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Dynamical control of ‘statistical’ ion–molecule reactions
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Abstract

Experimental and theoretical studies of two ion–molecule reactions are reviewed. The reactions of H2CO+ and C2H2
+ with methane are

both mediated by long-lived complexes at low collision energies. The complex lifetimes, product recoil energy and angular distributions, and
product branching ratios are all in good agreement with predictions based on statistical decay of the intermediate complexes. Nonetheless, it
is clear that both reactions are, in fact, controlled by dynamical effects. In particular, reactivity is strongly and mode-specifically dependent on
the vibrational state of the reactants, whereas a statistical mechanism would depend only the energy content of the vibrations. The vibrational
effects reflect the dynamics involved in the formation and decay of weakly bound precursor complexes, before the collisional interaction can
s
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. Introduction

Many ion–molecule reactions are assumed to go via mech-
nisms mediated by intermediate complexes, ranging from
imple electrostatically or hydrogen-bonded species, to cova-
ently bonded complexes. Evidence for the role of complexes
ncludes isotopic scrambling, forward–backward symmetric
roduct angular distributions, and product branching and re-
oil energies consistent with statistical unimolecular decay
f a long-lived intermediate. In such reactions, it is safe to
ay that the break up of the complex is a statistical process,
.e., depends only on the total energy and angular momentum
f the complex. In this paper, we use two examples of such
eactions to make the point that even for reactions mediated
y a statistical complex, the reaction may be controlled by
ynamics, i.e., the rate-limiting step depends sensitively on

he details of reactant preparation, not simply on energy and
ngular momentum.

It is useful to review behavior expected for a reaction un-
er purely statistical control. The fundamental assumption in

statistical reaction models is that energy is randomized
distributed statistically among all the energetically acces
states of the system. For statistical factors to control reac
this randomization must occur prior to the rate-limiting s
in the mechanism[1–3]. Inherent in this assumption is t
requirement that energy exchange between different de
of freedom be facile, so that energy randomization ca
rapid compared to the reaction time. The rate of a partic
process (e.g., breakup of a complex, or interconversio
tween different complex isomers) is proportional to the t
number of energetically accessible states (subject to a
lar momentum conservation) at the transition state (TS
a consequence, statistical reactions tend to occur by
close to the minimum energy path, as the density of sta
highest for such paths[4].

A typical approach to predicting behavior expected f
statistical mechanism involves calculating the energies,
ments of inertia, and vibrational frequencies for the c
plexes and transition states connecting reactants to va
product channels. For many ion–molecule reactions,
are no energy barriers for approach of reactants, thus
∗ Corresponding author. Tel.: +1 801 585 7289; fax: +1 801 581 8433.
E-mail address:anderson@chem.utah.edu (S.L. Anderson).

assumed that the initial ion–molecule complex forms effi-
ciently. A transition-state-theory-based model such as the
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Rice–Ramsperger–Kassel–Marcus (RRKM) theory[5,6] or
phase space theory[1] is then used to calculate the unimolec-
ular rates for crossing the various transition states (TSs) lead-
ing from this initial complex to other complexes and to var-
ious product channels (including dissociation back to reac-
tants). The product branching is given by the ratio of the
rates, and recoil energy distributions can also be calculated
based on the assumption of statistical energy partitioning in
the products. This basic approach has been successful in ac-
counting for many experimental observations[1], and these
successes support the assumptions made in the statistical
models.

However, advances in both experiment and theory have
allowed more detailed investigations of dynamical effects on
chemical reactions, leading to reconsideration of the valid-
ity of the fast energy exchange assumption inherent in the
statistical approach[7]. Theoretically, for example, by us-
ing ab initio direct dynamics trajectory simulation, Hase and
coworkers[8], and Ammal et al.[9], have recently demon-
strated that reacting molecules do not necessarily follow the
minimum energy pathway when kinetic energy is accounted
for, and discussed these phenomena in terms of relationship
between intra-molecular vibrational redistribution (IVR) and
molecular structure. Experimentally, non-statistical effects
have been seen in the variation of unimolecular lifetime with
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tiphoton ionization (REMPI) and mass-analyzed threshold
ionization (MATI) [21].

The general considerations for successful REMPI state se-
lection have been outlined previously[18]. In brief, the neu-
tral precursor molecules are excited by one or more photons
to an intermediate electronic state, then ionized by one ad-
ditional photon. The resulting distribution of ion vibrational
states depends on the properties of the intermediate state and
cation ground state. In the simplest case, the intermediate
is a Rydberg state—essentially a cation core, loosely cou-
pled to the excited electron. As a consequence of the weak
coupling, the molecular geometry is nearly identical to that
of the free cation, thus when the Rydberg state is photoion-
ized, the Franck–Condon principle favors leaving the cation
in the same vibrational level that was populated in the Ry-
dberg state. By tuning to different vibrational levels of the
intermediate state, the ion vibrational level can be tuned, at
least in the ideal case. In reality it is necessary to verify state
selection by measuring the spectrum of photoelectrons pro-
duced in the various REMPI transitions. A number of groups
have done the necessary spectroscopy to find REMPI state
selection routes for C2H2 [22,23], OCS[24], NH3 [25,26],
CH3CHO[27], C4H6 [28], H2CO[29], and NO2 [30]. MATI
is, in principle, a general method. To date it has been used
to rotationally select a number of diatomics[31,32] and to
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nergy[10,11], in product energy distributions[12,13], prod-
ct branching ratios[14], and in the effects of electronic[15]
nd vibrational excitation[16].

Here we focus on two systems which appear statis
o all the usual experimental probes, i.e., statistical dec
omplexes adequately accounts for complex lifetimes, p
ct branching ratios, angular and recoil energy distribut
tc. Nonetheless these “statistical” reactions are clearly

rolled by dynamical effects, as shown by strong depend
f reactivity on the details of reactant preparation. Thes

ects are observed in experiments where vibrationally m
elected ions are reacted under conditions where both in
nd differential cross-sections can be measured over a
ange of collision energy (Ecol) [17–19]. When, as we almo
lways observe, reactivity depends on vibrational mode
imply on vibrational energy, the implication is that the r
imiting step in the mechanism is under dynamical con
he goal of this paper is to show how dynamical effect

nto otherwise statistical reaction mechanisms, and to
ut the type of systems where dynamical effects are like
e important. We believe that such systems are, in fact,
ommon.

. Experimental and computational methods

The experimental methodology has been described i
ail previously[20]. The most difficult aspect of the meth
s preparing polyatomic cations with controlled excitatio
ifferent vibrational modes. Depending on the system
ave been successful with both resonance-enhanced
ibrationally select phenol cations[33].
Reactions are measured using a guided-ion-beam ta

ass spectrometer instrument that has been described
usly, along with procedures for data acquisition and ana

20]. Ions are produced in the desired vibrational state
aser ionization schemes appropriate to the molecule in
ion. Any fragment ions produced in the ionization proc
re removed by passage through a quadrupole mass fil
ddition, the ion lens set following the quadrupole includ
plit center electrode that is used to time-gate the ion p
mproving the time and translational energy resolution o
xperiment. Typically, the resulting state-selected beam
inetic energy width of only∼0.1 eV. The vibrational state
ass-, and energy-selected ions are then guided into

em of eight-pole radio frequency (rf) ion guides. In the
uide segment, ions pass through a 10 cm long scatterin
ontaining the neutral target gas at a pressure low enou
ive single-collision conditions (∼10−4 Torr). Product ion
nd unreacted primary ions are collected by the ion g
nd passed into a second, longer guide segment for
f-flight (TOF) analysis, and finally are mass analyzed
ounted.

Integral cross-sections are calculated from the ratio o
ctant and product ion intensities, and the calibrated t
as pressure× length product. TOF is used to measure
ctual reactant ion beam velocity distribution (and thus
col distribution) at each nominalEcol. Two types of differ
ntial cross-sections can be measured[20,34–36]. TOF is
lways used to measure the product ion axial velocity

ribution, i.e., the projection of the full velocity distributio
n the ion guide axis. Because our experimental geom
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is symmetric about the guide axis, the relative velocity of
the reactants and the velocity of the center-of-mass system
in the lab frame (VCM) are both co-axial with the ion guide,
on average. As a consequence, dynamical information can be
gleaned directly from the axial velocity (vaxial) distributions.
For example, if reaction proceeds via a complex with the
lifetime long compared to its rotational period (τrotation, typi-
cally a few picoseconds), the resultingvaxial distribution must
be symmetric aboutVCM. Conversely, an asymmetricvaxial
distribution is a clear sign that the reaction is not mediated
by a long-lived complex, and also reveals the predominant
scattering mechanisms (i.e., forward or back-scattering). The
vaxial distributions provide no information about the extent
of side-ways scattering, however, thus any quantitative in-
terpretation (e.g., extracting angular or energy distributions)
requires either making assumptions about the reaction mech-
anism, or measurement of the full doubly differential cross-
section. The doubly differential cross-section can be recov-
ered from a set of TOF measurements taken with different
ion guide rf amplitudes, as described by Gerlich[37,38]. By
fitting this set of distributions, we obtain a full differential
cross-section, at the same time correcting for experimental
broadening from the ion beam and target velocity distribu-
tions[34].

To aid interpretation, ab initio calculations were per-
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Fig. 1. Cross-sections for the reaction of ground state H2CO+ with CD4.
The right axis shows the reaction efficiency.

are observed:

H2CO+ + CD4 → H2COD+ + CD3

(hydrogen abstraction= HA) �rH
◦ = −0.18 eV

H2CO+ + CD4 → CD3CHOD+ + H

(hydrogen elimination= HE) ∆rH
◦ = −0.67 eV

The integral cross-sections for reaction of ground state
H2CO+ with CD4 are shown inFig. 1 over the CMEcol
range from 0.09 to 3.3 eV. Also plotted, against the right
axis, is the reaction efficiency, i.e., the ratio of the total reac-
tion cross-section to the collision cross-section. The collision
cross is estimated as the greater of the hard sphere cross-
section (σhardsphere) and the capture cross-section (σcapture).
Both the individual cross-section and the efficiency plot sug-
gest that there are two mechanistically distinct energy ranges.
At low Ecol, the efficiency is reduced by increasing energy,
and is quite low—unusual for a barrierless ion–molecule re-
action where the dominant channel is simple atom transfer.
Although energetically more favorable, HE accounts for only
∼15% of the total reaction cross-section at lowEcol and is
completely suppressed by increasingEcol. Given the rear-
rangements required to generate HE products, this channel
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ormed at various levels of theory using either GAUSSI
8 [39] or GAUSSIAN 03[40], to map out the energeti
f the reaction coordinates (complexes, TSs,. . .). For com-
arison with experiment, the RRKM program of Zhu a
ase[41], was used to calculate statistical lifetimes and
ay branching ratios for any complexes on the reaction
or selected systems, we also carried out ab initio direc
amics trajectory calculations by using the VENUS prog
f Hase et al.[42] to set up trajectory initial conditions, a

he updating Hessian method of Schlegel and coworkers[43],
ncorporated into GAUSSIAN[40,44]to propagate trajecto
ies.

. Dynamical control in complex-mediated
on–molecule reactions

.1. H2CO+ +CD4

The H2CO+ + CD4 system[45–47]provides an examp
f dynamical control of reaction at lowEcol, even thoug

he reaction is complex-mediated in this energy range
ave performed both experimental and direct dynamics

ectory studies of this system[46,47], and consequently ha
n unusually detailed picture of the reaction mechanism
olute reaction cross-sections and recoil velocity and an
istributions were measured over a wide range ofEcol, for
even different vibrational states of the reactants, inclu
he ground state, and excited states with pure excitation o
ifferent H2CO+ vibrational modes or with thermal excit

ion of CD4 deformation vibrations. The following reactio
lmost has to be mediated by a complex. At lowEcol the dom-
nant HA channel is also strongly inhibited by collision
rgy. The HA channel approaches a minimum atEcol = 0.4 eV
where HE disappears entirely), then rebounds, event
ecoming energy-independent at highEcol. Clearly a new re
ction mechanism is responsible for HA at highEcol, and the
nergy independence observed above∼2 eV suggests th
fficiency is controlled by collision geometry, rather than
rgetic considerations.

The product recoil velocity and angular distributions re
orce the mechanistic picture inferred from the energy de
ence of the cross-sections. Velocity distributions were
nalyzed for the HE channel, because the kinematics
limination preclude extracting useful velocity informati
n the other hand, the data for HA provide substantial dyn

cal insight. Full doubly differential cross-sections were m
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Fig. 2. Center-of-mass velocity maps from fitting the fullvaxial/vradial dis-
tributions for H2COD+ produced in reaction of H2CO+ + CD4 atEcol = 0.2
and 0.48 eV.

sured, and are plotted as velocity maps inFig. 2, forEcol = 0.2
and 0.48 eV. ForEcol = 0.2 eV, the map is forward–backward
symmetric, and the correspondingErecoil distribution is fea-
tureless, and peaked at low recoil energies. This is just the
behavior expected for decay of a complex that lives long
enough to rotate away any asymmetry in angular distribu-
tion, and to randomize energy. ForEcol = 0.48 eV, the map
is slightly asymmetric, suggesting that the complex lifetime
has dropped to about one rotational period (0.8 ps). The dis-
tributions become strongly forward peaked at high collision
energies, indicating a transition to a direct H-stripping reac-
tion mechanism.

Fig. 3shows a simplified reaction coordinate diagram for
H2CO+ + CH4. The energetics are taken from experimental
data where available[48], and otherwise from B3LYP/6-
311++G** calculations. There are a number of additional TSs
and complexes of C2H6O+ stoichiometry, not shown because
they clearly are not significant in the energy range of in-
terest[46]. Three complexes are important in the reaction.
Complex A is a reactant-like complex with H2CO+ elec-
trostatically bound to CD4 with a OC(H)H CH4 distance
of 2.03Å, and binding energy with respect to reactants of
∼0.4 eV (∼four times our lowest collision energy). Complex
B is product-like, with H2COD+ hydrogen-bonded to planar
CD3 with a hydrogen bond length of 1.70̊A. The binding
energy is about the same as in complex A, but in this case,
relative to HA products. Finally, there is a covalently bound
complex with ethanol structure, bound by∼1 eV relative to
reactants.

Complex B can form directly from reactants with no
activation barrier, or by isomerization from complex A via
TS(A–B) with an energy barrier of 0.16 eV relative to com-
plex A. Accordingly, there are two possible pathways leading
to HA products at low collision energies. The direct pathway:
reactants→ complex B→ H2COH+ + CH3, presumably can
occur for collisions with reactant orientation appropriate for
O attack on one of the methyl hydrogen atoms. The indirect
r
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ig. 3. Schematic reaction coordinate for H2CO+ + CH4. Energies are de
ncluding zero point energies.
oute is: reactants→ complex A→ TS(A–B)→ complex
→ H2COH+ + CH3, where complex A serves as
recursor, allowing HA in collisions with non-optim
eactant orientations. The calculated low energy path
or HE is reactants→ complex A→ TS(A–B)→ complex
→ TS(B CH3CH2OH+) → CH3CH2OH+ → CH3CHO-
+ → H, where CH3CH2OH+ is the most stable of th
ossible covalent complexes, and can eliminate H v

om a combination of experimental and B3LYP/6-311++G** values, the latte
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low energy pathway, directly forming the most stable HE
product isomer, CH3CHOH+.

To test whether these complexes are strongly enough
bound to account for the complex-mediated mechanism in-
ferred from the lowEcol experimental results, two types of
calculations were made. RRKM theory was used to estimate
the lifetimes and decomposition branching of the complexes
as a function of collision energy. The reactant-like com-
plex A is found to have a lifetime ranging from 2.4 ps at
Ecol = 0.09 eV to 0.45 ps atEcol = 0.48 eV. The RRKM life-
time of complex A is consistent with the lifetimes extracted
from the experimental differential cross-sections. This com-
plex decays predominantly back to reactants; the isomeriza-
tion to complex B (and thus to products) varies from 21%
at low energies to 10% atEcol = 0.48 eV. Because complex B
can decay to products via a loose, orbiting TS, its lifetime is
substantially shorter than that of complex A, suggesting that
the experimental collision times mostly originate in complex
A. Furthermore, the decay of complex B back to reactants
is negligible, therefore, formation of complex B is expected
to be the rate-limiting step in the mechanism. In principle,
complex B can form directly from reactants or by isomeriza-
tion from complex A, however, comparison of RRKM and
experimental branching ratios suggests that around 90% of
complex B formation occurs by isomerization from complex
A sor
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Fig. 4. Vibrational enhancement/inhibition factors vs.Evib for reaction of
H2CO+ + CD4 averaged at low collision energy range of 0.1–0.2 eV.

efficient, ergo the dominant lowEcol mechanism is reac-
tants→ precursor→ complex B→ products. It was not fea-
sible to run trajectories long enough to estimate the precursor
lifetime, however, it is clearly at least in the picosecond range
atEcol = 0.1 eV, consistent with both RRKM and experimen-
tal lifetime estimates.

For this system, the experimental results, RRKM calcu-
lations, and trajectories all indicate that the mechanism is
complex-mediated at lowEcol. Branching ratios, recoil en-
ergy distributions, and collision times are all consistent with
statistical theory, thus this is a system where dynamical ef-
fects might be expected to be small. This expectation is shown
to be false by the strong dependence of reactivity on reactant
vibrational state.Fig. 4shows the vibrational effects on both
HA and HE channels averaged over theEcol range from 0.1
to 0.2 eV, i.e., in the range where the mechanism is clearly
complex-mediated. The vibrational effects are given as the ra-
tio σ(v)/σ(gs) plotted against vibrational energy, whereσ(v)
andσ(gs) are the cross-sections for reaction of vibrationally
excited, and ground state reactants, respectively. Each point
corresponds to a particular reactant state. Points labeled “ν+

n ”
correspond to H2CO+(ν+

n ) reacting with ground state CD4.
The points labeled “CD4 deformation” correspond to reac-
tion of ground state H2CO+ with CD4 where a combination
of ν2 andν4 deformation modes have been excited by heating
t
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. We will henceforth refer to complex A as the “precur
omplex”.

Once formed, complex B decays predominantly to
roducts, with 20–30% branching to HE products. The o
ll branching between HA and HE, and “back to reactant
alculated to range from 12:6:82 atEcol = 0.09 eV, to 8:1:91
t Ecol = 0.29 eV. The only significant discrepancy with
eriment is that the total reactivity (HA + HE) is calcula

o be about two times higher than the experimental rea
fficiency. This discrepancy is not surprising, because
RKM-based model only gives the branching out of the
f complexes (precursor A, B, and CH3CH2OH+), but omits
onsideration of the complex formation probability. The
ious implication is that about half of lowEcol collisions
imply result in rebound of reactants—not surprising g
he weak binding in the precursor complex.

This mechanistic picture was tested by direct dynam
rajectory calculations of the collision dynamics, with for
valuated at the MP2/6-31G* level of theory. At high colli
ion energies these calculations revealed the reaction m
nism in some detail[47]. For the long collision times

ow Ecol, it is not feasible to follow trajectories to com
letion, and even partial trajectories take several day
PU time each. Nonetheless, the trajectories are inte

ng. AtEcol = 0.1 eV, for example, every trajectory was fou
o result either in rebound back to reactants, or trap
nto a reactant-like complex, i.e., the precursor comp
o trajectories leading directly to the product-like comp
were seen. These results confirm the main conclu

f the RRKM study: trapping into the precursor comp
s not 100% efficient. Direct complex B formation is n
he CD4 gas to 580 K.
In thermal preparation of vibrationally excited CD4, the

otational temperature is also increased, and it is con
ble that the enhancement might be entirely or partially f
eaction of rotationally excited CD4. Significant rotationa
ffects are not likely because the thermal increase in bo

ational energy and angular momentum are small comp
o the energy and angular momentum available from the
ision. Nonetheless, this possibility was check by runn
irect dynamics trajectories for vibrationally excited CD4 at
othTrot = 300 and 580 K, with the result that there are
ignificant effects ofTrot, as expected.

Note that the vibrational effects on the HA and
hannels are similar, suggesting that they are controlle
common rate-limiting step, consistent with the reac

aths outlined above. All H2CO+ vibrations inhibit reactio
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and the vibrational effects are mode dependent. In contrast
CD4 distortion strongly enhances reaction. It is interesting
to compare the effects of vibrational and collision energy
in the lowEcol regime, where the energies are comparable.
For example, the ground state total reaction cross-section
at Ecol = 0.09 eV is 6.0̊A2. Addition of 0.1 eV ofEcol cuts
the reactivity in half, whereas excitation of H2CO+ ν+

4
(0.114 eV) atEcol = 0.09 eV only drops the reactivity by
25%. Addition of roughly the same energy as CD4 distortion
vibration increases reactivity by >300%. Clearly, the idea
that energy is randomized at the rate-limiting reaction step,
inherent in any purely statistical mechanism, is wrong.

For all H2CO+ modes, the inhibition from vibrational ex-
citation is less than from addition of the equivalent amount
of collision energy. This general trend (though not the mode-
specificity) is expected for the precursor complex-mediated
mechanism outlined above. IncreasingEcol decreases the cap-
ture collision cross-section, and adds both energy and angu-
lar momentum to the initially formed precursor complex. In a
statistical mechanism, additional energy and angular momen-
tum both favor dissociation of the precursor back to reactants
(via a high energy orbiting TS), thereby suppressing reaction
via the lower energy, but tight TS(A–B). In contrast, vibra-
tional excitation has no effect on the capture cross-section and
provides no angular momentum, thus the only factor tending
t .
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this point. The two candidate limiting steps are formation of
the precursor, and isomerization of the precursor to complex
B.

There are two limiting cases. If the inter-molecular po-
tential in the precursor is strongly dependent on the vibra-
tional coordinates of the individual molecules, then reac-
tant vibration could influence precursor formation, however,
the initial vibrational modes would scramble upon precur-
sor formation. At the other extreme, vibration should have
little effect on precursor formation if the inter-reactant po-
tential is weak and weakly coupled to vibration of the in-
dividual reactants. At the same time, however, vibrational
modes in such a complex would scramble slowly, allow the
possibility of influencing the subsequent transition to prod-
ucts.

For this reaction, the experiments suggest that the latter
possibility (weak coupling of vibration in the precursor com-
plex) is correct. This can be seen by examining the depen-
dence of the recoil angular distributions onEcol and reac-
tant vibrational state. For ground state H2CO+, the transition
from forward–backward symmetric to forward-peaked dis-
tributions first becomes noticeable atEcol ≈ 0.5 eV, and the
fitted τcollision at that energy is∼0.6 ps. This result is in ex-
cellent agreement with the RRKM lifetime calculated for the
precursor complex, which drops to about half a picosecond
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o suppress reaction is the additional vibrational energy
One of the more surprising observations is that this pa

f vibrational enhancements and inhibitions is preserve
o the highest collision energies studied, even though the
ion mechanism clearly switches to direct stripping. This s
larity suggests that reactant vibration affects passage th
critical point on the reaction path, and that this critical p

s common to both the complex-mediated and direct r
ion mechanisms. This commonality is important, beca
t means that trajectories calculated at highEcol, which are
omputationally tractable, should provide some insight
he critical point dynamics at lowEcol.

In summary, a statistical mechanism based on the rea
oordinate inFig. 3appears to account for the main featu
f the ground state reaction at lowEcol. On the other hand
uch a mechanism cannot account for the large enhanc
rom CD4 vibration, the mode specificity of the H2CO+ vibra-
ional effects, or the fact that the H2CO+ vibrational effects
re nearly independent ofEcol. The failure to account for th
ibrational effects indicates that the mechanism is inc
lete, i.e., that dynamical effects must be included, eve

he lowest collision energies.
The first step toward understanding the vibrational dyn

cs is to identify the point on the reaction coordinate wh
ffects originate. The only way the vibrational effects ca
o large (ranging from 4× enhancement to 3× inhibition) and
o strongly mode specific, is if vibration influences the lim
ng step of the reaction mechanism. Furthermore, this lim
tep must occur prior to transition to a product-like geom
in this case, prior to formation of complex B), because
nitial vibrational mode would certainly be scrambled a
t

tEcol ≈ 0.5 eV. If reactant vibration were coupled stron
n the precursor complex, then the available energy w
ncrease significantly, and asymmetric angular distribut
ould appear at lowerEcol. Taking the H2CO+ ν+

5 mode
0.337 eV) for example, the RRKM precursor lifetime wo
rop to 0.42 ps atEcol = 0.09 eV, compared to 2.4 ps for t
round state at this energy. With such a large decrea
recursor lifetime, the transition to asymmetric distributi
ould already be apparent at the lowestEcol. In fact, the

ransition is found to be independent of reactant vibrati
tate, indicating that the vibrational energy is not avail
o drive decay of the precursor. The only noticeable vi
ional effect on the recoil behavior is that the recoil ene
istributions broaden slightly, implying that reactant vib

ion does couple at some point in the reaction coordin
o that the vibrational energy is ultimately available to
roducts.

The trajectory results are consistent with this conclus
nd provide interesting insight into just how weakly c
led such complexes can be. For a weakly bound com

ormed with energy above its dissociation limit, one exp
he structure to be floppy, with large amplitude excurs
rom the equilibrium geometry. At least for this system, h
ver, the trajectories reveal that “floppy” considerably
erstates the situation. In a typical complex-forming tra

ory atEcol = 0.1 eV, the reactants have an initial “collisio
onverting energy in relative translation mostly to rotatio
otion of the H2CO+ and CD4 moieties. At the relativel

arge intra-moiety separation in the precursor, the pote
nisotropy is weak, so that the complex is essentially fr
otating H2CO+ and CD4 moieties that occasionally “collide
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with each other. For this system, the precursor complex exerts
no control over reactant orientation, and merely provides the
reactants with repeated opportunities to “collide”, thereby in-
creasing the chances that they will find the correct geometry.
The coupling between the separation coordinate and the in-
ternal rotations of H2CO+ and CD4 is so weak that we never
observed breakup of such a complex, even in a few trajec-
tories allowed to run for 7 ps—substantially greater than the
RRKM-estimated lifetime. Weak coupling of relative motion
with H2CO+ and CD4 vibration is also not surprising for low
Ecol, where the time scale of vibration is poorly matched to
relative translation.

The remaining question is how reactant vibration actually
enhances or inhibits the H-abstraction event. At least for high
Ecol, where direct dynamics trajectories are feasible, we were
able to show quantitatively how methane vibrational enhance-
ment originates, which is probably the first time the origin of
a polyatomic vibrational effect has been unraveled in detail.
According to the trajectory results atEcol = 1.7 eV, the reac-
tion is very orientation sensitive, occurring only when CD4
approaches with one of the D atoms in the H2CO+ plane, and
with the D O C angle in the range between 90◦ and 120◦,
i.e., close to the DOC bond angle in the H2COD+ product.
Such a narrow range of reactive orientations is consistent with
the low reaction efficiency. One possibility for the origin of
t e
o
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Fig. 5. Potential energy contour map for H2CO+ + CD4 calculated at MP2/6-
31G* . The numbers are the potential energy (eV) relative to the reactant. The
dotted line is a reaction trajectory atEcol = 1.7 eV.

Fig. 3). On the other hand, trajectory results indicate that the
actual hydrogen abstraction event does happen late in the col-
lision. It is unclear, therefore, how one might rationalize the
large enhancement from CD4 vibration according to “Polanyi
rules”. InFig. 5, we show a two-dimensional cut through the
21-dimensional potential surface[47], constructed to show
the typical reaction path taken by vibrationally excited reac-
tants. The dimensionality was reduced by fixing the relative
orientation of CD4 and H2CO+ so that CD4 approaches in
the H2CO+ plane, with the DOC angle fixed at 110◦, and
one D atom pointing at the O atom. This simply amounts
to focusing attention on the most reactive orientation. We
further reduced dimensionality by forcing the spectator CD3
moiety to remain in C3V symmetry. In the plot, one axis is
rOD, i.e., the distance between the O atom and the D atom
being abstracted, i.e., the reactant approach coordinate. The
other coordinate is designed to be a measure of both CD4
reactant distortion, and of the transition to products. The co-
ordinate is the sum of the three DCD angles in the spectator
CD3. The reactant CD4 equilibrium geometry corresponds to∑

αD C D = 328◦, and the planar CD3 product corresponds
to

∑
αD C D = 360◦. On this reduced surface, there is a sad-

dle point that corresponds to a “late” barrier in the context of
the Polanyi rules. Note that this saddle point is product-like
in terms of CD4 distortion, however, it is still quite reac-
t
r to
t t fol-
l y in
v o-
t to the
e cross
t ile it
m tion
o ional
e ler
s

f-
fi etry
d
m e. A
he vibrational effects would be if CD4 distortion relaxed th
rientation sensitivity.

The trajectories show that this is not the case. Instead
D4 vibration enhances reactivity only for favorable ori

ations, and there appear to be two effects contributing to
nhancement. Vibrationally excited CD4 has a significantl
igher probability of colliding while distorted into a produ

ike geometry (i.e., near planar CD3 in H2CO D CD3), and
he reaction probability was found to be near unity for s
ollisions. In addition, vibrationally excited CD4 is more re
ctive than ground state CD4, even for collisions where th
D4 is near its equilibrium geometry. In these collisions
ibrational enhancement comes from the vibrationally
uced velocities of the D atoms, which tend to carry the

em toward a product-like geometry. Both vibrational
ortion and vibrational velocity effects are important,
oughly equally contribute to this system atEcol = 1.7 eV. At
his energy, it turns out that the CD4 vibrational period is
omparable to the time when the colliding reactants ar
eracting strongly, and this probably accounts for the sim
ontributions of distortion and velocity effects.

Another way of looking at the CD4 vibrational effects
s in terms of “Polanyi rules”, which correlated the relat
fficacy of vibrational and collision energy in driving re

ions over a barrier, with the position of the barrier on
otential energy surface for a model A + BC reaction[49].
or reactions with early (i.e., reactant-like) barriers, collis
nergy is predicted to be effective, andEvib is ineffective, a
riving reaction. Conversely, for late (product-like) barri
vib is predicted to be more effective. The rate-limiting

or H2CO+ + CD4 reaction is quite reactant-like (TS(A–B
ant like with respect to bond lengths (i.e., rCD = 1.1Å, and
OD = 1.8Å). A typical reactive trajectory is projected on
he reduced surface. As expected, the trajectory does no
ow the minimum energy path due to the kinetic energ
ibration andEcol. Instead, that the methane vibrational m
ion gives the system substantial momentum transverse
ntrance valley, and this momentum carries the system a

he saddle point. The take-home lesson here is that wh
ay be quite difficult to understand the nature of the mo
n a high dimensionality surface, in a sense the vibrat
ffect still result from behavior reminiscent of much simp
ystems.

Understanding the H2CO+ vibrational effects is more di
cult. Unlike the methane moiety, which undergoes geom
istortion during the reaction, none of the H2CO+ vibrational
odes is obviously coupled to the reaction coordinat
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theoretical effort to unravel the complex dynamics of these
modes is underway.

3.2. C2H2+ +CH4

The reaction of C2H2
+ with CH4 has been the subject of a

number of experimental and theoretical studies[20,50–59],
and our group probed the effects of collision energy and
C2H2

+ vibrational excitation on this reaction[20,55,56]. This
system shows very large and mode-specific vibrational ef-
fects, despite clearly being mediated by one or more inter-
mediate complexes. In our original study of this system, we
speculated about the existence of weakly bound and cova-
lently bound complexes. Subsequently Kippenstein[60] and
Cui et al.[61] calculated the structures of several interme-
diates at the MP2/6-31G* and B3PW91/6-311G** levels of
theory. For the present study, we recalculated the station-
ary points for this system at B3PW91/6-31+G** , B3LYP/6-
31+G** , MP2/6-31+G** and G3 levels of theory. The results
are in reasonable agreement with the previous calculations,
and the G3 results are in best agreement with experiment. A
schematic reaction coordinate for the C2H2

+ + CH4 reaction
is mapped out inFig. 6. The energetics are derived from a
combination of experimental[48,62]and G3 (298 K) values.

The reaction of C2H2
+ with CH4 has the following chan-

n

C

C2H2
+ + CH4

→ C2H3
+ (classical)+ CH3 (HA)

∆rH
◦ = 0.23 eV

C2H2
+ + CH4

→ C3H4
+ + H2 (H2-elimination)

∆rH
◦ = −1.32 eV

C2H2
+ + CH4

→ C3H5
+ + H (H-elimination = HE)

∆rH
◦ = −0.93 eV

Note that there are two forms of C2H3
+ as shown inFig. 6,

the bridged form being more stable. The main points of the
computational study are as follows: (1) both weakly bound
and covalently bound complexes are available to mediate re-
action. We will refer to the weakly bound species collectively
as “the precursor complex”. Note that the precursor in this
system is more strongly bound, with a less reactant-like ge-
ometry than in the H2CD+ + CD4 system discussed above.
(2) At the G3 level of theory, only a classical form of the
p ver,
i
t (in-
s rier
s t con-
s llow

F ved fro ows the
i d at MP
els observed at lowEcol:

2H2
+ + CH4

→ C2H3
+ (bridged)+ CH3 (HA)

�rH
◦ = 0.05 eV

ig. 6. Schematic reaction coordinate for C2H2
+ + CH4. Energies are deri

nterconversion between “classical” and “bridged” complex, calculate
recursor complex (“classical complex”) is stable, howe
f the geometries are optimized at the MP2/6-31+G** level,
here is also a precursor complex with bridged geometry
et toFig. 6). Given the small energy differences and bar
eparating these isomers, the precursor is probably bes
idered as a single floppy complex with one or more sha

m a combination of experimental and G3 (298 K) values. The insert sh
2/6-31+G** .
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Fig. 7. Reaction cross-sections for the ground state and vibrational excited
C2H2

+ with CH4.

local minima. No barrier separates the precursor complex
from reactants or from the HA product channels. (3) There are
a number of covalently bound, linear and cyclic C3H6

+ iso-
mers, only the most stable of which is shown. These strongly
bound complexes will collectively be referred to as “covalent
C3H6

+”. (4) The precursor complex can isomerize to covalent
C3H6

+ via TS2.
The integral cross-sections for the three product channels

are shown inFig. 7 as a function ofEcol, for three different
vibrational states of C2H2

+, including theν+
2 (C C stretch,

0.225 eV), 2ν+
5 (overtone of thecis-bend, 0.155 eV), as well

as the ground state. The dominant channels at low collision
energies are C3H5

+ + H and C3H4
+ + H2. These two products

require formation of CC bonds and H atom migration along
the carbon backbone, and therefore must form via H- or H2-
elimination from covalent C3H6

+. We also examined the iso-
tope distribution in reaction of C2H2

+ with CD4, and for the
H- and H2-elimination channels at allEcol, the distribution of
deuterium labels is approximately that expected from com-
binatorial statistics. The RRKM lifetime for the most stable
isomer of covalent C3H6

+ varies from approximately 10 ns at
our lowest collision energies to 70 ps at 3.0 eV—apparently
long enough for isotope scrambling.

Both these channels are inhibited by collision energy,
very weakly inhibited byν+

2 , but significantly enhanced by
2 + + t
f in
a
c ngula
m . On
t
c .

The similar collision energy and vibrational state depen-
dence for the two C3Hx

+ channels suggests that they share
a common rate-limiting step, where the collision energy and
vibrational dependence is determined. As discussed above,
this rate-limiting step must be early enough on the reaction
coordinate, so that the reactant vibrational mode is not yet
scrambled. Once past this limiting step, the branching be-
tween H- and H2-elimination appears to be statistical, with
the lower energy H2-elimination channel inhibited by a rel-
atively tight TS for H2-elimination. As in the H2CO+ + CD4
example above, it is clear that mode scrambling must ac-
company the transition to the covalent complex, therefore,
vibrational excitation must be controlling either formation
of the precursor, or the transition from precursor to cova-
lent structures. In the H2CO+ + CD4 system, the precursor
is bound by only 0.4 eV, and the structure is quite reactant-
like. Here the precursor binding energy is about doubled, and
there is substantial distortion of both moieties from the reac-
tant geometries. As a consequence, it is not clear if the C2H2

+

vibrations could be coupled weakly enough to survive in the
precursor for a time on the order of its lifetime.

In addition to these two exoergic channels, there is a
substantial cross-section for the hydrogen abstraction (HA)
channel as soon as the available energy is sufficient to over-
come the endoergicity. The HA reaction is strongly enhanced
b e
0 s
t has
n rror.
T d to
t lable
t -
s s the
e solve
t

at
t rsor-
m t
C
t d
t
C e-
d D-
l ing
o
t This
d
r

or if
H turn
t ions,
s
t n
o e
l rd
s tri-
ν5 excitation. The smaller inhibition byν2 , relative to tha
rom an equivalent increase inEcol, can be rationalized

statistical picture. As discussed above, increasingEcol de-
reases the capture cross-section and increases the a
omentum—both factors that tend to suppress reaction

he other hand, the large enhancement from 2ν+
5 excitation is

learly not consistent with a purely statistical mechanism
r

y Ecol near threshold, then nearlyEcol-independent abov
.5 eV. Excitation of the CC stretch (ν+

2 ) slightly increase
he magnitude of the HA cross-section, but surprisingly,
o effect on the threshold energy, within experimental e
he implication is that this mode is essentially uncouple

he reaction coordinate, such that its energy is unavai
o drive reaction. In contrast,cis-bend (2ν+

5 ) excitation re
ults in a large increase in HA cross-section, and shift
nergy dependence so that we are no longer able to re

he threshold.
A complication in thinking about the HA channel is th

hese products can form by direct H abstraction, by precu
ediated H transfer, and by CH3 elimination from covalen
3H6

+. In order to estimate the extent to which CH3 elimina-
ion from covalent C3H6

+ contributes to C2H3
+, we measure

he isotope distribution produced in reaction of C2H2
+ with

D4. As noted, the C3Hx
+ channels, which clearly are m

iated by covalent C3H6
+, have essentially combinatorial

abel distributions. It turns out that only 10–15% (depend
nEcol) of the HA product is C2HD2

+, compared to∼60%
hat would be expected from combinatorial statistics.
emonstrates that CH3 elimination from covalent C3H6

+ is a
elatively minor contribution to the HA channel.

The other issue is whether a complex is required at all,
A might be occurring by a direct mechanism. Here we

o measurements of the product recoil angular distribut
hown inFig. 8. The top three distributions inFig. 8illustrate
hevaxialdistribution for C2H2D+ products formed in reactio
f C2H2

+ with CD4, i.e., HA without H/D exchange. For th
owestEcol (=0.25 eV), the distribution is forward–backwa
ymmetric, within experimental error. The symmetric dis
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Fig. 8. Axial recoil velocity distributions for C2H2D+ and C2HD2
+ (bottom

frame) produced in reaction of C2H2
+ + CD4. Heavy vertical lines:〈VCM〉.

Dotted vertical lines: the limit of velocities allowed by conservation of en-
ergy.

bution remains up toEcol = 0.5 eV. As explained above, such
a symmetric distribution is consistent with a mechanism me-
diated by a complex that lives more than a rotational period.
The collision times extracted from fitting these distributions
for Ecol ≤ 0.5 eV are consistent with RRKM estimates of the
lifetime for the precursor complex. For example, the RRKM
precursor lifetime is 1.8 ps atEcol = 0.4 eV. For comparison,
this is an order of magnitude longer than the direct colli-
sion time, estimated here is the time it would take reactants
to move 5Å relative to each other at the collision velocity.
Therefore, the precursor lifetime is mechanistically signifi-
cant, and consistent with statistical decay. At the intermediate
Ecol of 0.84 eV, the distribution is becoming asymmetric, in-
dicating that the collision time is dropping below the complex
rotational period. At the highestEcol of 2.74 eV, the distribu-
tion is peaked well forward of〈VCM〉, which is a characteristic
of a direct reaction.

The bottom frame inFig. 8 shows thevaxial distribu-
tion atEcol = 2.74 eV for the C2HD2

+ product, i.e., for HA
products with H/D exchange, presumed to result mostly by
methyl elimination from covalent C3H6

+. This channel re-
mains forward–backward symmetric at all energies, consis-
tent with the long RRKM lifetime calculated for the covalent
complex (70 ps at this energy). Further evidence that HA with
H/D exchange is mechanistically distinct from HA without

H/D exchange, comes from the recoil energy distribution.
Only about 10% ofEavail is found to appear inErecoil for
HA with H/D exchange, compared with 60% for HA without
H/D exchange. The conclusion is that∼15–20% (depending
on collision energy) of the HA products form by statistical
decay of covalent C3H6

+ intermediates. The balance of HA
products form by decay of the precursor complex at lowEcol,
and by direct HA at highEcol.

In summary, we have two basic reaction channels at low
Ecol, both initiated by formation of a precursor complex. The
exoergic C3Hx

+ products form when the precursor isomer-
izes to covalent C3H6

+, which then decays to a statistical
mix of C3H5

+ and C3H4
+. At energies above the endoergic-

ity, covalent C3H6
+ also contributes to the C2H3

+ channel,
but this is neither a major decay channel for C3H6

+, nor a
major contribution to the C2H3

+ signal. Instead, most C2H3
+

forms at lowEcol by H transfer within the precursor com-
plex, which then dissociates to products. Both mechanisms
are strongly affected by C2H2

+ vibration in a mode-specific
manner, indicating that this seemingly statistical system is,
in fact, strongly influenced by the type of motion imposed
on the reactants. For both types of channels, CC stretch ex-
citation has effects qualitatively similar to, but weaker than
those of collision energy, whilecis-bending vibration causes
much larger effects, opposite in sign in the case of the C3Hx

+

c
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Klippenstein proposed a mechanism to rationalize th

rational effects within a transition state theory framew
60]. The idea is that the vibrational effects result from c
etition in breakup of the precursor complex, and that r

ant vibration simply provides available energy. The com
ition is between isomerization to covalent C3H6

+ (leading to
3Hx

+ products), dissociation to HA products, and diss
tion back to reactants. Obviously, a purely statistical m
annot account for the observed highly mode specific be
or. Klippenstein proposed that the mode specificity m
e qualitatively rationalized, if different reactant vibratio
odes were assumed to couple differently in the precu
e argued that the CC stretching vibration is adiabatic

he precursor complex, i.e., so weakly coupled that its
rgy is not available to drive complex decay, thus accoun

or the small effects observed. The bending vibration, on
ther hand, was argued to be strongly coupled so that i
rgy contributes to the energy driving decay of the precu
omplex. This assumption leads to the correct prediction
ending excitation should enhance the endoergic HA

ion, although it cannot account for the large magnitud
he enhancement observed. As expected for a model
idering only the energy content of the vibrations, ben
as also predicted to inhibit the C3H4

+ and C3H5
+ channels

hereas they are actually enhanced substantially.
It appears therefore, that even allowing different vibrat

o couple differently (i.e., implicitly allowing some dyna
cal effects), a statistical picture which considers only
nergycontained in the vibrations, is inadequate to acc

or the observations. It is also essential to take into acc
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thenatureof the vibrational motion, i.e., include dynamics
explicitly. In this case, the obvious point is that both reaction
channels involve bending and rehybridizing one or both car-
bon centers on the acetylene reactant. Bending vibration is
exactly the type of motion needed to carry the system toward
products, whereas CC stretching vibration is uncoupled to
this reaction coordinate. The methane distortion effects in the
H2CO+ + CD4 system can also qualitatively be rationalized
in this manner, because the product CD3 moiety is planar. On
the other hand, we have seen many examples where a simple
“distortion toward product geometry” picture does not cor-
rectly predict the observed vibrational effects, or where it is
not clear how to apply such a picture. The H2CO+ vibrations
in H2CO+ + CD4 are an example of the latter case—they are
not obviously coupled to the reaction coordinate, but have
large, mode specific effects.

4. Conclusions

Two examples were presented of ion–molecule reactions
mediated by long-lived complexes at low collision energies.
In both cases, the product branching,Ecol dependence, and
recoil velocity and angular distributions are consistent with
statistical complex decay. Measurement of the effects of reac-
t ivity
a time
d ffects
h nging
i r
s
a
i e ob-
s ation
b
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s there
i mical
c ects
c ized.
I ctant
s st of
t ole in
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a many
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t . For
e
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though the ground state cross-section is at the collision limit.
On the other hand, facile reactions such as exoergic proton
transfer, are unlikely to depend significantly on reactant vi-
bration. For example, proton transfer between H2CO+ + D2O
occurs at the collision limit, regardless of initial state[70].
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