficient is
measured and a much stronger inverse temperature dependence than expected from a simple statistical
calculation is found. From these data the lifetime of the transient SN2 complex has been derived as a function
of temperature. It is suggested that the inverse temperature dependent rates of nonsymmetric SN2 reactions
are related to the observed inverse temperature dependence of the transient ion-dipole complexes.

1. Introduction

Many chemical reactions proceed via one or more transient
intermediate complexes, and the lifetime of these complexes is
decisive for the outcome of the reaction. Gas phase nucleophilic
substitution (SN2) reactions,1-7 textbook examples for chemical
reactions, represent important model systems to investigate
complex lifetimes and their effects in detail.1,8-11 In the course
of a typical SN2 reaction

X-+CH3YfXCH3 +Y- (1)

two transient ion-dipole collision complexes [X- · · ·CH3Y]* and
[XCH3 · · ·Y- ]* are subsequently formed, which are separated
by a Walden inversion of the CH3 umbrella. A key factor in
determining the overall rate coefficient for these reactions is
the ratio of the decay rates of the entrance channel complex to
products versus back to reactants. The dynamical hindrance of
traversing the central barrier12 is the reason why the rates of
most SN2 reactions are significantly lower than the capture rate.13

This is supported by trajectory calculations of the lifetime of
the entrance channel complex.4,14,15 In addition, SN2 reactions
may proceed directly by avoiding trapping in the ion-dipole
complexes, in violation of the assumptions of statistical theories.4

Further nonstatistical behavior that is observed for SN2 reactions
is attributed to a shorter lifetime of the metastable complexes
compared to the time needed for vibrational energy redistribution
among the inter- and intramolecular modes. Particular examples
of nonstatistical reactivity are different reaction rates for
vibrational as compared to translational excitation of the
reactants16 and the preferential partitioning of the excess energy
into product rotation and vibration as compared to translation.7,17,18

Transient complexes with longer lifetimes show a better
agreement with statistical calculations.9 However, also for larger
SN2 complexes explicitly nonstatistical dynamics has been
found.19

To understand the fragmentation dynamics of metastable SN2
complexes, studies of the dependence of the lifetime on the
excess energy of the complex are important. Classical trajectory
calculations show multiexponential decay curves with a moder-
ate increase of the average lifetime with decreasing excess
energy.15,20 In the same work it is shown that the obtained
energy-dependent average lifetimes disagree strongly with

statistical calculations, unless energy redistribution in the
statistical model is restricted to only few vibrational modes.
Reduced-dimensional quantum scattering calculations reveal
many narrow Feshbach resonances with a broad range of
associated lifetimes,21-26 which are difficult to reconcile with
the classical trajectory results at the current level of theory.
Indirect experimental evidence for an energy dependent lifetime
of an SN2 complex comes from temperature-dependent reaction
rate coefficient measurements of Cl- + CH3Br.27 Here, a steep
decrease of the rate coefficient by several orders of magnitude
with increasing temperature has been observed, which is
explained by an increased decay rate of the complex back to
reactants due to the increased reactant density of states. To
clarify this interpretation and to guide the different theoretical
approaches, dedicated experiments on energy-dependent com-
plex lifetimes are needed.

Despite the importance of obtaining lifetimes of metastable
complexes, only two direct measurements of SN2 complex
lifetimes have been carried out to date.10,11 On the one hand, a
high pressure mass spectrometry study using collisional stabi-
lization has resulted in a lifetime of 12 to 16 ps for
[Cl- · · ·CH3Cl]* at a fixed temperature of 296 K.10,28 On the
other hand, time-resolved tracking of the dissociation of
[I- · · ·CH3I]* has revealed a biexponential decay with dissocia-
tion lifetimes of 0.8 and 10 ps for SN2 complexes with roughly
20 meV relative energy above the asymptote.11

In this work we measure lifetimes of SN2 anion-dipole
complexes in a thermalized low-temperature environment. We
extract these lifetimes, similar to the work of ref 10, from ternary
rate coefficients for the formation and collisional stabilization
of the complexes. Using a temperature-variable radiofrequency
ion trap to thermalize the Cl- and CH3Cl reactants in a low
density environment, we obtain lifetimes as a function of the
reactant temperature. In the unimolecular decay process, this
temperature describes the distribution of excess energies above
the energy asymptote of the reactants. For cationic reactions,
the extraction of complex lifetimes from ternary association has
a long history using flow and drift tubes at high pressure29-32

and has also been performed in a radiofrequency ion trap at
lower densities.33 The interpretation of these experiments is
based on statistical phase space theories,34-37 and good agree-
ment is usually found.38 Here we investigate the symmetric
anion-molecule SN2 reaction
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Cl-+CH3ClfClCH3 +Cl- (2)

specifically the formation and the unimolecular decay time of
the metastable [Cl- · · ·CH3Cl]* entrance channel complex. The
potential energy as a function of the difference of the two C-Cl
interatomic distances ∆r(C-Cl), the reaction coordinate, is
shown in Figure 1.39 It shows the double-minimum structure
characteristic to SN2 reactions, where the minima correspond
to ground-state entrance and exit channel ion-dipole complexes.
The computed binding energy with respect to the asymptotes
is about 450 meV, in reasonable agreement with experimental
data from collision induced dissociation experiments and high-
pressure mass spectrometry.10,40-43 For comparison, the dashed
line shows the long-range electrostatic potential calculated for
the interaction of the Cl- ion with the permanent and induced
dipole moment of CH3Cl.

The formation and the unimolecular decay of the entrance
channel complex [Cl- · · ·CH3Cl]* represent the first steps that
determine how reaction (2) proceeds from reactants to products.
The next step, the transition of the central barrier in the potential
energy surface is strongly suppressed at thermal energies due
to the height of the intermediate barrier calculated to lie more
than 100 meV above the asymptotes (see Figure 1), which
becomes manifest in the low rate coefficient for reaction (2).44

The exact value of the barrier height is still under debate.40

2. Experimental Procedure

The ternary association experiment is carried out in a
cryogenic 22-pole radiofrequency ion trap.45-47 Such cryogenic
ion traps are ideal tools for the study of chemical reactions and
laser-induced processes at low temperatures.33,46,48-53 The
efficient buffer gas cooling of translational and internal degrees
of freedom of molecular ions has been shown by action
spectroscopy.54-56 It is estimated from the ion-neutral collision
rate to occur within hundreds of microseconds.

Three-body association in the thermal environment of the ion
trap can be understood as a two-step process (see also Fig-
ure 1)

Cl-+CH3Cl y\z
kfnCH3Cl

kΓ

[Cl- · · · CH3Cl] * 98
ksn′

[Cl- · · · CH3Cl] (3)

In the first step collisions of Cl- anions with neutral CH3 Cl
form the ion-dipole complex [Cl- · · ·CH3Cl]*, which is highly
excited with respect to its ground state. This proceeds at the
rate kfnCH3Cl, where kf denotes the capture rate coefficient and
nCH3Cl the methyl chloride density. The metastable complex
disscociates back to reactants with the unimolecular rate kΓ.
Stabilization of the complex only occurs if a third particle impact
removes more internal excitation from the complex than the
initial relative translational and internal energy of its constituents.
Given the deep well in the potential only a fraction of the
internal excitation of the complex [Cl- · · ·CH3Cl]* needs to be
removed to prevent dissociation. In further collisions thermal-
ization of the internal energy with the buffer gas temperature
occurs. Re-excitation of the thermalized complex above the
dissociation asymptote is then strongly suppressed by a Boltz-
mann factor and is therefore not considered. The rate of
stabilization is given by ksn′, where ks is the rate coefficient for
inelastic collisions and n′ is the density of the neutral stabilizing
agent. Under the low density conditions of the experiment
stabilization of the complex is a rare event; the time scale for
collisions is about 10 µs as compared to expected complex

lifetimes in the range of picoseconds. Hence the low-pressure
limit of the steady state approximation is valid and the overall
rate of product formation in reaction (3) can be written as

R)
kfks

kΓ
nCH3Cln′ ) k3nCH3Cln′ (4)

The three-body rate coefficient k3 ) kfks/kΓ is determined from
a measurement of the Cl- decay rate R as a function of the
densities nCH3Cl and n′. Both kf and ks describe barrier-free
ion-molecule reactions and are found to be very close to the
capture limited rate coefficient, as discussed below. With this
the unimolecular dissociation rate kΓ becomes experimentally
accessible, the inverse of which is the lifetime of the excited
collision complex [Cl- · · ·CH3Cl]*.

The experimental setup57 is based on a 22-pole trap as the
reaction chamber for Cl- anions. Neutral reactant gas CH3Cl
(purity 99.8%) and stabilizing agents (CH3 Cl, He, or N2) are
applied at a well defined and well controllable density and
temperature. The radiofrequency ion trap is shown in the inset
of Figure 2 (housing omitted for clarity). Ion storage is achieved
by 22 stainless steel rods (1 mm diameter) forming a 40 mm
long cylindrical cage (inscribed diameter 2r0 ) 10 mm). The

Figure 1. Potential energy of the symmetric SN2 reaction Cl- + CH3Cl
f ClCH3 + Cl- as a function of the reaction coordinate. The dashed
line shows the long-range ion-dipole interaction potential. The arrows
denote the association, fragmentation and stabilization processes of the
[Cl- · · ·CH3Cl] complex and their corresponding rates.

Figure 2. Decay curves of the intensity of Cl- anions in the 22-pole
trap at 150 K as a function of the storage time for different densities
of the CH3Cl reactant molecule. The density-dependent Cl- loss rates
are obtained from monoexponential fits to the data. The inset shows
the temperature-variable 22-pole radiofrequency ion trap employed in
the experiment.
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rods are alternatingly connected to the two opposite phase ports
of a home-built rf oscillator58 (ω/(2π) ) 8.0 MHz). While the
ions are trapped in the radial direction by the cylindrical effective
potential formed by the rf field, they are confined along the
axis by small dc voltages (3-10 V) applied to cylindrical
entrance and exit electrodes. The trap and its housing are
mounted on a closed-cycle helium refrigerator and by this means
its wall temperature, which determines the buffer gas temper-
ature, is variable from 8-300 K. We measure the density of
the CH3 Cl reactant gas applied to the Cl- anions in the trap by
a gas-type-independent capacitance pressure gauge (Pfeiffer
CMR 275) directly connected to the trapping volume. The
different density inside the cryogenic trap compared to the
pressure gauge due to thermal transpiration is calculated using
the species-independent Knudsen value [Tgauge/Ttrap]1/2, which
represents a very good approximation for the low densities
employed in the trap.59

Ions are produced in an adjacent vacuum chamber and
injected into the trap along its axis.57 Cl- anions are obtained
from CCl4 via dissociative attachment of slow electrons.60 The
ion source61 employs a pulsed supersonic expansion of argon
with a small admixture of CCl4 bombarded by a pulsed 1 keV
electron beam. In the created local plasma negative ions are
formed and transferred to the trap with a Wiley-McLaren time-
of-flight mass spectrometer.62 Typically 2 × 103 Cl- anions are
trapped per filling. After extraction the ions are mass analyzed
in a second time-of-flight stage before being detected on a
microchannel plate. The time-of-flight mass spectra obtained
after variable storage times show an exponential decay of the
Cl- ion signal as a function of storage time, as shown in Figure
2, and the corresponding formation of associated cluster ions
with higher masses.63

3. Results and Discussion

The measured Cl- decay rate in pure methyl chloride buffer
gas is shown in Figure 3 as function of the methyl chloride
density at different temperatures. It is found to be well fitted
by the quadratic dependence k3nCH3Cl

2 , which demonstrates the
expected three-body association of stable [Cl- · · ·CH3Cl] com-
plexes according to eq 4. At 150 K a three-body rate coefficient
of (2.76 ( 0.03) × 10-28 cm6/s is obtained from the fit. At
lower temperatures the partial pressure of CH3Cl reaches its
vapor pressure and the buffer gas freezes to the trap walls. We
observe the quadratic dependence for temperatures up to 220

K. At higher temperatures than 220 K an additional linear
contribution to the Cl- decay rate is observed, which dominates
over the three-body association above 280 K.64 In this study
we therefore provide data on the temperature range between
150 and 220 K.

In the upper panel of Figure 4 the measured three-body rate
coefficient k3(T) is shown as a function of temperature. The
symbol size represents the accuracy, determined as fit error in
Figure 3. The three-body rate coefficient is found to show a
strong inverse temperature dependence within the studied
temperature range. The graph is reasonably well parametrized
by the scaling law k3 ∝ T-n, where the best fit of n yields 3.2
( 0.2 (see Figure 4). We compare this exponent to the prediction
of a statistical theory based on the principle of detailed balance.34

This model suggests that n ) (r + 1)/2, where r is the total
number of rotational degrees of freedom of the separated
association partners; excitation of the vibrational degrees of
freedom of CH3Cl does not play a role at the given temperatures.
In our case of [Cl- · · ·CH3Cl] association, the statistical model
predicts n ) 1.5, a temperature dependence much weaker than
our experimental finding. Such a strong deviation from the
statistical model is unusual for ternary association reactions.38

This deviation shows that more thorough quantum mechanical
methods may be needed. Also the low-energy vibrational modes
of the complex may have to be included. This finding may also
represent an indication for intrinsic nonstatistical dynamics in
this SN2 complex.

Figure 3. Cl- loss rate due to the production of [Cl- · · ·CH3Cl] as a
function of the density of CH3Cl buffer gas in the ion trap. The solid
line shows a purely quadratic fit to the density dependence, yielding
the three-body rate coefficient for the association and stabilization in
collisions with CH3Cl.

Figure 4. Upper panel: Measured ternary rate coefficient as a function
of temperature; the symbol size indicates the accuracy, determined as
fit error in Figure 3. A strong inverse temperature dependence is found,
described by the fit k3 ∝ T-n with n ) 3.2 ( 0.2. Lower panel: Average
lifetime of the SN2 complex as a function of temperature. Our values
(9), extracted from the ternary rate coefficients using bimolecular rate
coefficients for association and stabilization, show a clear increase from
18 to 42 ps with decreasing temperature. In addition, the experimental
value derived from high-pressure mass spectrometry at 296 K (2)10,28

and the result from a molecular dynamics calculation are shown ()).14,20
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According to eq 4, the lifetime of the excited ion-dipole
collision complex [Cl- · · ·CH3Cl]* can be derived from the
ternary rate coefficient k3 once the bimolecular rate coefficients
for formation kf and stabilization ks for collisions with CH3Cl
are known. In previous studies of three-body association both
these rate coefficients are usually assumed to be capture limited.
We instead base our analysis on the association rate coefficients
kf derived from dedicated molecular dynamics trajectory simula-
tions for reaction (2) (Table 6 of ref 14). These deviate slightly
from capture theory calculations and are expected to map out
the temperature dependence more accurately, which is important
in this analysis. The stabilization rate ks may be smaller than
the capture limited rate due to inefficient energy transfer from
the cluster vibrations to the collision partner. This is accounted
for by parametrizing the stabilization rate as ks ) �kcollision, where
kcollision represents the capture rate and � denotes the probability
for carrying away enough internal energy from the complex in
a collision to prevent its dissociation. For the polar stabilizing
agent CH3 Cl the capture rate is obtained from the parametriza-
tion of classical trajectory results by Su and Chesnavich.65,66

For the other employed stabilizing agents without a permanent
dipole moment the temperature-independent Langevin collision
rate is used.

In order to obtain information on the stabilization efficiency
�, we experimentally compare the stabilization rates of different
neutral collision partners. Figure 5 shows the conversion rate
of Cl- in the trap as a function of an applied helium density at
150 K while a constant density of CH3Cl is maintained. For
vanishing helium density the decay rate represents the three-
body association with CH3Cl as described above. Adding helium
to the CH3Cl buffer gas results in an additional contribution to
the Cl- conversion rate proportional to n′ ) nHe (see eq 4).
This linear dependence is reproduced in the data presented in
Figure 5. By comparing this measurement, a similar measure-
ment for nitrogen buffer gas, and the results for CH3Cl, we
derive ratios �CH3Cl/�He ) (6.4 ( 0.3) and �CH3Cl/�N2 ) (1.15
( 0.04) at a temperature of 150 K. The two ratios reflect that
for a larger intermediate three-body complex with an increased
density of internal states, the transfer of at least part of the
internal excitation of about 0.45 eV from the initial ion-dipole
collision complex to the third body becomes more and more
efficient. Most relevant for this energy transfer leading to
stabilization are the low-energy cluster vibrations in the
intermediate three-body complex. These vibrational modes

correlate to translational and rotational motion of the separated
collision partners. Interestingly, the ratio of � for N2 and CH3Cl
is surprisingly close to unity. This implies that the stabilization
efficiency saturates with respect to increasing the density of
states in the three-body complex. Since the stabilization ef-
ficiency is expected to saturate when every collision leads to
stabilization, we conclude that the rate coefficient for stabiliza-
tion of the excited ion dipole complex with CH3Cl is very close
to the collision limit and thus �CH3Cl ≈ 1. Support for this
conclusion stems from the fact that the formation of excited
[Cl- · · ·CH3Cl]* complexes proceeds via translational to rota-
tional (T f R) energy transfer4 so that stabilization with a
second CH3Cl molecule can occur via R f R and R f T
transfer, both of which are likely to be very efficient. Based on
this description we assume � lies near unity for CH3Cl also for
temperatures higher than 150 K.

Using eq 4 and the association and stabilization rate coef-
ficients as described above, lifetimes τ ) kΓ

-1 of the ion-dipole
complex [Cl- · · ·CH3Cl]* are derived from the temperature-
dependent three-body rate coefficient k3(T). The results are
shown in the lower panel of Figure 4 as a function of the
association temperature. Again, the symbol size represents the
statistical experimental accuracy. At the lowest studied tem-
perature of 150 K, we determine a lifetime of 42 ps. The lifetime
then decreases with increasing temperature reaching a value of
18 ps at 220 K. This decrease in lifetime for higher temperature
is an experimental indication for the corresponding increase of
the density of states for the loose transition state corresponding
to the Cl- and CH3Cl reactants.

Our measured lifetimes are shown in the lower panel of Figure
4 together with a theoretical value, which stems from trajectory
calculations. It has been obtained for an excess energy corre-
sponding to 250 K and for a rotational temperature of 300 K of
the CH3Cl reactant.14,20 The theoretical value suggests a
continuation of the linear temperature dependence of the
[Cl- · · ·CH3Cl]* complex to 250 Kelvin. On the other hand the
previous room temperature measurement by high-pressure mass
spectrometry10,28 is quite similar to our value measured at 220
K, as seen from Figure 4. This suggests that the strong temper-
ature dependence observed below 220 K changes to a much
weaker dependence for higher temperatures.

The femtosecond pump-probe measurement of [I- · · ·
CH3I]*11 as well as the classical trajectory calculations14,20 yield
multiexponential decay curves of metastable SN2 complexes. It
should be noted that the present experiment as well as the
previous high-pressure mass spectrometry study at room
temperature10,28 are only sensitive to average complex lifetimes.

Longer average lifetimes of the entrance channel complex at
lower temperatures give SN2 reaction systems more time to
exploit the available phase space, randomize energy, and finally
cross the barrier and form reaction products. Therefore enhanced
metastable lifetimes are likely to cause the strong inverse
temperature dependence observed in the rate to form reaction
products in nonsymmetric SN2 reactions.27 In addition, at low
temperature SN2 reaction dynamics may even change from
nonstatistical to statistical due to the longer available time for
intramolecular energy redistribution.

4. Conclusion

In this study we present experimental evidence for a strong
inverse temperature dependence of the average lifetime of
transient SN2 ion-dipole complexes. These data are obtained by
analyzing three-body association of [Cl- · · ·CH3Cl]* in a low-
temperature ion trap. A temperature dependence of the ternary

Figure 5. Cl- loss rate due to production of [Cl- · · ·CH3Cl] as a
function of the density of He buffer gas when CH3Cl is provided at
constant density. From the slope of the linear density dependence the
ratio of the stabilization efficiency � for different collision partners is
derived (see text).
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association rate coefficient is found that is in disagreement with
the prediction of a simple statistical model. This shows that
this SN2 system may need more advanced quantum mechanical
methods to explain the observed temperature dependence. In
measurements with different collision partners the stabilization
efficiency for ternary collisions with CH3 Cl is found to be
capture limited. With this information it became possible to
extract the average lifetimes of metastable [Cl- · · ·CH3Cl]* from
the ternary rate coefficients in the temperature range from 150
to 220 K. In the future, we will improve the experimental setup
to extend the lifetime measurements to a larger temperature
range. This will allow us to track the break-off suggested by
the room-temperature lifetime.10,28

The temperature dependence of the lifetime observed in this
work suggests that the inverse temperature dependence of
reaction rate coefficients for nonsymmetric nucleophilic sub-
stitution reactions may also be traced back to temperature-
dependent lifetimes of the transient entrance channel complex.
Furthermore, the observed lifetimes suggest that statistical
dynamics may be favored over nonstatistical dynamics at very
low temperatures. For the future, the low-temperature ion trap
provides an ideal tool to study the reaction of isotopically labeled
symmetric SN2 reactions. This will allow one to clarify the role
of tunneling through and recrossings over the intermediate
potential barrier.
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(48) Paul, W.; Lücke, B.; Schlemmer, S.; Gerlich, D. Int. J. Mass

Spectrom. Ion Processes 1995, 149 (150), 373.
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