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Abstract

Experimental and theoretical studies of two ion—-molecule reactions are reviewed. The reactig@Obfddd GH,* 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
scramble the initial state information.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction statistical reaction models is that energy is randomized, i.e.,
distributed statistically among all the energetically accessible
Many ion—molecule reactions are assumed to go via mech-states of the system. For statistical factors to control reaction,
anisms mediated by intermediate complexes, ranging fromthis randomization must occur prior to the rate-limiting step
simple electrostatically or hydrogen-bonded species, to cova-in the mechanisnil—3]. Inherent in this assumption is the
lently bonded complexes. Evidence for the role of complexes requirement that energy exchange between different degrees
includes isotopic scrambling, forward—backward symmetric of freedom be facile, so that energy randomization can be
product angular distributions, and product branching and re- rapid compared to the reaction time. The rate of a particular
coil energies consistent with statistical unimolecular decay process (e.g., breakup of a complex, or interconversion be-
of a long-lived intermediate. In such reactions, it is safe to tween different complex isomers) is proportional to the total
say that the break up of the complex is a statistical process,number of energetically accessible states (subject to angu-
i.e., depends only on the total energy and angular momentumlar momentum conservation) at the transition state (TS). As
of the complex. In this paper, we use two examples of such a consequence, statistical reactions tend to occur by paths
reactions to make the point that even for reactions mediatedclose to the minimum energy path, as the density of states is
by a statistical complex, the reaction may be controlled by highest for such patH4].
dynamics, i.e., the rate-limiting step depends sensitively on A typical approach to predicting behavior expected for a
the details of reactant preparation, not simply on energy andstatistical mechanism involves calculating the energies, mo-
angular momentum. ments of inertia, and vibrational frequencies for the com-
It is useful to review behavior expected for a reaction un- plexes and transition states connecting reactants to various
der purely statistical control. The fundamental assumption in product channels. For many ion—molecule reactions, there
are no energy barriers for approach of reactants, thus it is
* Corresponding author. Tel.: +1 801 585 7289; fax: +1801 581 8433, assumed that the initial ion-molecule complex forms effi-
E-mail addressanderson@chem.utah.edu (S.L. Anderson). Ciently. A transitiOn-State-theory-based model such as the
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Rice—Ramsperger—Kassel-Marcus (RRKM) thel@ry3] or tiphoton ionization (REMPI) and mass-analyzed threshold
phase space theofy] is then used to calculate the unimolec- ionization (MATI) [21].
ular rates for crossing the various transition states (TSs) lead- The general considerations for successful REMPI state se-
ing from this initial complex to other complexes and to var- lection have been outlined previough8]. In brief, the neu-
ious product channels (including dissociation back to reac- tral precursor molecules are excited by one or more photons
tants). The product branching is given by the ratio of the to an intermediate electronic state, then ionized by one ad-
rates, and recoil energy distributions can also be calculatedditional photon. The resulting distribution of ion vibrational
based on the assumption of statistical energy partitioning in states depends on the properties of the intermediate state and
the products. This basic approach has been successful in aceation ground state. In the simplest case, the intermediate
counting for many experimental observatidtf and these  is a Rydberg state—essentially a cation core, loosely cou-
successes support the assumptions made in the statisticgbled to the excited electron. As a consequence of the weak
models. coupling, the molecular geometry is nearly identical to that
However, advances in both experiment and theory have of the free cation, thus when the Rydberg state is photoion-
allowed more detailed investigations of dynamical effects on ized, the Franck—Condon principle favors leaving the cation
chemical reactions, leading to reconsideration of the valid- in the same vibrational level that was populated in the Ry-
ity of the fast energy exchange assumption inherent in the dberg state. By tuning to different vibrational levels of the
statistical approacfi7]. Theoretically, for example, by us- intermediate state, the ion vibrational level can be tuned, at
ing ab initio direct dynamics trajectory simulation, Hase and least in the ideal case. In reality it is necessary to verify state
coworkers[8], and Ammal et al[9], have recently demon-  selection by measuring the spectrum of photoelectrons pro-
strated that reacting molecules do not necessarily follow the duced in the various REMPI transitions. A number of groups
minimum energy pathway when kinetic energy is accounted have done the necessary spectroscopy to find REMPI state
for, and discussed these phenomena in terms of relationshipselection routes for §H, [22,23], OCSJ[24], NH3 [25,26],
between intra-molecular vibrational redistribution (IVR) and CH3CHO[27], C4Hg [28], H2CO[29], and NG [30]. MATI
molecular structure. Experimentally, non-statistical effects is, in principle, a general method. To date it has been used
have been seen in the variation of unimolecular lifetime with to rotationally select a number of diatomif&l,32] and to
energy{10,11] in product energy distributiorj$2,13], prod- vibrationally select phenol catiofi33].
uct branching ratiofl 4], and in the effects of electronit5] Reactions are measured using a guided-ion-beam tandem
and vibrational excitatiofiL6]. mass spectrometer instrument that has been described previ-
Here we focus on two systems which appear statistical ously, along with procedures for data acquisition and analysis
to all the usual experimental probes, i.e., statistical decay of[20]. lons are produced in the desired vibrational states by
complexes adequately accounts for complex lifetimes, prod- laser ionization schemes appropriate to the molecule in ques-
uct branching ratios, angular and recoil energy distributions, tion. Any fragment ions produced in the ionization process
etc. Nonetheless these “statistical” reactions are clearly con-are removed by passage through a quadrupole mass filter. In
trolled by dynamical effects, as shown by strong dependenceaddition, the ion lens set following the quadrupole includes a
of reactivity on the details of reactant preparation. These ef- split center electrode that is used to time-gate the ion pulse,
fects are observed in experiments where vibrationally mode- improving the time and translational energy resolution of the
selected ions are reacted under conditions where both integrakxperiment. Typically, the resulting state-selected beam has a
and differential cross-sections can be measured over a widekinetic energy width of only~0.1 eV. The vibrational state-,
range of collision energyHq) [17-19] When, as we almost  mass-, and energy-selected ions are then guided into a sys-
always observe, reactivity depends on vibrational mode, nottem of eight-pole radio frequency (rf) ion guides. In the first
simply on vibrational energy, the implication is that the rate- guide segment, ions pass through a 10 cm long scattering cell,
limiting step in the mechanism is under dynamical control. containing the neutral target gas at a pressure low enough to
The goal of this paper is to show how dynamical effects fit give single-collision conditions~10~“ Torr). Product ions
into otherwise statistical reaction mechanisms, and to pointand unreacted primary ions are collected by the ion guide,
out the type of systems where dynamical effects are likely to and passed into a second, longer guide segment for time-
be important. We believe that such systems are, in fact, quiteof-flight (TOF) analysis, and finally are mass analyzed and
common. counted.
Integral cross-sections are calculated from the ratio of re-
actant and product ion intensities, and the calibrated target
2. Experimental and computational methods gas pressurg length product. TOF is used to measure the
actual reactant ion beam velocity distribution (and thus the
The experimental methodology has been described in de-Ecq distribution) at each nomindl.g. Two types of differ-
tail previously[20]. The most difficult aspect of the method ential cross-sections can be measuj2@ 34-36] TOF is
is preparing polyatomic cations with controlled excitation in always used to measure the product ion axial velocity dis-
different vibrational modes. Depending on the system, we tribution, i.e., the projection of the full velocity distribution
have been successful with both resonance-enhanced mulen the ion guide axis. Because our experimental geometry
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is symmetric about the guide axis, the relative velocity of 5.0 [ 2
the reactants and the velocity of the center-of-mass system = 1 \

in the lab frame {cm) are both co-axial with the ion guide, < 407 - —effidency-+
on average. As a consequence, dynamical information can be § 204 3
gleaned directly from the axial velocitydxia)) distributions. 3 L 10 2
For example, if reaction proceeds via a complex with the & 20 / %
lifetime long compared to its rotational periogdaton typi- 8 \_7 >
cally a few picoseconds), the resultingy distribution must © 10 1anE

be symmetric abow/cyu. Conversely, an asymmetrigyial 00 \..u e I 0
distribution is a clear sign that the reaction is not mediated 00 05 10 15 20 25 30

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 Frig 1. cross-sections for the reaction of ground stat€® with CDj.
of side-ways scattering, however, thus any quantitative in- The right axis shows the reaction efficiency.
terpretation (e.qg., extracting angular or energy distributions)
requires either making assumptions about the reaction mech-are observed:
anism, or measureme_nt of th_e full doubly c_zlifferential Cross- H,cot* + CDy— H,COD*' 4 CDs3
section. The doubly differential cross-section can be recov-
ered from a set of TOF measurements taken with different ~ (hydrogen abstractior= HA) A[H® = —0.18eV
ion guide rf amplitudes, as described by Gerli8i,38] By
fitting this set of distributions, we obtain a full differential
cross-section, at the same time correcting for experimentalHoCO" + CD4 — CD3CHOD* +H
g(r)cr)]z;c[l?e)zling from the ion beam and target velocity distribu- (hydrogen elimination= HE) A H° = —0.67eV

To aid interpretation, ab initio calculations were per- The integral cross-sections for reaction of ground state
formed at various levels of theory using either GAUSSIAN H,CO" with CD4 are shown inFig. 1 over the CMEc
98 [39] or GAUSSIAN 03[40], to map out the energetics range from 0.09 to 3.3eV. Also plotted, against the right
of the reaction coordinates (complexes, TSs). For com- axis, is the reaction efficiency, i.e., the ratio of the total reac-
parison with experiment, the RRKM program of Zhu and tion cross-section to the collision cross-section. The collision
Hase[41], was used to calculate statistical lifetimes and de- cross is estimated as the greater of the hard sphere cross-
cay branching ratios for any complexes on the reaction path.section ghardspherp and the capture cross-sectiarn4piurd-
For selected systems, we also carried out ab initio direct dy- Both the individual cross-section and the efficiency plot sug-
namics trajectory calculations by using the VENUS program gest that there are two mechanistically distinct energy ranges.
of Hase et al[42] to set up trajectory initial conditions, and At low Ecg, the efficiency is reduced by increasing energy,
the updating Hessian method of Schlegel and cowoik&is and is quite low—unusual for a barrierless ion—molecule re-
incorporated into GAUSSIANA0,44]to propagate trajecto-  action where the dominant channel is simple atom transfer.
ries. Although energetically more favorable, HE accounts for only

~15% of the total reaction cross-section at 1By and is
completely suppressed by increasiBg,. Given the rear-

Collision Energy (eV)

3. Dynamical control in complex-mediated rangements required to generate HE products, this channel
ion—molecule reactions almost has to be mediated by a complex. At By the dom-

inant HA channel is also strongly inhibited by collision en-
3.1. HLCO" +CDy ergy. The HA channel approaches a minimurBat=0.4 eV

(where HE disappears entirely), then rebounds, eventually
The H,CO" + CD4 system[45—47] provides an example  becoming energy-independent at higdg. Clearly a new re-

of dynamical control of reaction at loW.q;, even though action mechanism is responsible for HA at higfy), and the
the reaction is complex-mediated in this energy range. We energy independence observed abex&eV suggests that
have performed both experimental and direct dynamics tra- efficiency is controlled by collision geometry, rather than en-
jectory studies of this syste6,47], and consequently have ergetic considerations.
an unusually detailed picture of the reaction mechanism. Ab-  The product recoil velocity and angular distributions rein-
solute reaction cross-sections and recoil velocity and angularforce the mechanistic picture inferred from the energy depen-
distributions were measured over a wide rangé&gj, for dence of the cross-sections. Velocity distributions were not
seven different vibrational states of the reactants, including analyzed for the HE channel, because the kinematics for H
the ground state, and excited states with pure excitation of five elimination preclude extracting useful velocity information.
different HLCO" vibrational modes or with thermal excita- Onthe other hand, the data for HA provide substantial dynam-
tion of CD,4 deformation vibrations. The following reactions icalinsight. Full doubly differential cross-sections were mea-



176 J. Liu, S.L. Anderson / International Journal of Mass Spectrometry 241 (2005) 173-184

1000

Vradial (m/s)

-1000 -500

Eeor= 0.20 8V

0 500 1000

Vradial (m/s)

E.o=0.48¢eV [Mo.2

-1000 -500 0 500 1000
Vaxial (m/s)
H,CO"—>&—CD,

Fig. 2. Center-of-mass velocity maps from fitting the fullkial/ vradial dis-
tributions for HCOD" produced in reaction of $CO" + CD, at E¢p =0.2

and 0.48eV.

sured, and are plotted as velocity mapBiiq. 2, for E¢o = 0.2
and 0.48 eV. FOE¢, =0.2 eV, the map is forward—backward
symmetric, and the correspondifg:o; distribution is fea-
tureless, and peaked at low recoil energies. This is just the O attack on one of the methyl hydrogen atoms. The indirect
behavior expected for decay of a complex that lives long foute is: reactants> complex A— TS(A-B)— complex
enough to rotate away any asymmetry in angular distriou- B— H2COH" +CHs, where complex A serves as a
tion, and to randomize energy. FBg, =0.48 eV, the map
is slightly asymmetric, suggesting that the complex lifetime reactant orientations. The calculated low energy pathway
has dropped to about one rotational period (0.8 ps). The dis-for HE is reactants> complex A— TS(A-B)— complex
tributions become strongly forward peaked at high collision B — TS(B-CHzCHOH") — CH3CH,OH" — CH3CHO-
energies, indicating a transition to a direct H-stripping reac- H* — H, where CHCH;OH" is the most stable of the

tion mechanism.

eV ]

0.0

-0.5 4

-1.0 A

Fig. 3shows a simplified reaction coordinate diagram for
H,CO" + CH4. The energetics are taken from experimental
data where availablf48], and otherwise from B3LYP/6-
311++G" calculations. There are a number of additional TSs
and complexes of §HgO* 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,BO" elec-
trostatically bound to Cl with a OC(H)H-CH, distance
of 2.03A, and binding energy with respect to reactants of
~0.4 eV (~four times our lowest collision energy). Complex
B is product-like, with HCOD" hydrogen-bonded to planar
CD3 with a hydrogen bond length of 1.70 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 ¥ 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— H,COH' + CHg, presumably can
occur for collisions with reactant orientation appropriate for

precursor, allowing HA in collisions with non-optimal

possible covalent complexes, and can eliminate H via a

H,CO" + CH,
N 2.50 <2 Bt
I e 2 a5
AN s, o TS HA H,COH" + CH,
L%, el TS(B-CH,CHOH,") =7
Vo \ / i
complex A ™ | !" [ /
Q \ ~ /
172,03 s fro /
JJ-J— _j‘) N \\ - \ /
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%

Fig. 3. Schematic reaction coordinate fof@D* + CH,. Energies are derived from a combination of experimental and B3LYP/6-3171weies, the latter

including zero point energies.
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low energy pathway, directly forming the most stable HE 4.0 CD, deformation
product isomer, CEICHOH". 30 /

To test whether these complexes are strongly enough —e— HA
bound to account for the complex-mediated mechanism in- 20 A ~— HE

ferred from the lowE.q 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 .
Ecoi=0.09€eV to 0.45ps dEqq=0.48eV. The RRKM life- 0.0 01 02 03
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-Fig. 4. Vibrational enhancement/inhibition factors &, for reaction of

tion to complex B (and thus to products) varies from 21% H2CO" +CD, averaged at low collision energy range of 0.1-0.2 eV.

at low energies to 10% &, =0.48 eV. Because complex B

can decay to products via a loose, orbiting TS, its lifetime is efficient, ergo the dominant lo., mechanism is reac-
substantially shorter than that of complex A, suggesting that tants— precursor~> complex B— products. It was not fea-

the experimental collision times mostly originate in complex sible to run trajectories long enough to estimate the precursor
A. Furthermore, the decay of complex B back to reactants lifetime, however, itis clearly at least in the picosecond range
is negligible, therefore, formation of complex B is expected atEgy =0.1eV, consistent with both RRKM and experimen-
to be the rate-limiting step in the mechanism. In principle, tal lifetime estimates.

complex B can form directly from reactants or by isomeriza- For this system, the experimental results, RRKM calcu-
tion from complex A, however, comparison of RRKM and lations, and trajectories all indicate that the mechanism is
experimental branching ratios suggests that around 90% ofcomplex-mediated at loW.o. Branching ratios, recoil en-
complex B formation occurs by isomerization from complex ergy distributions, and collision times are all consistent with
A. We will henceforth refer to complex A as the “precursor statistical theory, thus this is a system where dynamical ef-
complex”. fects might be expected to be small. This expectation is shown

Once formed, complex B decays predominantly to HA to be false by the strong dependence of reactivity on reactant
products, with 20-30% branching to HE products. The over- vibrational stateFig. 4 shows the vibrational effects on both
all branching between HA and HE, and “back to reactants” is HA and HE channels averaged over g range from 0.1
calculated to range from 12:6:82B4,=0.09 eV, to 8:1:91 to 0.2eV, i.e., in the range where the mechanism is clearly
at Ecq =0.29 eV. The only significant discrepancy with ex- complex-mediated. The vibrational effects are given as the ra-
periment is that the total reactivity (HA +HE) is calculated tio o(v)/o(gs) plotted against vibrational energy, whe(g)
to be about two times higher than the experimental reaction ando(gs) are the cross-sections for reaction of vibrationally
efficiency. This discrepancy is not surprising, because the excited, and ground state reactants, respectively. Each point
RRKM-based model only gives the branching out of the set corresponds to a particular reactant state. Points labefed
of complexes (precursor A, B, and GEBH,OH*), but omits correspond to HCO"(v;") reacting with ground state GD
consideration of the complex formation probability. The ob- The points labeled “Clp deformation” correspond to reac-
vious implication is that about half of lowg collisions tion of ground state WCO* with CD4 where a combination
simply result in rebound of reactants—not surprising given of v, andv, deformation modes have been excited by heating
the weak binding in the precursor complex. the CDy gas to 580K.

This mechanistic picture was tested by direct dynamics  In thermal preparation of vibrationally excited ¢the
trajectory calculations of the collision dynamics, with forces rotational temperature is also increased, and it is conceiv-
evaluated at the MP2/6-31Gevel of theory. At high colli- able that the enhancement might be entirely or partially from
sion energies these calculations revealed the reaction mechreaction of rotationally excited CP Significant rotational
anism in some detaf47]. For the long collision times at  effects are not likely because the thermal increase in both ro-
low Ecol, it is not feasible to follow trajectories to com- tational energy and angular momentum are small compared
pletion, and even partial trajectories take several days ofto the energy and angular momentum available from the col-
CPU time each. Nonetheless, the trajectories are interestdision. Nonetheless, this possibility was check by running
ing. At Eco=0.1 eV, for example, every trajectory was found direct dynamics trajectories for vibrationally excited £&
to result either in rebound back to reactants, or trapping both T, =300 and 580K, with the result that there are no
into a reactant-like complex, i.e., the precursor complex. significant effects oo, as expected.

No trajectories leading directly to the product-like complex Note that the vibrational effects on the HA and HE
B were seen. These results confirm the main conclusionchannels are similar, suggesting that they are controlled by
of the RRKM study: trapping into the precursor complex a common rate-limiting step, consistent with the reaction
is not 100% efficient. Direct complex B formation is not paths outlined above. All #CO* vibrations inhibit reaction

o(v)lo(gs)

Vibrational Energy (eV)
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and the vibrational effects are mode dependent. In contrastthis point. The two candidate limiting steps are formation of
CD4 distortion strongly enhances reaction. It is interesting the precursor, and isomerization of the precursor to complex
to compare the effects of vibrational and collision energy B.
in the low E¢q regime, where the energies are comparable.  There are two limiting cases. If the inter-molecular po-
For example, the ground state total reaction cross-sectiontential in the precursor is strongly dependent on the vibra-
at E¢cq)=0.09eV is 6.042. Addition of 0.1eV ofE¢q) CuUts tional coordinates of the individual molecules, then reac-
the reactivity in half, whereas excitation of,80" v;f tant vibration could influence precursor formation, however,
(0.114eV) atEc=0.09eV only drops the reactivity by the initial vibrational modes would scramble upon precur-
25%. Addition of roughly the same energy as LZdistortion sor formation. At the other extreme, vibration should have
vibration increases reactivity by >300%. Clearly, the idea little effect on precursor formation if the inter-reactant po-
that energy is randomized at the rate-limiting reaction step, tential is weak and weakly coupled to vibration of the in-
inherent in any purely statistical mechanism, is wrong. dividual reactants. At the same time, however, vibrational
For all H,CO' modes, the inhibition from vibrational ex- modes in such a complex would scramble slowly, allow the
citation is less than from addition of the equivalent amount possibility of influencing the subsequent transition to prod-
of collision energy. This general trend (though not the mode- ucts.
specificity) is expected for the precursor complex-mediated  For this reaction, the experiments suggest that the latter
mechanism outlined above. Increasifig| decreasesthe cap- possibility (weak coupling of vibration in the precursor com-
ture collision cross-section, and adds both energy and angu-lex) is correct. This can be seen by examining the depen-
lar momentum to the initially formed precursor complex. Ina dence of the recoil angular distributions &gy and reac-
statistical mechanism, additional energy and angular momen-tant vibrational state. For ground stateG®O", the transition
tum both favor dissociation of the precursor back to reactantsfrom forward—backward symmetric to forward-peaked dis-
(via a high energy orbiting TS), thereby suppressing reaction tributions first becomes noticeable Bi, ~ 0.5 eV, and the
via the lower energy, but tight TS(A-B). In contrast, vibra- fitted t¢oision at that energy is-0.6 ps. This result is in ex-
tional excitation has no effect on the capture cross-section andcellent agreement with the RRKM lifetime calculated for the
provides no angular momentum, thus the only factor tending precursor complex, which drops to about half a picosecond
to suppress reaction is the additional vibrational energy. atEco~ 0.5eV. If reactant vibration were coupled strongly
One of the more surprising observations is that this patternin the precursor complex, then the available energy would
of vibrational enhancements and inhibitions is preserved up increase significantly, and asymmetric angular distributions
to the highest collision energies studied, even though the reacwould appear at loweEy. Taking the HCO* v; mode
tion mechanism clearly switches to direct stripping. This sim- (0.337 eV) for example, the RRKM precursor lifetime would
ilarity suggests that reactant vibration affects passage throughdrop to 0.42 ps aE¢o = 0.09 eV, compared to 2.4 ps for the
a critical point on the reaction path, and that this critical point ground state at this energy. With such a large decrease in
is common to both the complex-mediated and direct reac- precursor lifetime, the transition to asymmetric distributions
tion mechanisms. This commonality is important, because would already be apparent at the low&st,. In fact, the
it means that trajectories calculated at hkgy;, which are transition is found to be independent of reactant vibrational
computationally tractable, should provide some insight into state, indicating that the vibrational energy is not available
the critical point dynamics at 0. to drive decay of the precursor. The only noticeable vibra-
In summary, a statistical mechanism based on the reactiontional effect on the recoil behavior is that the recoil energy
coordinate irFig. 3appears to account for the main features distributions broaden slightly, implying that reactant vibra-
of the ground state reaction at Id#¢,. On the other hand, tion does couple at some point in the reaction coordinate,
such a mechanism cannot account for the large enhancemersgo that the vibrational energy is ultimately available to the
from CDy vibration, the mode specificity of the)@O* vibra- products.
tional effects, or the fact that the,@0* vibrational effects The trajectory results are consistent with this conclusion,
are nearly independent Bf,. The failure to account forthe  and provide interesting insight into just how weakly cou-
vibrational effects indicates that the mechanism is incom- pled such complexes can be. For a weakly bound complex
plete, i.e., that dynamical effects must be included, even atformed with energy above its dissociation limit, one expects
the lowest collision energies. the structure to be floppy, with large amplitude excursions
The first step toward understanding the vibrational dynam- from the equilibrium geometry. At least for this system, how-
ics is to identify the point on the reaction coordinate where ever, the trajectories reveal that “floppy” considerably un-
effects originate. The only way the vibrational effects can be derstates the situation. In a typical complex-forming trajec-
so large (ranging from» enhancement toxdinhibition) and tory atEco =0.1 eV, the reactants have an initial “collision”,
so strongly mode specific, is if vibration influences the limit- converting energy in relative translation mostly to rotational
ing step of the reaction mechanism. Furthermore, this limiting motion of the BCO* and CD moieties. At the relatively
step must occur prior to transition to a product-like geometry large intra-moiety separation in the precursor, the potential
(in this case, prior to formation of complex B), because the anisotropy is weak, so that the complex is essentially freely
initial vibrational mode would certainly be scrambled after rotating H,CO" and CD; moieties that occasionally “collide”
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with each other. For this system, the precursor complex exerts 360
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 HCO* and CD), 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 11l
RRKM-estimated lifetime. Weak coupling of relative motion T LN e e
with H,CO" and CDy vibration is also not surprising for low 1 2 3 4 5 6
Ecol, Where the time scale of vibration is poorly matched to

roD (A)
relative trans.latlon' L . . Fig. 5. Potential energy contour map fos €O + CD4 calculated at MP2/6-
The remaining question is how reactant vibration actually 31G . The numbers are the potential energy (eV) relative to the reactant. The

enhances or inhibits the H-abstraction event. At least for high dotted line is a reaction trajectory Bto = 1.7 eV.

Ecol, Where direct dynamics trajectories are feasible, we were

able to show quantitatively how methane vibrational enhance- Fig. 3). On the other hand, trajectory results indicate that the

ment originates, which is probably the first time the origin of actual hydrogen abstraction event does happen late in the col-

a polyatomic vibrational effect has been unraveled in detail. lision. It is unclear, therefore, how one might rationalize the

According to the trajectory results Bt = 1.7 €V, the reac-  large enhancement from GDibration according to “Polanyi

tion is very orientation sensitive, occurring only when £D rules”. InFig. 5 we show a two-dimensional cut through the

approaches with one of the D atoms in thgd®" plane, and 21-dimensional potential surfa¢é7], constructed to show

with the D-O—C angle in the range between“9énd 120, the typical reaction path taken by vibrationally excited reac-

i.e., close to the DOC bond angle in theGDD* product. tants. The dimensionality was reduced by fixing the relative

Such a narrow range of reactive orientations is consistent with orientation of CQ} and HhCO" so that CQQ approaches in

the low reaction efficiency. One possibility for the origin of the H,CO* plane, with the DOC angle fixed at 1%,0and

the vibrational effects would be if Cdistortion relaxed the  one D atom pointing at the O atom. This simply amounts

orientation sensitivity. to focusing attention on the most reactive orientation. We
The trajectories show that this is not the case. Instead, thefurther reduced dimensionality by forcing the spectatogCD

CDq4 vibration enhances reactivity only for favorable orien- moiety to remain in @, symmetry. In the plot, one axis is

tations, and there appear to be two effects contributing to thisrOD, i.e., the distance between the O atom and the D atom

enhancement. Vibrationally excited @Das a significantly ~ being abstracted, i.e., the reactant approach coordinate. The

higher probability of colliding while distorted into a product- other coordinate is designed to be a measure of both CD

roduct 06

saddle point
/ p

Lo o p (degree)

like geometry (i.e., near planar GIh H,CO-D—-CD3), and reactant distortion, and of the transition to products. The co-
the reaction probability was found to be near unity for such ordinate is the sum of the three DCD angles in the spectator
collisions. In addition, vibrationally excited Gs more re- CDs. The reactant CRequilibrium geometry corresponds to

active than ground state GDeven for collisions where the Y ap_cp = 328, and the planar Cgproduct corresponds
CDy is near its equilibrium geometry. In these collisions the to)" op_c—p = 360°. Onthis reduced surface, there is asad-
vibrational enhancement comes from the vibrationally in- dle point that corresponds to a “late” barrier in the context of
duced velocities of the D atoms, which tend to carry the sys- the Polanyi rules. Note that this saddle point is product-like
tem toward a product-like geometry. Both vibrational dis- in terms of CD distortion, however, it is still quite reac-
tortion and vibrational velocity effects are important, and tant like with respect to bond lengths (i.e., rCD =A,land
roughly equally contribute to this systemEad, = 1.7 eV. At roD= 1.8,&). A typical reactive trajectory is projected onto
this energy, it turns out that the GDvibrational period is the reduced surface. As expected, the trajectory does not fol-
comparable to the time when the colliding reactants are in- low the minimum energy path due to the kinetic energy in
teracting strongly, and this probably accounts for the similar vibration andecq. Instead, that the methane vibrational mo-
contributions of distortion and velocity effects. tion gives the system substantial momentum transverse to the
Another way of looking at the Cpvibrational effects entrance valley, and this momentum carries the system across
is in terms of “Polanyi rules”, which correlated the relative the saddle point. The take-home lesson here is that while it
efficacy of vibrational and collision energy in driving reac- may be quite difficult to understand the nature of the motion
tions over a barrier, with the position of the barrier on the on a high dimensionality surface, in a sense the vibrational

potential energy surface for a model A +BC react[dA]. effect still result from behavior reminiscent of much simpler
For reactions with early (i.e., reactant-like) barriers, collision systems.
energy is predicted to be effective, ag, is ineffective, at Understanding the $CO* vibrational effects is more dif-

driving reaction. Conversely, for late (product-like) barriers, ficult. Unlike the methane moiety, which undergoes geometry
Evip is predicted to be more effective. The rate-limiting TS distortion during the reaction, none of the€" vibrational
for H,CO' + CD4 reaction is quite reactant-like (TS(A-B), modes is obviously coupled to the reaction coordinate. A
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theoretical effort to unravel the complex dynamics of these CoH," + CH4
modes is underway. 4 .
— CoH3™ (classical)+ CHz (HA)

3.2. GH>* +CH4 ArH® = 0.23eV

The reaction of @H,™ with CH4 has been the subject of a
number of experimental and theoretical studi350-59] CoHz™ +CHy
and our group probed the effects of collision energy and — CgHaT+Hy,  (Ho-elimination)
C,Hy* vibrational excitation on this reacti¢20,55,56] This
system shows very large and mode-specific vibrational ef- ArH® = —1.32eV
fects, despite clearly being mediated by one or more inter-
mediate complexes. In our original study of this system, we CoHo™ + CH,
speculated about the existence of weakly bound and cova-
lently bound complexes. Subsequently Kippensiédj and — CsHs" +H (H-elimination = HE)
Cui et al.[61] calculated the structures of several interme- AH° — —0.93eV
diates at the MP2/6-31Gand B3PW91/6-3118 levels of ' ‘
theory. For the present study, we recalculated the station-Note that there are two forms o83 as shown irFig. 6,
ary points for this system at B3PW91/6-31FGB3LYP/6- the bridged form being more stable. The main points of the
31+G", MP2/6-31+G" and G3 levels of theory. The results computational study are as follows: (1) both weakly bound
are in reasonable agreement with the previous calculations,and covalently bound complexes are available to mediate re-
and the G3 results are in best agreement with experiment. Aaction. We will refer to the weakly bound species collectively
schematic reaction coordinate for theHG* + CHy4 reaction as “the precursor complex”. Note that the precursor in this
is mapped out irfFig. 6. The energetics are derived from a system is more strongly bound, with a less reactant-like ge-
combination of experiment§48,62]and G3 (298 K) values.  ometry than in the HCD* + CD,4 system discussed above.
The reaction of @H,™ with CHy4 has the following chan-  (2) At the G3 level of theory, only a classical form of the

nels observed at |0 precursor complex (“classical complex”) is stable, however,
N if the geometries are optimized at the MP2/6-31+@vel,
CoHz™ +CHy there is also a precursor complex with bridged geometry (in-

— CoH3™ (bridged)+ CHz (HA) set toFig. 6). Given the small energy differences and barrier

separating these isomers, the precursor is probably best con-

ArH® = 0.05eV sidered as a single floppy complex with one or more shallow

o] s0d+
1 +
0.5 ] Ml d
lo@@a+ :i C,H,"(classical) +CH,
. ] 7
1C.H,"+CH
0.0 — ° /j’ C,H, (bridged) +CH,
\ Ve \
] \ Ve
1 \ ; /7 182
-0.5 - \ classical  T—
] \complex _/‘//f \ . )
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| gl =
1.0 A 20T 5 /
i \
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] \ o
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201 0231 - \ //
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] -0.40 \>- @ 1
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Fig. 6. Schematic reaction coordinate fotG* + CH,. Energies are derived from a combination of experimental and G3 (298 K) values. The insert shows the
interconversion between “classical” and “bridged” complex, calculated at MP2/6731+G
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60

The similar collision energy and vibrational state depen-
dence for the two gHy™ 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 H-elimination appears to be statistical, with
the lower energy btelimination channel inhibited by a rel-
atively tight TS for H-elimination. As in the HCO' + 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 }CO* + CD,4 system, the precursor
is bound by only 0.4 eV, and the structure is quite reactant-
0. like. Here the precursor binding energy is about doubled, and

00 10 20 30 40 50 there is substantial distortion of both moieties from the reac-
tant geometries. As a consequence, itis not clear if &€
vibrations could be coupled weakly enough to survive in the

Fig. 7. Reaction cross-sections for the ground state and vibrational excited Pr€Cursor for a time on the order of its lifetime.

CoHy* with CHy. 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-

local minima. No barrier separates the precursor complex come the endoergicity. The HA reaction is strongly enhanced

from reactants or from the HA product channels. (3) There are by Ecol Near threshold, then nearBto-independent above

a number of covalently bound, linear and cyclighg™ iso- 0.5 eV. Excitation of the €C stretch ¢3) slightly increases

mers, only the most stable of which is shown. These strongly the magnitude of the HA cross-section, but surprisingly, has

bound complexes will collectively be referred to as “covalent ng effect on the threshold energy, within experimental error.

CsHeg™". (4) The precursor complex can isomerize to covalent The implication is that this mode is essentially uncoupled to

CsHg" via TS2. the reaction coordinate, such that its energy is unavailable

The integral cross-sections for the three product channelstg drive reaction. In contrastis-bend (g)gr) excitation re-
are shown irFig. 7 as a function ofo, for three different  sults in a large increase in HA cross-section, and shifts the
vibrational states of §H,*, including thev; (C—C stretch,  energy dependence so that we are no longer able to resolve
0.225eV), 2;; (overtone of thesis-bend, 0.155eV), as well  the threshold.
as the ground state. The dominant channels at low collision A complication in thinking about the HA channel is that
energies are §Hs" + H and GH4™ + H. These two products  these products can form by direct H abstraction, by precursor-
require formation of €C bonds and H atom migration along  mediated H transfer, and by GHlimination from covalent
the carbon backbone, and therefore must form via H-gr H C3Hg™. In order to estimate the extent to which gélimina-
elimination from covalent gHg". We also examined the iso-  tion from covalent GHg* contributes to GH3*, we measured
tope distribution in reaction of £1," with CD4, and forthe  the isotope distribution produced in reaction g#HG* with
H- and H-elimination channels at afl., the distribution of CDg4. As noted, the gHy* channels, which clearly are me-
deuterium labels is approximately that expected from com- diated by covalent §Hg*, have essentially combinatorial D-
binatorial statistics. The RRKM lifetime for the most stable |abel distributions. It turns out that only 10-15% (depending
isomer of covalent gHg* varies from approximately 10nsat  on Eg) of the HA product is GHD,*, compared te~60%
our lowest collision energies to 70 ps at 3.0 eV—apparently that would be expected from combinatorial statistics. This

40

Cross Section (A%

20 A

Collision Energy (eV)

long enough for isotope scrambling. demonstrates that G+elimination from covalent gHg" is a
Both these channels are inhibited by collision energy, relatively minor contribution to the HA channel.
very weakly inhibited by, but significantly enhanced by The otherissue is whether a complex is required at all, or if

21);r excitation. The smaller inhibition by; relative to that HA might be occurring by a direct mechanism. Here we turn
from an equivalent increase I, can be rationalized in  to measurements of the product recoil angular distributions,
a statistical picture. As discussed above, increaBipgde- shown inFig. 8 The top three distributions irig. 8illustrate
creases the capture cross-section and increases the anguléinevayig distribution for GH,D* products formed in reaction
momentum—both factors that tend to suppress reaction. Onof CoH,* with CDy, i.e., HA without H/D exchange. For the
the other hand, the large enhancement fr@@ @xcitation is lowestEq (=0.25 eV), the distribution is forward—backward
clearly not consistent with a purely statistical mechanism.  symmetric, within experimental error. The symmetric distri-
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Fig. 8. Axial recoil velocity distributions for gH,D* and GHD,™" (bottom
frame) produced in reaction of,8,* + CD,4. Heavy vertical lines{Vcm).
Dotted vertical lines: the limit of velocities allowed by conservation of en-
ergy.

bution remains up t&., =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 Ecql < 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 & = 0.4 eV. For comparison,
this is an order of magnitude longer than the direct colli-
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H/D exchange, comes from the recoil energy distribution.
Only about 10% ofE,ya,j is found to appear ifErecoi for

HA with H/D exchange, compared with 60% for HA without
H/D exchange. The conclusion is thal5-20% (depending
on collision energy) of the HA products form by statistical
decay of covalent §Hg" intermediates. The balance of HA
products form by decay of the precursor complex atiwy,

and by direct HA at higltco.

In summary, we have two basic reaction channels at low
Ecol, both initiated by formation of a precursor complex. The
exoergic GHy* products form when the precursor isomer-
izes to covalent gHg*, which then decays to a statistical
mix of C3Hs* and GH4™". At energies above the endoergic-
ity, covalent GHg* also contributes to the fEi3* channel,
but this is neither a major decay channel fgyHg*, nor a
major contribution to the gHsz* signal. Instead, mostEiz*
forms at lowEq by H transfer within the precursor com-
plex, which then dissociates to products. Both mechanisms
are strongly affected by 8, 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 channelsCGtretch ex-
citation has effects qualitatively similar to, but weaker than
those of collision energy, whileis-bending vibration causes
much larger effects, opposite in sign in the case of thid,C
channels.

Klippenstein proposed a mechanism to rationalize the vi-
brational effects within a transition state theory framework
[60]. The idea is that the vibrational effects result from com-
petition in breakup of the precursor complex, and that reac-
tant vibration simply provides available energy. The compe-
tition is between isomerization to covalergid* (leading to
C3Hy* products), dissociation to HA products, and dissoci-
ation back to reactants. Obviously, a purely statistical model
cannot account for the observed highly mode specific behav-
ior. Klippenstein proposed that the mode specificity might
be qualitatively rationalized, if different reactant vibrational
modes were assumed to couple differently in the precursor.
He argued that the-@C stretching vibration is adiabatic in

sion time, estimated here is the time it would take reactantsthe precursor complex, i.e., so weakly coupled that its en-
to move 5A relative to each other at the collision velocity. ergy is not available to drive complex decay, thus accounting
Therefore, the precursor lifetime is mechanistically signifi- for the small effects observed. The bending vibration, on the
cant, and consistent with statistical decay. At the intermediate other hand, was argued to be strongly coupled so that its en-
Ecol Of 0.84 eV, the distribution is becoming asymmetric, in- ergy contributes to the energy driving decay of the precursor
dicating that the collision time is dropping below the complex complex. This assumption leads to the correct prediction that
rotational period. At the highe&.o of 2.74 eV, the distribu-  bending excitation should enhance the endoergic HA reac-
tionis peaked well forward aVcm), which is a characteristic  tion, although it cannot account for the large magnitude of
of a direct reaction. the enhancement observed. As expected for a model con-
The bottom frame inFig. 8 shows thevayia distribu- sidering only the energy content of the vibrations, bending
tion atE.o=2.74 eV for the GHD2* product, i.e., for HA was also predicted to inhibit thes8,* and GHs* channels,
products with H/D exchange, presumed to result mostly by whereas they are actually enhanced substantially.
methyl elimination from covalent §Hg*. This channel re- Itappears therefore, that even allowing different vibrations
mains forward—backward symmetric at all energies, consis-to couple differently (i.e., implicitly allowing some dynam-
tent with the long RRKM lifetime calculated for the covalent ical effects), a statistical picture which considers only the
complex (70 ps at this energy). Further evidence that HA with energycontained in the vibrations, is inadequate to account
H/D exchange is mechanistically distinct from HA without for the observations. It is also essential to take into account
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the nature of the vibrational motion, i.e., include dynamics though the ground state cross-section is at the collision limit.
explicitly. In this case, the obvious point is that both reaction On the other hand, facile reactions such as exoergic proton
channels involve bending and rehybridizing one or both car- transfer, are unlikely to depend significantly on reactant vi-
bon centers on the acetylene reactant. Bending vibration isbration. For example, proton transfer betweec®* + D,O
exactly the type of motion needed to carry the system toward occurs at the collision limit, regardless of initial st§f@].
products, whereas-C stretching vibration is uncoupled to
this reaction coordinate. The methane distortion effects in the
H,CO" + CD4 system can also qualitatively be rationalized
in this manner, because the product{IBoiety 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®O" vibrations

in H,CO* + CD4 are an example of the latter case—they are
not obviously coupled to the reaction coordinate, but have
large, mode specific effects.
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