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Quasiclassical, direct dynamics trajectories have been used to study the reaction of formaldehyde cation with
molecular hydrogen, simulating the conditions in an experimental study@©©OH vibrational effects on this
reaction. Effects of five different ¥CO™ modes were probed, and we also examined different approaches to
treating zero-point energy in quasiclassical trajectories. The calculated absolute cross-sections are in excellent
agreement with experiments, and the results provide insight into the reaction mechanism, product scattering
behavior, and energy disposal, and how they vary with impact parameter and reactant state. The reaction is
sharply orientation-dependent, even at high collision energies, and both trajectories and experiment find that
H,CO" vibration inhibits reaction. On the other hand, the trajectories do not reproduce the anomalously
strong effect ofv,* (the CO stretch). The origin of the discrepancy and approaches for minimizing such
problems in quasiclassical trajectories are discussed.

I. Introduction controlling HA in the two systems are similar and not strongly

Recently, we reported a detailed experimental study of the depe.ndent on collision t'me_ scalg or el_wergy. _ )
effects of collision energy He) and reactant vibrational This paper reports a quasiclassical, direct dynamics trajectory
excitation on the reaction of4€0* with D,.1 Only one product ~ study of HCO" + D; collisions atEco = 1.70 €V, designed to
channel, deuterium abstraction, was observed. For consistencyallow detailed comparison with the experimental results. The
with the experimental paper, we will use the generic label goal was to gain additional insight into the reaction mechanism,
“hydrogen abstraction” (HA). Despite being exoergic by 0.20 including vibrational effects, and also to consider different
eV, HA has an appearance energy of 0.4 eV, consistent with approaches to treating vibrational dynamics with quasiclassical
the energy of the lowest ab initio transition state (TS) on the trajectories. The HCO* + D, system should be a good
reaction coordinate calculated in conjunction with the experi- candidate for a quasiclassical direct dynamics study. The excited
ments. The reaction is dominated by a direct mechanism, andstates of HCO" + D, are high enough in energy to rule out
as expected for reaction over a substantial barrier, it is enhancechonadiabatic behavior, allowing use of single reference quantum
by collision energy. In contrast, the reaction is mode-specifically chemistry methods where the forces and Hessians can be
inhibited by HCO™ vibration excitation. Most notably, excita-  evaluated analytically. With only two heavy atoms, it is feasible
tion in the CO stretch modes;™, results in roughly twice the  to run the thousands of trajectories needed to obtain good
inhibition that would be expected if the effect were proportional statistics for the different reactant vibrational states and to
to vibrational energy. A similar pattern of vibrational effects is explore issues such as zero-point energy effects. Finally, because
found over a wide range of collision energies, except very near interesting effects are observed at hig, the calculations can
the reaction threshold energy, where the cross-section depend$e done in a regime where the energy and angular momenta
only on total energy. One interesting point is that the pattern of are high enough that tunneling and rotational quantization effects
H,CO" vibrational effects is nearly identical to that observed should be negligible.
over a wide collision energy range for the hydrogen abstraction
reaction of HCO" with CDy, despite the fact that the latter
system is barrierlessThe similarity suggests that the factors

The most serious problem with the quasiclassical trajectory
(QCT) method in this energy regime is the lack of vibrational
quantization. Trajectories can transfer energy in and out of
" Part of the special issue “Jack Simons Festschrift’ different modes in any amount, leading to several types of

*To whom correspondence should be addressed. Electronic mail: UnPhysical behavior. For example, the product vibrational
anderson@chem.utah.edu. distribution might have sub-quantum excitation in high-
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frequency modes that would not be energetically accessible inTABLE 1: Experimental and Calculated Reaction
reality. From the perspective of explaining vibrational effects Energetics

on reactivity, early-time collision dynamics are most important, expt  MP2/6-311G**¢
and here, the biggest question is how to deal with zero-point reaction channels (eV) (eV)
energy (ZPE). The QCT method attempts to simulate ZPE by H,cO*+D, — H,COD*+ D —0.20 —0.73 (-0.57¥
adding half a quantum’s worth of vibrational energy to each —CH,DO" + D 3.43 3.27
reactant mode; however, because vibrational motion is treated o HCoH™E 2 022 9%
classically, this pseudo-Z_PE can behave unphysically. In a r_eal _ C|2—|2DOD+ —099 —124
guantum system, a reaction can make use of only that fraction — CH,OD,* -1.30 —1.89

of ZPE associated with bonds being broken or with modes —HCO*+H+D; 1.09 0.44

whose frequencies drop in the products or at the transition state. aRefs 18 and 19°Refs 16-12. <Zero-point energy not included.
Conversely, the system has to come up with the energy requiredizero-point energy included.
for the ZPE of any new bonds formed or of modes whose
frequencies increase during reaction. In QCT, unphysical ZPE ~ The experimental and MP2/6-311G** reaction energetics are
flow? can drive reactions, and products may be generated with listed in Table 1, including the complexes and several product
vibrational energy below the ZPE. Aoiz et al. have identified channels not observed in the experiments. Note that the MP2/
lack of ZPE conservation at transition states as one of the major6-311G** method overestimates the exoergicity of the reaction
problems in the QCT methddFor our conditions, however, —as well as the depth of the.BOD"—D well. These errors
where the collision energy is much greater than the ZPE and appear to be a problem with the MP2 method, rather than the
TS energies, such effects are expected to be relatively minor.basis set, because the “benchmark” MP2/aug-cc-pVTZ calcula-
Our previous QCT and experimental work on similar scat- tion is even worse. This error is not a major problem here,
tering systems, i.e., collisional excitation and collision-induced because it should mainly affect the product recoil and internal
dissociation of HCO" + Ne? and reaction of HiCO" + CD,,® energy distributions, which were not measured in the experi-
suggests that quasiclassical trajectories accurately reproduce thgents. We expect that the trajectory results for the reaction
experimental dynamics at high energies. Nonetheless, for thiscross-section and vibrational effects should be accurate, because
system, we have explored the effects of partially or entirely the MP2 energetics for reactant approach and the rate-determin-
omitting ZPE from the reactants. In the final analysis, the best ing barrier are good. The MP2 method also significantly
test is how well trajectories reproduce experiment. As shown underestimates the 80" dissociation energy (0.44 eV without
below, the agreement is generally good, although there areZPE, compared to 1.09 eV experiment&ly?), which has the
interesting exceptions that provide some insight into the effect of leading to collision-induced dissociation (C{tDHCO"

limitations of the methodology. + H + D, products) in a small fraction of the trajectories.
) ) The initial conditions for the trajectories were chosen to
II. Computational Details mimic the conditions of the experimental study. Because the
Quasi-classical, direct dynamics trajectories were calculated experiment generated,80" by resonance-enhanced multipho-
using the VENUS99 program of Hase and co-worKeis set ton ionization of a supersonic molecular beam, a 50 K
up the trajectory initial conditions, and the updating Hessian Boltzmann distribution was sampled to generate th€®f
method of Schlegel and co-workéranplemented iInGAUSS- initial rotational motion. For B, a rotation temperature of 300

IAN 03° to propagate each trajectory. Because millions of ab K was used, because thermal ®as used in the scattering cell
initio force and Hessian evaluations are required, the level of in the experiment. The initial reactant vibrational state was
ab initio theory used was necessarily modest. To select a suitablesimulated by giving each atom momentum and displacement
level of theory, we first performed relaxed potential energy from equilibrium appropriate to the desired state, with random
surface (PES) scans for approach of tb H,CO" in several phases for the different modes. The main set of trajectories was
orientations with the candidate methods: MP2/6-311G** and run with both B and HCO" having zero-point energy (ZPE),
B3LYP/6-311G**. We then compared these results to “bench- simulating reaction of ground-state reactants, and wiG®
mark” calculations, consisting of single-point calculations at the having one additional quantum of excitationt(CH; in-plane
geometries sampled in the relaxed PES scans, using the MP2tock), v47(CH, out-of-plane bend)yz™(CH, scissors)y,™(CO
aug-cc-pVTZ, QCISD(T)/cc-pVDZ, and CCSD(T)/cc-pVDZ stretch), orvst(CH, asym stretch). The experimental and
levels of theory. For all methods, the,PH,CO" surface has calculated energies of the, 80" vibrational states are listed

a broad, shallow+50 meV), electrostatic well at long range in Table 2.

(~2.9 A center-of-mass separation), then a barrier peaking at Randomly oriented bCO™ and D, were given relative
~1.5 A center-of-mass separation, before dropping into a velocities corresponding ., = 1.70 eV, with an initial center-
product-like HCOD*—D complex well. The benchmark cal- of-mass separation of 9.0 -Awell beyond the range of
culations are in excellent agreement with G3 calculations done significant inter-reactant interaction. For each vibrational state,
for stationary points on the PES, including the barrier and trajectories were run at 6 values of the impact paraméler (
electrostatic HCOD"™—D complex! We note that the b ranging from 0.1 to 2.5 A. Ab = 2.5 A, the angular deflection
COD"—D complex is quite product-like and only bound by and energy transfer are already small, and no reactive trajectories
~0.1 eV with respect to products. We expect, therefore, that were observed. The trajectory integration was performed with
the reaction cross-section and reactant vibrational effects shoulda step size of 0.25 ari@ bohr (~0.7 fs), which gave
depend mostly on the dynamics for reactant approach andconservation of total energy to better than~4Chartree.
crossing the barrier to #£OD"—D formation. The MP2/6- Trajectories were terminated when the center-of-mass distance
311G** method was chosen for the trajectories, because it between scattered products exceeded 10.0 A. For the ground
accurately tracks the QCISD(T) and CCSD(T) energy curves state andv,", 400 trajectories were run for each impact
for reactant approach and yields a barrier only 0.02 eV below parameter. For other states, batches of 200 trajectories were run
the benchmark value. In contrast, the B3LYP/6-311G** method for each impact parameter. Trajectories toolo23th each on
yields a barrier 0.3 eV too low. a 2.6 GHz pentium IV CPUs, and the complete set-8600
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TABLE 2: Reactant Zero-Point Energies and HCO™ Vibrational Modes and Energies

experimerit MP2/6-311G**¢
type Evib (eV) Evib + ZPE (eV) Evib (eV) Evib + ZPE (eV)

D, (ground state) 0 0.185 0 0.199
H,CO" (ground state) 0 0.612 0 0.675
H,CO" (v6") in-plane CH rock 0.101 0.713 0.108 0.783
H,CO" (v4") out-of-plane CHbend 0.114 0.726 0.139 0.813
H,CO" (v3") CH; scissors 0.143 0.755 0.163 0.838
H.CO" (v2") CO stretch 0.208 0.820 0.204 0.879
H,CO" (v17)?2 sym. CH stretch 0.320 0.932 0.359 1.034
H,CO* (vs") asym.CH stretch 0.337 0.949 0.377 1.052
H,COD" 1.034
transition state 0.936

aNot studied in the present workRefs 26-23. °The calculated ZPE anB,i, are not scaled.

trajectories required about/2 CPU years on a small dedicated Ill. Results and Discussion
Linux cluster.

Because vibrational motion is not quantized in quasiclassical
trajectories, it is not clear how ZPE is best handled. The usual
QCT approach is to simulate ZPE by adding appropriate
amounts of vibrational motion to each mode, as was done in
the main set of trajectories. The classical trajectories do not
constrain this vibrational energy to remain correctly distributed
as/;hw/mode. In particular, the formaldehyde ZPE amounts
to 0.675 eV that can unphysically aid in surmounting the
reaction barrier. To examine ZPE effects, another set of
calculations was run, as above but with no reactant ZPE. Total
omission of ZPE is also somewhat problematic, because in
reality, the B ZPE does become available as the barrier is
surmounted (breaking the-£ED bond), although this is presum-
ably compensated to some degree by ZPE associated with th
nascent OD bond. To test the effect of DPE, we also ran a ; . - )
set of trajectories including ZPE only for the, Peactant. For previous study of BCO™ CID in collisions with neon, we found

. : : : that CID occurred exclusively in collisions where the Ne
this set, we only included trajectories for ground-state arid ) ; .
excited HCO* y ! 9 impacted on one of the4£0" H atoms? Visualization of CID

trajectories in this system shows the same propensity fer D
on-H collisions. Furthermore, the CID mechanism is sequential,
i.e., collision activation of HCO" and D, followed by the
dissociation of excited ¥CO" as follows

A. Nature of the Trajectories. Roughly 87% of all trajec-
tories are characterized as direct, nonreactive scattering, resulting
in conversion of varying fractions of the initial collision energy
into product vibrational and rotational energids < Ejnernal
conversion). The balance of the trajectories either represents
the hydrogen abstraction channel,GOD" + D; 12%) or
collision-induced dissociation (HCO+ H + Dy; 1%). In
agreement with the experimental results, no trajectories are
observed for H/D exchange or for production of £LHD,™, CH,-
DOD", CH,DO™, or D,H™, reflecting the fact that these
channels either involve high barriers or complicated rearrange-
ments that are insignificant at higg.

As noted above, the 1% collision-induced dissociation (CID)
é)ranching is driven by the unphysically low MP2 dissociation
energy for HCO™—no CID is observed experimentally. In our

For visualization of individual trajectories, we used the
program gOpenMo¥ Detailed analysis of individual trajectories
and statistical analysis of the trajectory ensemble were done
with programs written for this purpose. The kinetic energies
(KEs) of relative motion (i.e.Eco and Erecoi) as well as the " "
initial and final orbital angular momenta, are calculated H,CO" + D, —~H,CO" (B, co-) + D, (Ep) —
straightforwardly from the center-of-mass velocities and impact +
parameters of reactants and products for each trajectory. The HCO" (Eycor) +H+ D, (Ep)
rotational angular momenta and rotational energies of the
reactants and products are calculated asr x p, andE, = whereEy,cot, Ep,, andEncor are the internal energies of the
(J-w)/2, wherew is the angular velocity, determined as= indicated species. Such collisions are mechanistically distinct
J-171, wherel is the moment of inertia tensor. To approximately from the concerted, “Bon-O” collisions leading to HA;
decouple the rotational and vibrational energies (i.e., to accounttherefore, we conclude that the spurious CID channel does not
for fluctuation of the classicaE,q resulting from vibration- affect the HA cross-sections. Rather, CID simply represents the
induced changes i), E. is averaged over a time period fraction of nonreactive collisions wheE,co* is high enough
corresponding to the final half-period of the lowest-frequency to cause dissociation on the trajectory time scale. These
H,CO" vibration. To calculate the vibrational enerdf), we trajectories are, therefore, counted as nonreactive Eamgb*
first calculate the total energy associated with nuclear motion is calculated as the sum d&ycot, the MP2 CID threshold
of the reactants or products. THisucearincludes both nuclear  energy, and the relative kinetic energy of the HC©® H
kinetic energy and that fraction of the instantaneous potential fragments.
energy (PE) resulting from distortion away from the equilibrium A typical HA trajectory is illustrated in the bottom frame of
geometry of the reactants or products. The vibrational energy Figure 1, whereDD andrOD are the bond length of Dand
is then determined by subtracting the KE of relative motion the distance from the abstracted D atom to the oxygen atom of
and the time-averageé,: from Enycear The HA product H,CO", respectively. The HA trajectories are directi&t =
scattering angle is given Wgca= arccos{i-ve)/(|vil|vs])], i.e., 1.70 eV, with only one turning point in the relative motion of
the angle between the initial O™ and final HCOD" the reactant centers of mass. The time during whigE®
velocities,vi andvs. Reaction cross-sections and average values and Dy are interacting strongly is 2040 fs as shown by the
Of Oscai Ecoly Erecoil, Eroty @aNdEyi, for the reactants (and products)  potential energy changes during the trajectory (top frame). This
are calculated as the usumlveighted (andP(b) x b-weighted) time scale is comparable to the periods of the lower-frequency
averages, as discussed below. H,CO" vibrations ¢s*, v4*, andvs*) and longer than those of
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Figure 1. A representative plot of HA trajectories: (top) the variation

of potential energy during trajectory and (bottom) the variatiorDi

(D2 bond length)rOD (separation of the abstracted D atom from the
formaldehyde oxygen atom), and center-of-mass reactant/product

distance during trajectory.
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Figure 2. Comparisons of trajectory and experimental HA cross-
sections for different vibrational statesB&f, = 1.70 eV.

exceptrzt, and both experiment and trajectories show a modest
inhibition of HA with formaldehyde vibrational excitation. This
suggests that the trajectories do a reasonable job of capturing
the rate-limiting dynamics.

The question is whether any significance should be attached
to fact that the trajectories predict less variation in cross-section
with reactant vibrational mode than is observed experimentally,
given the absolute uncertainties listed in the table. Both the
experimental and trajectory studies were designed to minimize
the relative error in comparing vibrational effects. The experi-
mental absolute uncertainty reflects factors such as uncertainties
in the target gas pressure profile and relative collection efficiency
for reactant and product ions. These factors cancel in calculations
of vibrational effects ,/oground stay, @nd the resulting relative
uncertainty is estimated to be ontyl0%. For the trajectories,
the absolute uncertainties reflect the limited number of trajec-
tories (1206-2400) run for each state. To minimize relative
error, each set of trajectories was run with the same initial
random number seed. As a consequence, all vibrational states

v, and vst. The direct reaction mechanism observed in used the same set of pseudo-random initial conditions (orienta-
trajectories is consistent with our experimental paper, where tion, rotational energy, ...), with the obvious exception that the
we inferred’ on the bas|s Of the Comparison Of measured andmode Of Vlbl'a'[IOﬂa| excitation Vaned. Therefore, we eXpeCt that
RRKM reaction efficiencies, that the HA reaction is direct at €rrors resulting from inadequate sampling of initial conditions
all energies except possibly at the reaction threshold. should, to a large extent, cancel in comparing results for the
B. Comparison with Experiment. We start by comparing  different reactant states. For the ground state and,forwhere
trajectory results with experimental observables, because thethe experiments show the largest effects, we ran additional
trajectories are only useful if they are accurate. In the experi- trajectory sets, bringing the statistical uncertainty down to
ment, the heavy ionlight neutral kinematics preclude extracting ~13%. Therefore, thes,, /0ground stateratio is outside the
recoil velocity and angular distribution information; therefore, combined experimental and trajectory relative uncertainties.
the only observable is the reaction integral cross-sections, givenFurthermore, the,,"/oground sardatios calculated from the two
in Figure 2 and Table 3. The trajectory HA cross-secting, sets of trajectories (with different random seeds) differ by only
is calculated using an extended closed trapezoida| approxima_’\’zo/ﬂ_far less than the-13% statistical Uncertalnty. This close

tion'* to the usual integral form

Opa =27 f" P(b) x b-db~
Pmax

T 20 [P(b) x by +P(b,;;) x b ] x (b, —by) (1)
o=

where bmay is the maximumb at which reaction is observed,
andP(b) is the HA opacity function, i.e., the fraction of reactive
trajectories at each impact parameter.

agreement suggests that there is, indeed, significant cancellation
of error in ratios of trajectory results calculated with identical
random seeds.

In addition to comparing experimental and trajectory cross-
sections, Table 3 presents the mean product recoil energy,
[(Eecoill) Vibrational energylE,i,' [l rotational energyiEof []and
scattering angléscafJ All calculated values in Table 3 are from
the trajectory set with ZPE included. The cross-sections are
reported with the usual statistical uncertainties, as discussed
above. FOIEecoily) [Evip' B [Erof [l and@scaf] the “uncertainties”
are actually the widths (at half-maximum) of these energy and

The agreement between calculated and experimental crossfsca: distributions. The opacity functiong(b), are given in
sections is quite good, considering that there are no adjustableFigure 3 for different HCO™ vibrational states, along with the
parameters. For the main trajectory set with full ZPE, the correspondingy-weighted opacity function®(b) x b, which

absolute agreementdypt — Oua)/Texptis Within 11% for all states

describe the contribution of ea¢hrange to the cross-section
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TABLE 3: Comparison of Trajectory and Experimental Results for the Hydrogen Abstraction Reactiorn?
experimental trajectory
OHA OHA Erecoild [Eyip' O ot U [Bscal
(A?) (A2 (eV) (eV) (eV) (deg)
ground state 1.08 0.2 1.044 0.13 0.95+ 0.32 2.124+0.34 0.264+ 0.12 116419
(1.01+ 0.30y (0.99+ 0.21) (1.21:£ 0.18) (0.27+ 0.11) (103+ 14)
v 1.01+0.2 1.00+ 0.26 0.93+ 0.32 2.26+ 0.33 0.25+ 0.11 118+ 18
(0.84+ 0.28) (0.94+ 0.19) (1.35+ 0.17) (0.28+ 0.11) (103+ 14)
V4t 0.97+ 0.2 0.99+ 0.26 0.94+ 0.30 2.29+0.32 0.24+ 0.12 118+ 19
(1.03+ 0.30) (0.95+ 0.20) (1.38+ 0.19) (0.26+ 0.10) (101+ 13)
vsh 0.94+ 0.2 1.00+ 0.26 0.91+ 0.29 2.33+0.32 0.25+ 0.13 118+ 20
(0.89+ 0.26) (0.96+ 0.20) (1.424 0.20) (0.25+ 0.09) (103+ 15)
vt 0.68+ 0.2 0.99+ 0.13 0.96+ 0.33 2.33+0.36 0.25+ 0.12 117+ 19
(0.90+ 0.28) (1.02+ 0.20) (1.40+ 0.19) (0.25+ 0.10) (105 16)
7 0.88+ 0.2 0.98+ 0.26 0.92+ 0.33 2.56+ 0.33 0.23+ 0.11 116+ 19
(1.00+ 0.30) (0.944 0.19) (1.644 0.19) (0.26+ 0.09) (99+ 15)

aTrajectory results were obtained with ZPE included in both reactéfte values in parentheses are calculated from trajectories with no
reactant ZPE.
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Figure 3. HA opacity functions for different vibrational statestg, S T T T T e T T
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(eq 1). The left and right columns correspond to trajectory results
obtained with and without reactant ZPE, respectively. The
effects for ground-state reactants of including onlyAPE are
shown with dashed lines.

Figure 4 reports the calculated®€OD" recoil velocity maps
for reactants with and without ZPE. Scales are given both for ) ) )
Cartesian (i.e., axial and radial) velocities and for recoil angle determined by the requirement that the energy along the line
and speed, in both cases referenced to the relative velocity axisOf-centers Eroc) must exceed the barrier heighitFor this
The maps are simply tHe(b) x b-weighted sum of the product ~ System, the orientation-averaged hard sphere radit2 i A,
ion recoil velocity distributions obtained for the sets of andforEc=1.7 eV anda 0.4 eV barriebmawould be~1.7
trajectories calculated &t= 0.1, 0.5, 1.0, 1.5, and 2.0 A. The A in the LOC model, in reasonable agreement with the
peak recoil velocity for each impact parameter is indicated by maximumb where reactive trajectories are observed. On the
the“b = n.nt" labels, and onlyb values with reactive trajectories ~ other hand, the trajectorfj(b)’'s never approach unity and fall
are shown. As expected, the peak scattering angle decrease@ff gradually with increasing, rather than having a shabgax
with increasingb, and the resulting®scaflis ~110° with cutoff. As a consequenceya is almost an order of magnitude
associated recoil speed peaking at 550 m/s (top frame). Thesmaller than the LOC estimate. Thelependence is somewhat
calculated recoil velocities are probably somewhat excessive, different for trajectories with and without ZPE, and ZPE effects
because the exoergicity is overestimated in the MP2 calculations will be discussed below. The lower frames of Figure 3 show
Also shown in the bottom frame of Figure 4 is theGOD" the b-weighted opacity functions, i.e., the contribution of each
velocity map calculated from trajectories without reactant ZPE. range ofb to the total cross-section. With or without ZPE, the
ZPE effects will be discussed below. intermediate range ob (=0.5-1.5 A) dominates the cross-

C. The HA Reaction Mechanism. section, leading to strong sideways scattering (Figure 4).

1. Effects of Impact ParameteFrom eq 1, it can be seen The effects of HCO" vibrational state orP(b) depend on
that the magnitude ofya is determined by howP(b) varies whether ZPE is included. With full ZPE, 80" vibrational
with b. For example, the line-of-centers (LOC) model, which effects are smallP(b) increases slightly fob < 0.5 A and
is commonly used to fit the energy dependence of reactions decreases slightly fao ~ 1 A. The P(b) x b distribution is
with activation energies, predicts thRfb) is unity up to abmax dominated by intermediate impact parameters, leading to a slight

H,CO'——>k——D,

Figure 4. Computed center-of-massEOD" velocity contour maps:
(top) with reactant ZPE and (b) without reactant ZPE. The labels on
the map show the major contributirigat each corresponding angle.
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Figure 5. Mean increase in HA products vibrational and rotational
energies, and net translational-to-interngl-¢ Ei,) energy transfer
vs impact parameter for different vibrational states.

vibrational inhibition of oya. For trajectories without ZPE,
vibrational effects are larger, consisting of inhibition at all
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is roughly independent of impact parameter, reflecting the fact
thatT — Eyip' andT — E;,f conversion processes have opposite
dependence ob. The reactive collisions convert44% of the
collision energy to product internal energy.

One counterintuitive point shown in the top and bottom
frames of Figure 5 is that reactant vibrational excitation enhances
net T — Eyjp' conversion. The net increase K, during a
collision can be thought of as a competition betwden- V
processes that tend to increase prodagt, andV — T andV
— R processes that tend to reduce the net vibrational excitation.
At high Ec, the T — V process dominates; thu&,' is
substantially higher than the reactd, for all states. On the
other hand, intuition suggests that, as the rea&anincreases,

V — T andV — R processes should become more important,
thus thenet increaseén E,j,' become smaller. Just such behavior
was observed in previous trajectory studies e€B" + Ne®
and HCO" + CD; collisions. In the HCO' + D, HA reaction,
the presence of initial vibrational excitation enhancesTthe

V process more than enough to compensaté&/fet T or V —

R conversion. This counterintuitive behavior is observed only
for the reactive collisionsnonreactive trajectories show the
expected decrease in n&€t— V conversion with increasing
reactantE,i,. The interesting point here is that, whileEO"
vibrational excitation inhibits reaction (Figure 2), for those
collisions that do react, the reactant vibrational excitation leads
to an increase in nel — V conversion.

2. Dependence on Collision OrientatioRerhaps the most
obvious feature of this reaction is that the efficiency is quite
low, even for energies well above the activation barrier. In the
experimental papérwe pointed out that the transition state is
orientationally tight, i.e., calculation of the potential surface near
the TS showed that the 0.4 eV activation barrier is quite
dependent on orientation. On the other hand, the 1.7 eV collision
energy studied here is well above the barrier height in almost
any orientation; thus, we might expect that orientation should
be less important.

To quantify the dependence of reactivity on geometric
parameters such as orientation, we need to define a “critical
point” in each trajectory where the parameters are recorded.

We also investigated product energy partitioning associated Here, we take the critical point to be the first time step where

with the HA reaction. The top frame of Figure 5 shows tiet
increasein vibrational energy, i.e., the average prod&gt’
minus the reactarii, ((Eyin' — Evib, including ZPE; see Table
2). The middle frame gives the net increase in rotational
energy: [Eof [+ Erol {[Eoi = 0.03 eV). Both forms of internal
energy increase in the produetsot unexpected for an exoergic
reaction at highe.y. The net increase ifE,,' decreases with
increasingb, presumably because largecollisions have more
energy tied up in orbital motion and less along the line-of-
centers, where it can drive impulsife— E,' conversion. For
space reasons, we show only the average prdgjgtthowever,
we have also examined the distributionsEf,’ as a function
of b for different reactant states. These distributions are not
particularly informative; however, they do show that unphysical
collisions withEyp' less than the ZPE are insignificant.

As expected, the net increase i{[](middle frame)
increases with increasirg reflecting the larger orbital angular

two conditions are satisfied simultaneously (see Figure 1): the
D—D bond length exceeds 0.88 A1.2-Ry(D>)), and the G-D
distance of the nascent OD bond is less than 1.4R@D) in

the HCOD" product is 1.0 A). Trajectory visualization suggests
that this condition serves as a reasonable definition of the
dividing surface between reactant and products. Trajectories
reaching this point always dissociate to products, but if a point
significantly earlier on the reaction coordinate is used, some
nonreactive trajectories are included. It should be noted that
this critical point definition is quite reactant-like, consistent with
the fact that the ab initio transition state for the HA reaction is
also reactant-liké.For nonreactive trajectories, which never
reach this critical point, we characterize the collision geometry
at the point of closest approach of theGO" O atom to one

of the D atoms of B, i.e., the closest approach to a geometry
where D transfer might occur. In both reactive and nonreactive
collisions, the critical point occurs withir5 fs of the maximum

momentum and longer moment arm. Because this reactionin the potential energy (Figure 1).

results in recoil of a light, atomic product, we considered the
possibility that the finaE;,{ might be constrained by angular

In thinking about the orientation effects, three angles appear
most likely to be important.op-o-c, the angle between the

momentum conservation. This does not appear to be the caseCO bond axis and the D atom that will be abstract®gjane

The bottom frame of Figure 5 shows the translational
endoergicity, i.e., the net conversion of translational enefjy (
to product internal energyE(,). The netT — Ej,{ conversion

the dihedral angle that the abstracted D atom makes with respect
to the HCO" equilibrium plane;ap-p-o, the angle between
the D, bond axis and the O atom. Figure 6 shows the reaction
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atom”. The probability of having collisions wittip—p—o < 90°

is thereby reduced, reaching zero a70°. The resulting
weighted reaction probability is broadly peaked abmyitp—o
~ 110°, and the small peak at80° (Figure 6) is suppressed.

The moments of inertia for Protation and for rotation of
H,CO" about its symmetry axis are low. In such cases, we might
expect that the dependence of the barrier energy on’amigt
/C e lead to orientational steering during reactant approach. Note,

%% however, that the reduced mass for the reactant approach is also
low, so that the collision time is quite short Bty = 1.7 eV
(Figure 1). If orientation steering were significant, it would be
evident in the form of nonstatistical distributions of the
orientation angles at the critical point. Within the uncertainty,
the distributions are all statistical, i.e., there is no orientational
. steering.

\ Taken together, the experimental and trajectory results suggest
" . Gk A the following mechanism. The lack of vibrational enhancement
0 30 60 90 120 150 of HA probability indicates that barrier crossing is driven only
90 E— Op.o (degree) by collision energy. The fact that tHe(b) distributions go to
zero near thé value predicted from the LOC model suggests,
further, that it is the line-of-centers projection Bf, that is
important. On the other hand, the traject&) functions differ
from the LOC model prediction in having smaller peak
magnitudes and in decreasing smoothly withrather than
having a sharp cutoff. The small peak magnitudes can clearly
i be explained by the strong orientation sensitivity, leading us to
1 b wonder if orientation also accounts for thelependence d?(b).
0.05 | Specifically, might the falloff inP(b) result from tightening of
i the orientation requirements with increashiyFigure 7 shows
that this is the case, i.e., the reactive angular range narrows for
Op.o (degree) Reaction Probability all three orientation angles with increasibg Such behavior
Figure 6. Dependence of reaction probability 63-o-c, Ppiane and makes sense. The orientation dependence derives from the fact
ap-p-o; the contour map is for the ground state only. The inserted that the barrier energy increases as the orientation deviates from
sketch shows the definition of various angles. the ideal geometry. The energy available to drive barrier
crossing, which for this system appears to be the LOC energy,
probability (fraction of reactive trajectories) as a function of decreases with increasity thus, reaction increasingly occurs
these angles. The dependence on each angle is shown for alhnly in near-ideal orientations.
H.CO" reactant states, and the contour map shows the combined
dependence onp-o-c and ®piane for reaction of the ground
state. Positive and negatidg,aneangles correspond to approach
to the instantaneously convex and concave faces of the vibrating
H.CO", respectively. The key point is that reactivity depends
strongly on all three orientation angles, which clearly is a
reasonable explanation for the observed low reaction efficiency.
VTV?]irrge[‘;g%%;iﬁggovcit%rzzibg'g’;gﬁsi)notﬁggélnplc:r:“:fnn; limited set (ground state ang* only) was done with only B
with ap-o-c near 120, which is close to the corresponding havmq ZPE.' . ]
angle in the HCOD* product. Peak reaction probability also ~ Adding vibrational energy to simulate reactant ZPE has
requires lineanp-p—o (the apparent peaking atl70° simply several effects, as shown in Figure 3. Including ZPE increases
reflects the histogramming scheme). The smaller peals a_o P(b) for low b but also causes a compensating decrease in the
~ 80° is a consequence of the fact that both OD distances aremaximumb leading to reaction. As a result, the shape of the
nearly equal in such geometries, roughly doubling the probability b-weighted opacity function is sensitive to ZPE (lower frames),
that one D will be abstracted. but the cross-section in Figure 2, i.e., the integralP@d) x b,

The contribution each range of angle makes to the HA cross- is nearly unaffected. Closer examination shows that this ZPE
section depends on the reaction probability versus angle (Figureindependence afua is the result of compensating effects from
6), but also on the probability of colliding in a particular H2CO" and D» ZPE. Comparison of the “DZPE” and “no
orientation (the orientation distribution). The orientation distri- ZPE” results in Figure 3 shows that ZPE enhances reaction
bution is independent 8byiane i.€., there is no weighting effect ~ at low b with little effect on highb collisions. Comparison of
for the dihedral angle. The orientation distribution is proportional the D, ZPE and full ZPE results shows that,€GO" ZPE
to sin(p-o-c), shifting the weighted reaction probability so decreases reactivity at &) however, because the cross-section
that it peaks atip—o-c ~ 11C°. The weighting forp—p-o also, depends oR(b) x b; the dominant effect is decreasing reactivity
in principle, varies like sin{p—p-o); however, the situation is  at largeb. While these effects largely cancel in the cross-section,
complicated by indistinguishability of the D atoms and our the shift to larger impact parameters when ZPE is omitted does
definition of the angle as “O atonrclosest D atomfarthest D lead to a broader and less backscattered angular distribution
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3. Effects of ZPEThe results and discussion presented so
far are mostly based on the analysis of trajectory results with
ZPE included for both reactants. Given the concerns regarding
unphysical ZPE effects in quasiclassical trajectoti¥s’ and

our interest in reactant vibrational effects, it is interesting to
try to understand the effects of ZPE. As noted, a second set of
trajectories was calculated with no reactant ZPE, and a more
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1.0 omitting ZPE eliminates the peak @p-p—o = 70—80° shown
—— b=01 in Figure 6, i.e., reaction is less dependent on DDO angle for
0.8 1 — — hes collisions with ZPE. This effect results entirely from the D
- N5 ZPE, i.e., D with some vibrational excitation can transfer a D
S 061 i BT atom over a wider range of orientation angles. Nonetheless,
‘g _ because the probability of colliding in this #80° orientation
o 04 range is small, the net effect on cross-section is negligible.
As indicated in Figures 2 and 3, adding only DPE does
0.2 1 have a significant effect, increasing the cross-section by
increasingP(b) at smallb, without affecting reactivity at large
A ———————— e b. Enhancement by PZPE is not surprising, given that the
0 30 60 90 120 4150 180 reaction coordinate has a large component efsibetching
08 Upoc (degree) motion, with the B bond elongated-10% in the transition state
: structure. On the other hand, as noted abovegC®t ZPE
R inhibits the HA reaction both by decreasing the magnitude of
) P(b) and by decreasing the maximumwhere reaction occurs.
> Because the JCO" ZPE is distributed over six degrees of
% b freedom, the origin of the effect is complicated, as discussed
% e in the next section.
o 4. Vibrational Inhibition.The remaining question is how the
02 H,CO" vibrations affect the HA reaction. Both trajectories and
experiment find that LCO™ vibrational excitation inhibits the
0.0 L. =1 reaction, although the trajectories predict much weaker effects
90 90 (Figure 2). Inhibition from HCO" vibration can also be inferred
@ (degree) by comparing the BZPE and full ZPE results, which indicate
1.0 piane that inclusion of 0.675 eV of fCO" ZPE motion results in a
20% inhibition. On the other hand, the trajectories did not
0.8 - recover the~30% mode-specific inhibition from,* excitation
observed experimentally. This raises questions regarding the
%‘ 0.6 - usefulness of quasiclassical dynamics to describing vibrational
5 effects, particularly relatively small mode-specific effects in
& 0.4 - polyatomic molecules. We note that, for the similar hydrogen
abstraction reaction of #£O" with CDy, trajectories accurately
0.2+ reproduced the substantial enhancement from, @iStortion
- vibration! but also predicted small enhancements from various
0.0 . A - . H.CO' modes, whereas experiment shows-B8% inhibitions
0 30 60 90 120 150 180 from H,CO" excitation. On the other hand, in a studyTof—
Uppo (degree) V energy transfer in collisions of mode-selectively excited H

CO*" with Ne, the trajectory results agreed quantitatively with
experiment, even for subtle mode-specific beha%ibr.both
these previous studies, only trajectories with full ZPE were

Figure 7. Dependence of the ground-state reaction probability on
op-o-c; Ppiane aNdap-p-o, for different impact parameters.

(Figure 4). Unfortunately, the kinematics for this system do not studied.
allow us to measure the angular distribution for comparison. ~ There are a number of reasons why quasiclassical trajectories
It might be expected that the presence of ZPE could influence might fail for this kind of problem. The vibrational initial states
collisional energy transfer, because nothing in the quasiclassicalare prepared on the basis of normal coordinates; thus, anhar-
method prevents conversion of ZPE into other forms of energy. Mmonicity could potentially mix the initially excited mode during
Such effects turn out to be small for our hifl, apparently the reactant approach. Such mixing seems unlikely in this case,
because the short collision time does not provide sufficient time Pecause the time from trajectory initiation to collision is only a
for unphysical flow of ZPE. Plots such as those in Figure 5 for few vibrational periods. Nonetheless, we looked for mode
the “no ZPE” trajectories are essentially identical to those in Scrambling by running trajectories for particular reactant states
Figure 5, with the exception of one subtie effect. The presence (Without ZPE) at 5 A impact parameter, where collisional mixing
of ZPE slightly increases the amount of riet— V energy is negligible. On a time scale much longer than that relevant
transfer in the HA reaction. This effect is consistent with the here, there is no significant change in the character of the
observation that exciting the various vibrational modes also Vibrational motion.
increases the net — V conversion in reactive collisions, A more significant effect may be coupling of the desired
discussed above. vibrational motion with motions added to simulate ZPE. Because
The effects of ZPE on the orientation dependence of the vibration is not quantized, it is possible for zero-point motion
reaction probability are more interesting. An analysis analogous to transfer between modes (because of anharmonic coupling),
to that in Figure 6 indicates that reactant ZPE does change thewhich could result in ZPE “pooling” into particular modésr

patterns of reaction probability versias,—o-c, ap-p-o, and exchange with the excited mode. Again, we attempted to address
Ppiane For ap-o-c and ®pane 0mMitting ZPE shifts the angles  this issue by visualizing largke collisions, as above, but with
of peak reactivity from 130to 120 for ap-o-c and from O ZPE in the initial conditions. Plots of various bond angles and

to —30° for ®pane but without changing the width of the lengths versus time show the expected multimode beating
reaction probability distributions. Foth—p—o, on the other hand, patterns; however, there is no evidence of dephasing or changes
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in amplitude over time, at least for the few hundred femtosecond with the b-dependent orientation sensitivity, can explain most
time period of interest for the reactant approach. of the experimental observations.

We also considered the possibility that, for this reaction, the  The trajectories correctly indicate that®O" vibrational
motions from ZPE were simply washing out the effects of excitation inhibits reaction, but they do not correctly reproduce
specific modes. This idea was tested by running trajectories the experimental effect of,™ excitation. Omitting simulated
without ZPE and with ZPE only in P As shown in Figure 2, ZPE from the quasiclassical initial conditions increases the
complete omission of ZPE does result in larger calculated sensitivity to reactant vibrational excitation, but still does not
vibrational inhibitions, in better overall agreement with experi- reproduce the magnitude of the' effect.
ment, but still does not reproduce the anomalously large effect
of v, Similarly, for trajectories with BZPE only, only a small
inhibition from v,* excitation was found.

In the experimental study, the only obvious trend in vibra-
tional mode effects was that modes involving CO stretching
caused larger inhibitions than would be expected from their peferences and Notes
energies, particularly at o, where vibrational effects are
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