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The quantum dynamics of the reactiop B OH— DOH + D on the Wu-Schatz-Lendvay-Fang-Harding

ab initio-based potential energy function is investigated. A recently developed four-atom implementation of
the real wave packet method is employed. Extensive six-dimensional calculations for a total angular momentum
of J = 0 and, within the helicity-decoupled approximation, numerdus 0 calculations are performed.

Cross sections and rate constants for reaction are estimated usisigifing procedure and compared with
quasi-classical trajectory, transition state theory, and experimental results. The results are also contrasted
with comparable results for H+ OH. A surprising feature is that our rate constants agree best with zero-
curvature transition state theory results, indicating that tunneling may not be as important as expected.

I. Introduction of extensive quasi-classical trajectory and transition state theory
calculations on the WSLFH surfa@é*makes the corresponding
guantum calculations also a point of interest, from the standpoint

H,+ OH—H,0 + H (1.1) of Iearning the adequa(_:y of these more approximate appr_oaches.

Section Il below outlines our theoretical methods, section IlI

The reaction

) . . . resen r resul n ion IV concl .
and its reverse reaction, as well as isotopic analogues such adrese ts our results, and sectio concludes

the main subject of this paper, II. Methods and Computational Details

D, + OH—DOH+ D (1.2) As in Ref. 13, the wave packet is written as

continue to be a focus of current interest, as a recent review bwa’K'p(R,rl,r2,01,91,q0,t) =
Smith and Crirh will attest. K.p JK,p

The presence of several light atoms facilitates accurate j;_ Cle,kl,iz(R'rlirz't) G kj,(01.029) (2.1)
theoretical work on these systems and makes them ideal test v

beds of electronic structure and dynamics t_heories._ In particular, whereJ denotes the total angular momentum quantum number
over the past 10 years, some of the most impressive and trendv; =g 1 2 ..)K is its projection on a body-fixed axis, apd

setting quantum dynamics calculations on four-gtom systemsig the parity p = +1 or —1). The centrifugal sudden (CS) or
h.avg.been perfqrmed'on these react%ﬁsestgb“Shlng the helicity-decoupled approximation (i.e, the neglect of Coriolis
viability of full-dimensional four-atom scattering dynamics. coupling between differerit-state$>19 is adopted, which has
Work within just the past few years includes full-dimensional paen shown to be a good approximation for the H OH
rate-constant calculations with angular momentum effects treatedsystenﬁ Diatom—diatom Jacobi coordinates are employdR:
rigorously? as well as more extensive quantum dynamics results i5 the distance between the D2 and OH centers of mass and the
that are_kg)ased on novel and more accurate potential energy,qqy-fixed axis is associated wil r+ is the D-D internuclear
surface8™® than the older, 1‘1"'dely used WaletDunning- distance, and, is the OH internuclear distance. The polar angles
Schatz-Elgersma (WDSE} **surface. 01 and 6, are associated with the angles between the D
The purpose of the present paper is to present quantumang OH bond vectors ani, and ¢ is the dihedral angle.
dynamics results for reaction 1.2, on the basis of the-Wu JK,p : . . . :
. ' " G\F (01,01,9) is a parity-adapted rotational basis funcfivn
) ik . :
S_ch?;z—Lend_vay—Fang—Hardlng (WSLFH) poten_tlal func that also depends on the diatomic angular momentum quantum
tion, . for which complementary qugntum dynamics work on numbers for diatom 1j,ki, and diatom 2j, (with k, being
reaction 11 ha_s _r(_ecently bee_rn publisfiédlthough based on determined viak; + k; = K). With parity adaptation, it is
high-level ab initio calculation¥; the WSLFH surface is ossible to restrict th&-index to valueK > 0. (Note that, for
probably not as good as the best of the surfaces developed b

. e > 0, k; can still be negative.) Neglecting Coriolis coupling,
R 9
Zhang, Collins, and co-workefs? However, the availability as we do here, and focusing on a particids initial state, the

T Part of the special issue “Donald J. Kouri Festschrift”. upper limit ofK is min(J, j + j). Each value oK (including

* Author to whom correspondence should be addressed. E-mail: gray@ K = 0) hasp = +1 and—1 uncoupled parity states. F&r>
anchim.chm.anl.gov. 0, the+1 and—1 parities yield the same Hamiltonian matrix

10.1021/jp030190a CCC: $25.00 © 2003 American Chemical Society
Published on Web 05/20/2003




A Quantum Dynamics Study of D+ OH — DOH + D J. Phys. Chem. A, Vol. 107, No. 37, 2008L33

elements (within the CS approximation) and, thus, generate theof all possible reactive transition probabilities, as a function of
same dynamics; therefore, only calculations for one parity block total system energ§, and the Boltzmann average N(E) is
with K > 0 need to be performed. F&r= 0, the parity blocks proportionate tok(T). One extremely useful (approximate)
are not equivalent and, depending on what is desired, a separatapproach isl-shifting 2> The originalJ-shifting idea involves a
calculation for each parity may need to be performed. full calculation of theJ = 0 cumulative reaction probability as
The time evolution of a given initial wave packet is performed a function of energyN’=%(E), and then assuming that tde>
with the real wave packet methd@éwhich is a more explicitly 0 contributions toN(E) have the same functional form as the
time-dependent interpretation of Mandelshtam and Taylor's J = 0 result but are shifted in energy, relative to this result, to
damped Chebyshev iteratidfisand Kouri and co-workers time-  reflect centrifugal barriers at the transition state.
independent wave packet ided<zlux techniques are used to Here, we adopt a related approach to estimating cross sections
infer the energy-resolved reaction probabilities from the real and rate constants on the basis of the modifieshifting

part of the evolving wave packét. Further details of the

particular four-atom Hamiltonian that we employ in this study

may be found in Ref. 13.
The reactive cross section for reactants(dpj;) and
OH(Uz,jz) is

2.2)

”111”212

(@= —Z(za + P (6

whereu = (2mp)(my + me)/(2mp + my + mp), € is the collision
energy, and

J ( 1 pIKp

vp1vads (2.] + 1)(212+1) Z U111U212

(€) (2.3)

is the average reaction probability for a given total angular

momentumJ. The rate constant may be written as

Qeied )
M="""5 g exple,, eIk, .. 0
QM wimin e
with
Ky i (T) =
BGT\Y2 1
(W) (kT)Z'/(‘) deEexp[_el(kBT)]al’lvjlv”zvjz(e) (25)

QeledT) accounts for the spinorbit splitting of OH* and
Q(T) is

601,1' 1Vl

QM= (2.6)

Z G, 8xf —

V11,022

The nuclear/rotational degeneracy factor in eqs 2.4 and 2.6 is

Oinj»- D has nuclear spin 1; therefore; Ban have total nuclear
spins 2, 1, and 0, with degeneracies 5, 3, and 1. v&vels
occur with even total nuclear spins, and ggdtbvels occur with
odd nuclear spins. Thereforg,,j> = 6(2J; + 1)(2)> + 1) if j1
is even, and 3@ + 1)(2J, + 1) if j; is odd. Actually, simply
ignoring nuclear spin and using J2+ 1)(2J, + 1) as the

procedure of Ref. 13. This procedure allows us to estimate
certain state-resolved cross sections or rate constants and to later
combine the results to estimate the fully averaged quak(ty,
Reference 13 showed, for thee H OH system, that this type

of procedure led to a better estimate of the actual rate constant
than the simplesi-shifting procedure outlined previously. For

a specific initial reactant combinationy,ji,v2,j2, and some
appropriately “typical”J (Jrf), we evaluate eq 2.3 to obtain

(@ =Py (6

v1d1V2ln

pz/l,jl (27)

Va2
We then construct either state-resolved cross sections (eq 2.2)
or rate constants (eq 2.5), via theshifting approximation:

[€ =e+(Ex—E)] (238

(€) P,

V111 V2 Vala

with E? denoting the mean centrifugal barrier at the transition
state,

E = %Z(BJ(J + 1)+ (A — B)KA)ny, (2.9)
J

whereny is the number of possible initial conditions for given
values ofJ andK, andn; is the total number of initial conditions

for givenJ. (For example, if; = j, = 2, then the large¥ can

be is 4, and, for any > 4, the sum of all the allowe#; and

K combinations such th& + k, = K is n; = 25 or the rotational
degeneracy & + 1)(2), + 1) = 25.) If A, B, andC are the
rotor constants at the transition state, which here is assumed to
be an almost prolate symmetric tdp,= (B + C)/2. (For the
D,OH transition state, we find = 25.71 cm®, B= 1.47 cm’?,
andC = 1.39 cn1l)

To estimatek(T), we use a generalization of the approach in
Ref. 13, which should be suitable for a wider temperature range.
We choose a particular set i1,j1,v2,j2} states and perform
state-specific rate-constant calculations, as outlined previously
with the modifiedJ-shifting procedure. A reasonable estimate
of the full rate constant is then provided by

QeIeL(T)

Qr{ RIS, (Dtvsfrraid

eul,jl,uz,jz

k(T) ~ e
M ks T

gjlvjz ex kUl’jl’VZ’jZ(T)

(2.10)

degeneracy factor leads to rate constants that agree, to two
significant figures, with those computed with the correct where the brackets around the summation index tefmg)(

degeneracy factor for the moderate to high £ 250 K)
temperatures studied here.

indicates that the sums are restricted to a particular set of reactant
states. The set correspondingitc= v» = 0 and all permutations

Even for just a four-atom system, a complete quantum of j; andj, with j;, j < 4 should yield reasonably accurate

mechanical calculation of the rate constak(), is still a

estimates of the rate constants Tox 1000 K. (AtT = 300 K,

challenging computational problem, because of the large numberj; = 2 andj, = 2 are the two most populous states, andl at

of total angular momenta (and associated states for givén

1000 K,j; = 2 andj, = 4 are the two most populous states.)

that must be considered. There are numerous strategies foMe explicitly performed all relevant propagations to obtain (for

calculating or approximating(T), many of which are based on

cumulative reaction probabiliN(E)) ideas?! N(E) is the sum

a givenJ,es) reaction probabilities fori{,j2) = (0,0), (1,0), (1,1),
(1,2), (2,0), (2,1), (2,2), (3,0), and (4,0). Because of the known



7134 J. Phys. Chem. A, Vol. 107, No. 37, 2003

weak dependence of the reaction probabilities on the OH
rotational quantum numbep, we can approximate the various
missingj1, j2 probabilities by a calculated probability with the
samej; value.

It is important to note that the general idea of including the
effects of nonzero total angular momentum dynamics in
J-shifting and related approximate rate-constant theories is not
unique to this work or the work in Ref. 13. (See, for example,
earlier work by Truhlar and co-worket$, Miller and co-
workers?4 Bowman and Shnideé, and Zhang and Zhard) It
is difficult to comment reliably on the relative merits of all these
approaches under the present circumstances without explicitly
applying these methods to the present problem, and without
knowledge of the exact quantum rate constant for the WSLFH
surface.

The numerical Hamiltonian representation of Ref. 13 is
employed: R andr; are described by evenly spaced grids, and
the dispersion-fitted finite-difference approxima#iéis used
for the action of the relevant kinetic-energy operator temms;
is described with a two-point potential optimized discrete
variable representatici$:2° The propagation of a given initial
state, characterized by quantum numbgrk, vy, j1, v2, j2, ki
and an incoming Gaussian wave packeRjrwith appropriate
energy spread, is analyzed to yield the relevant reaction
probabilities over a range of energies, as in Ref. 13. To achieve
convergence of the relevant reaction probabilities for collision
energiex < 1 eV, experimentation has led to rotational basis
sets withj; =0, 2,..., 14 0r 1, 3,5,..., 15aggd= 0, 1,..., 9. For
example, withK = 0, p = +1, we have 345 (evejy) or 370
(oddj,) rotational basis states, whereaKit= 1, we have 605
(evenjy) and 655 (odd,) rotational basis states; i.e., the basis
sets are approximately twice the size of those used previSusly
for H, + OH. The radial grid details were similar to those
previously usetf and~4000 Chebyshev iterations were required
for each propagation. We also employed the product analysis
“trick” outlined in Ref. 30 to further refine our reaction
probabilities. A typical propagation requires almost a full day
of computational time on a 667 MHz, Compaq model XP1000
(“Dec-Alpha”) workstation and up to 400 MB RAM. (Calcula-
tions were also performed on a Linux cluster of 1 GHz Pentium
Il computers with each calculation, despite the higher clock
speed, now requiring up to 2 days of computation time. Of
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Figure 1. Centrifugal sudden (CS) total reaction probabilities for
reaction 1.2 for reactants (&)i(j1,2,j2) = (0,0,0,0) and (b)«1,j1,22,j2)

= (0,2,0,2). In each panel, the dashed curve and symbols represent
our calculated results and the solid curves represent predictions of the
otherJ results based odies = 0 in panel a and,es = 8 in panel b. See

text for further discussion.

ka,kz or ki,p combinations must be considered for edch 4.
Allowing for the equivalence of even and odd parity Hamilto-
nians within the CS approximation fé¢ > 0, the number of
unigue propagations required pkis 15, still requiring a large
effort perJ.) This particular reactant-state combination is one
of the most important ones for room temperature. The dashed
curve corresponds to thle= 8 quantum dynamics result, which

course, in this case, many simultaneous calculations can beWas used as a basis for the modifiéeshifting procedure

performed.)

I1l. Results

A. Reaction Probabilities. Figure 1 displays various prob-
abilities for reaction 1.2. Figure la shows solid probabilities
for J = 0, 10,..., 50 for reactants in their ground states. The
dashed curve corresponds to Que 0 result, and the solid
curves are the predictions fdr= 10, 20, 30, 40, and 50, based
on J-shifting thisJ = 0 result (section Il). The open circles
correspond to the results of our actual CS (or helicity-decoupled)
guantum dynamics calculations. We see thahifting is a

outlined in section Il (i.e.Jef = 8). Solid curves correspond to
shifts of this reaction probability and, as in Figure 1a, the open
circles are the results of our quantum dynamics calculations.
Because a large number of calculations are required for &ach
> 0 result, we have limited the comparison to just a feeases.
Nonetheless, it would appear that the modifi@ghifting
procedure for excited-state reactants is also quite reasonable.
B. Cross SectionsThe calculations summarized in Figure
la allow one to estimate the initial ground-state € j1 = v;
= j, = 0) state-specific cross sections. Figure 2 depicts some
of the results that we have obtained. The CS result (lowest,
dotted curve) is an explicit evaluation of eq 2.2, based on the

reasonable estimator of the trends but tends to overestimate theCS reaction probabilities in Figure 1a and linear interpolation

reaction probabilities a3 increases. For a collision energy of
0.6 eV, for example, thel = 30 reaction probability is
overestimated by 20%.

In addition to reaction out of ground-state reactants, numerous
excited reactant state combinations were investigated. Figure
1b displays somg-dependent reaction probabilities for =
0,j1 = 2, v, =0, ]j, = 2, averaged over all other angular
momentum components (eq 2.3). (We focus on fedvstates
than in Figure la because, as discussed in sectian #; 25

for J values for which we did not perform quantum calculations.
This represents our best state-resolved cross section estimate
for this case.

The other curves in Figure 2 correspond to the evaluation of
eq 2.2 but with the modified-shifting reaction probabilities
based ordes = 8. Motivation for this choice o8t is provided
by inspecting the relative contributions of the variauerms

to the CS cross section. For collision energies near 0.3 eV, the

4 < J < 16 range accounts for almost the entire cross section,
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Figure 2. Initial state-resolved reactive cross sections for reaction 1.2. Figure 3. Arrhenius plot of the thermal rate constant foy & OH —
In all casesy; = v> = 0 and the particulag{;j,) initial state is indicated. HOD + D. Solid curve denotes our quantum estimate, unconnected

Modified J-shifting based od.; = 8 was used to infer the (0,0), (2,2),  open symbols are experimental results of Ref. 31, and filled symbols
and (4,0) cross sections, and the centrifugal sudden (CS) result for (0,0)are data obtained from Ref. 32. The transition state theory results of

is also displayed. Open circles represent @)= (2,2) QCT results Ref. 14 are also shown: { ) CVT, (— — —) ICVT/ZCT (difficult to
of Ref. 14, multiplied by 2 (because those results originally included discern from our quantum results) and ¢ — - —) ICVT/uOMT.
a factor of 0.5 for the electronic degeneracy factor, which is not included
in our results). TABLE 2: Various Thermal Rate Constant (k) Estimates at
TABLE 1 i ) 0s Resolved R T =298 K for D, + OH — HOD + D
== =)= tate Resolved Rate —
Constants for Dy(z3, j1) + OH(#, j2) — HOD + D level k (x 107'°cm® molecule™ ™)
Qeledkoo,00(x 10716 ¢ molecule? s best quantum estimate, 6.3
— present calculations
TK) Qetec Cs J-shifting Qeledkoz,05 pPresent calculations 6.2
250 0.69 0.53 0.49 ICVT? 3.15
300 0.66 3.3 3.2 ICVT/ZCT 6.38
350 0.64 13.3 12.9 ICVT/uOMT 8.73
400 0.62 29.2 38.6 experiment, 1981 183+ 1.2
experiment, 1996 16.44+ 1.3

. . . . aThe transition state theory (ICVT) results are from Troya ét al.
with J = 8 being the peak region. (For consistency, we therefore b pata from Ravishankara et #. ¢ Data from Talukdar et &8
conducted an additional CS propagation wits 8 and ground-

state reactants to obtain the relevant reference reaction prob-noticeably larger than the CS result (as would be expected on
ability.) Comparison of thej{,j,) = (0,0) modifiedJ-shifting the basis of Figures 1 and 2) for> 400 K.

(solid curve) and the more accurate CS results (dotted curve) The full thermal rate constant for reaction 1.2 was also

in Figure 2 shows that we might expect good accuracy (10%) estimated using the procedures outlined in section Il. Figure 3

in the J-shifting approximation for collision energies &f0.5 displays the standard Arrhenius plot (solid curve) inferred from
eV and reasonable accuracy (20%) for collision energies up toour calculations. Experimental resutis®? as well as the
1eV. improved canonical variational transition state theory (IC¥T)

Troya et al** conducted some quasi-classical trajectory (QCT) results of Ref. 14, are shown. Our quantum estimate of the rate
calculations for B + OH on the WSLFH potential surface. In  constant (solid curve) tends to be lower than the experimental
particular, they determined the = v, = 0 and {1,j2) = (2,2) results (unconnected solid symbols), particularly at lower
energy-resolved total cross section in ¢tve 0.2—0.5 eV range. temperatures. Table 2 further quantifies our resulflfer 298
Their results are displayed as open circles in Figure 2. (The K. We see, for example, that the best quantum estimate of the
explicit results presented in Fig. 6 of Ref. 14 include a factor rate constant is a factor of 2.6 smaller than the more recent
of 0.5, the high-temperature limit dDeiec to account for the experimental resuf? This situation is quite similar to the
electronic degeneracy. We have therefore multiplied those resultsunderestimation of the 4+ OH rate constant by a factor of
by 2 to compare with our results.) Oyg,[2) = (2,2) quantum 2.6, found in previous calculations on the WSLFH surfite.
results agree reasonably well with these QCT results #At We should note that the (estimated) quantum rate-constant
0.5 eV, the QCT cross section is (200.1)a?, just 13% lower estimates of Ref. 9, based on the YZCL2 potential surface,
than ourJ-shifting result of 2.3,% At lower ¢, however, the are in much better quantitative accord (20% or better) with the
QCT results tend to be larger than the quantum results. Still, at experimental data, implying that this potential surface may be
the relatively lowe value of 0.25 eV, the QCT cross-section superior to the WSLFHM surface employed here. Specifically,
result, (0.13+ 0.02py? is in reasonable accord with our Zhang and co-worke?®stimate a rate constant of 21x01016
J-shifting result of 0.082. cm® molecule’l st at T = 301 K, which is in very good accord

C. Rate Constants. We determined both certain state- with the experimental resdftat this temperature, (180 0.7)
resolved rate constants and the full thermal rate constant,x 10716 cm?® molecule* s,
according to the procedures discussed in section Il. Kbhey Table 2 also shows th&eiedo2,02 Which is the thermal rate-
rate constant is useful because we can compare it to both theconstant estimate that is based on just the most populous reactant
presumably more correct CS-based results and the modifiedstate at 298 K, is quite close to the best result, which considered
J-shifting results. Table 1 compares these rate constants forcontributions fromjy, j2 < 4. (Even by temperatures as high as
moderate to low temperatures, showing that they agree remark-1000 K, we find that the difference betwe@giedo2,02and our
ably well. Interestingly, theJ-shifting result only becomes best estimate is typicallyr10%.)
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T T " T d T able quasi-classical trajectory, transition state theory, and
ICVT/uOMT——7/' experimental results. Consistent with previous results for the

: 1 H, + OH reactiont? it appears that the thermal rate constants
% i are underestimated on the WSLFH surface, and the surface of

7/

I ICVT/ZCT ,
6 \
R4

R4

Yang and co-workeP$ provides a more quantitative description.
The availability of a variety of transition state theory resdlts
7 on the WSLFH surface allowed us to gauge the adequacy of
these more approximate but easier to apply theories. Interest-
ingly, we found that a low-level tunneling correction (ICVT/
ZCT) led to results that were in better accord with our best
Present Quantum Estimate 1 quantum estimates than a higher-level tunneling correction that
0 ! L . I . L allows for reaction path curvature effects (ICYOMT). Does
1 2 3 4 this mean that reaction path curvature effects are less important
1000 K/T than those that would be expected for this system (and also H
Figure 4. Our estimate of the ratio of the;H- OH and B + OH rate + OH)? We ha\{e examined plots of our evolving wave packets,
constants. We also display experimental resiltand the various @S Well as Fourier transforms of our wave packets, on selected,
transition-state theory results of Ref. 14. Line styles are the same astunneling regime energies. These plots show little evidence of
those in Figure 3. “corner cutting”, in relation to the reaction path. However, there
are other explanations for the relatively poor performance of
The comparison of our thermal rate constant results with the the higher-level transition state theory. For example, the
transition-state theory results is interesting. In Figure 3, the curve calculations of Ref. 14 did not employ any corrections for
labeled ICVT represents a variational transition state theory level vibrational anharmonicity, which could be import&ne®
with no tunneling corrections. The curve labeled ICVT/ZCT

involves a relatiVer Simple tunneling correction that does not Acknow|edgment_ We dedicate this paper to Donald J.

involve reaction path curvature (“zero curvature tunneling”). Kouri, whose work continues to influence us all. We thank
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