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Polanyi et alt developed successful rules to predict the impor- 50

tance of reactant vibration and collision enerd,f) in driving a — 1D 02
reactions over barriers for triatomic A BC systems; i.e., vibration 2_4 E?fdist
should be relatively ineffective comparedig, for barriers early 20 ] “turning point| &>

along the reaction coordinate, and the reverse is true for systems:.
with late barriers. Reactions of polyatomic species are complicated, = 201
with many degrees of freedom and multiple reaction pathways,

raising the question of whether some sort of analogous rules are 1 : , A : 15410 : \ , .
possible. o 100 200 300 400 ] 100 200 300 400

. Time (fs) Time {fs)

We recently reported an experimental study of a hydrogen Figure 1. A reprt;zeenstative plot of hydrogen abstracmtieorj trajectories. (a)
abstraction (HA) reactiod:H,CO"™ + CDs — H,COD"™ + CDs. 116 yariation ofrCD, rOD, and center-of-mass reactant distance during
The reaction Is exoerg|c by 0.18 eV with no activation barrlers n trajectory and (b) the variation of potentia] energy during trajectory.
excess of reactant energy. Nonetheless, the reaction efficiency is
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quite low (~10%), unusual for iormolecule reactions involving i p— ground state
simple atom transfer. Reactivity is strongly enhanced by excitation . — mzmigz :n 06
of methane distortion vibrations{ andv,) but mode-specifically - 2 % 0.8
inhibited by different HCO" vibrations, even at higk.,. Observa- — a9
tion of mode-specific effects is consistent with ab initio results, § & o4
indicating that the transition state (TS) on the minimum energy © o _@ l0.3
path is reactant-liké such that the system still remembers its initial i - 02
state at the TS. From a Polanyi rule perspective, however, a reactant® -20 " & o
like TS would be regarded as “early”, and thus substantial : b '
enhancement from Cpvibrations would not be anticipated. 60
Here we report a direct dynamics trajectory study of the effects 00 MmN
of CD, distortion vibrations on this reaction that, for the first time, 0o 30 6 90 120 150 180
shows how vibrational effects originate in the reaction of small 0 0. (degree)
polyatomic species and how they relate to barrier location. rig,re 2. Dependence of reaction probability on angigs o-c and®piane
Trajectories were calculated using VENUS@81d GAUSSIANOX The contour map is plotted for the ground state only.

The MP2/6-31G* level of theory was used because of methods
fast enough for use in trajectories, it best fits benchmark calculations
at the QCISD(T)/cc-pVDZ level. Figure 1 shows a representative

reactive trajectory, whereCD is the separation of the abstracted Low reaction efficiency suggests a dynamical bottleneck along

D atom from the methane carbon atom, etc.. At Bg studied the reaction path, and the vibrational effects presumably reflect

(1.5 _eV), tra}jectories are direct with a single turning point in the behavior at the bottleneck. In Figure 2, the dependence of the
relative motion of the center-of-masses of reactants and prOdUCts'bottIeneck on reactant orientation is shown as a map of reaction

As shown in the Supportmg Infor'mat|on., the trajectorlqs accurately probability for ground-state CPpversus orientation at the turning
reproduce both integral and differential cross sections for the

reaction.

actual CD bond breaking event occurs as the reactants rebound. In
this sense, the HA point is “late” from the perspective of Polanyi
rules.

point. Reaction probability is calculated as the fraction of trajectories
leading to reaction for each range of two orientation parameters

To e>.<plore the origins O.f Fhe V|brat|qnal effgcts, we focus on found to be critical. The two parameters are the angle between the
correlations between reactivity and various trajectory parameters, ~ pond and the abstracted D atotb(o_) and the dihedral

sampled at the turning point of the inter-reactant separation (Figure angle that the D atom makes with respect to th6@ equilibrium

12. The_ turning p0|n_t (I)ccurs wn/k_:ln ahfew fe_mtofsgconds pf tEe Pﬁrt plane @pand. Positive and negativlanscorrespond to approach
of maximum potential energy. Another point of interest is the to the convex and concave faces of the vibratingCer,

_pointf', defined hgre as the point ”0"_‘ WwhieBD of the CQ_bon_d respectively. Note that maximum reaction probabilityo(6) is for
is being broken, increases monotonically (labeled “HA” in Figure the CDy approach with the D atom in the,8O* plane, with

1). The HA point occurs~15 fs after the turning point; i.e., the dp-o.c near 116. The ®pane.asymmetry implies that approach to
- the convex face of KCO" is slightly favored, presumably because
University of Utah. [ f : PP
# Korea National University of Education. oflless §ter|c |nt§rferen9e. Becausg, is too high for significant
§ Texas Tech University. orientation steering during reactant approach, the narrow range of
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Figure 3. (a) (Left) Probability of colliding withSop-c—p in different 300 iy NN~ 0.2
ranges; (Right) Reaction probability verstigp—c—p for all collisions. (b) reerr e e e
Contribution of eactEop_c_p range to reaction (reactive collisions only). 1 2 3rOD " 4 S 6

reactive orientations can account for the low reaction efficiency.
Figure 2 also gives curves showing reaction probabilitguyso-—c
and ®pane for ground state and for Cpwith v4 and v, excitation.

Figure 4. Potential energy contour map for,®0" + CH; — H,COH"
+ CHgz calculated at MP2/6-31G*. The numbers are the potential energy
(eV) relative to the reactant. The blue line is a reaction trajectory.

Vibrational excitation does not expand the reactive range of either js whether there are ways to look at the potential energy surface
orientation parameter but instead increases the reactivity in favorable(pPgS) that would allow one to predict the vibrational effect, without
orientations. Clearly, orientation controls overall reactivity, butCD  having to run trajectories. In Figure 4, we show a 2D cut through
vibration enhances reactivity for favorable orientations. the 21-dimensional PES for this reaction, fit to 1050 points

The CD; product of the HA reaction is planar; thus it is
interesting to examine correlations between reactivity and the extent
to which the CQ moiety in CDy approaches planarity during the
reaction. We quantify the approach to planarity by calculating the
sum of the three BC—D angles Eap-c-p) for the three D atoms
which are notbeing abstracted (the three furthest froC® in
nonreactive collisions). The methane equilibrium geometry corre-
sponds t&ap-c-p = 328. A planar CB moiety corresponds to
360°. Figure 3a (left axis) shows thEap-_c_p distribution for
different states recorded at the turning point, including reactive and
nonreactive trajectories. The distributions for vibrationally excited
CD, are somewhat broader than that for the ground state; however,
the probability of colliding when the CPmoiety is planar is small
for all states. Figure 3a (right axis) shows reaction probability vs
Zap-c-p- Note that reaction probability approaches 100% as the
CDs; moiety approaches planarity, for all three states. Reactivity
that is 100% results from a synergistic combination of ;CD
distortion and orientation; i.e., such large distortions occur only
for collisions in near-optimal orientation, hence, the high reactivity.
On the other hand, collisions in the optimal orientation react with
an average probability of only60% (Figure 2), because other colli-
sion parameters (e.g., GDibrational phase) may be unfavorable.

Figure 3b gives the contribution of each angular range to the
reactivity, i.e., the product of the reaction probability and the
Sop-c-p distributions in Figure 3a. Two effects contribute to the
vibrational enhancement. Vibrationally excited £iias a signifi-
cantly higher probability of distorting into the highly reactive,
planar-CQ3 geometry during collisions (shaded area labeled “distor-
tion” in Figure 3b). Most collisions occur withlap-c-p nearer its
equilibrium value, but vibration still enhances reaction probability.
In such collisions, the enhancement results from the D atoms having
vibration-induced velocities along the reaction coordinate (area
labeled “velocity”, Figure 3b). The division between “velocity” and
“distortion” effects is arbitrary, but both are clearly important. The
roughly equal contributions from the two effects probably reflect
the fact that thes, and v, vibrational periods (33 and 31 fs) are
comparable to the time scale when inter-reactant interaction is strong
(30—40 fs, Figure 1).

As noted, the true TS (i.e., the saddle point along the minimum
energy path) is reactant-like, and from a simple Polanyi-rule
perspective, vibrational enhancement would not be predicted. On
the other hand, the “HA point” does occur late in the collision,
where vibrational enhancement would be expected. The question
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calculated at the MP2/6-31G* level of theory. For a reactive
collision, rOD is the reactant approach coordinate, 2nog-c-—p
serves as a coordinate, correlated with,Gibration, describing
the transition from reactants to products. To reduce dimensionality,
we fixed op-o-c at 110 and ®pane at @, i.e., in the optimal
orientation, and forced the GDnoiety to stay inCs, symmetry.

All other coordinates were optimized at each point.

On this cut, there is a deep well corresponding to produ@®(
~1.15 A, Sap_c_p ~360°) separated from reactants by a ridge
running alongOD ~ 1.6—1.7 A. The saddle point is productlike,
in the sense that there is significant §stortion toward the planar
product geometry. In Polanyi rules parlance, it is a late barrier with
respect to the Cpdistortion, even though it is still reactant-like
with respect to bond length@e., rCD = 1.1 A, rOD = 1.8 A).

The figure also shows a typical reactive trajectory projected onto
the 2D PES. As expected, the trajectory does not follow the
minimum energy path due to the kinetic energy in vibration and
E..® Instead, the methane vibrational motion gives the system
substantial momentum transverse to the entrance valley, and this
momentum carries the system across the barrier. The behavior is
quite reminiscent of trajectories used to illustrate the Polanyi rules
in late barrier A+ BC reactions, suggesting that by considering
appropriate cuts through a multidimensional PES, with a few
trajectories for guidance, it may be possible to devise Polanyi-type
rules for complex polyatomic reactants.

Acknowledgment. Support of this work by the NSF (Grant
CHE-0110318 and 0412677) is gratefully acknowledged. We
thank Michael Frisch and Gaussian, Inc. for permission to use
GAUSSIANO1.

Supporting Information Available: Methods of trajectory calcula-
tions and other trajectory results. This material is available free of charge
via the Internet at http:/pubs.acs.org.

References

(1) Polanyi, J. C.; Wong, W. HJ. Chem. Phys1969 51, 1439-1450.
(2) Liu, J.; Devener, B. V.; Anderson, S. .. Chem. Phy2003 119, 200—
214,

(3) Hase, W. L.; Bolton, K.; de Sainte Claire, P.; et MENUS99,1999.

(4) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; et@laussianOlrevision
B.01; Gaussian, Inc.: Pittsburgh, PA, 2001.

(5) (a) Sun, L.; Song, K.; Hase, W. IScience2002 296, 875-878. (b)
Ammal, S. C.; Yamataka, H.; Aida, M.; Dupuis, Nbcience2003 299,
1555-1557.

JA048635B



