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We develop a wave packet approach to treating the electronically nonadiabatic reaction dynami€) of O(

-+ H, — OH + H, allowing for the 1A’ and 2A’" potential energy surfaces and couplings, as well as the three
internal nuclear coordinates. Two different systems of coupled potential energy surfaces are considered, a
semiempirical diatomics-in-molecules (DIM) system due to Kuntz, Niefer, and Sloan, and a recently developed
ab initio system due to Dobbyn and Knowles (DK). Nonadiabatic quantum results, with total angular momentum
J=0, are obtained and discussed. Several single surface calculations are carried out for comparison with the
nonadiabatic results. Comparisons with trajectory surface hopping (TSH) calculations, and with approximate
guantum calculations, are also included. The electrostatic coupling produces strong interactions between the
1A' and 2A' states at short range (where these states have a conical intersection) and weak but, interestingly,
nonnegligible interactions between these states at longer range. Our wave packet results show that if the
initial state is chosen to be effectively the "18tate (for which insertion to form products occurs on the
adiabatic surface), then there is very little difference between the adiabatic and coupled surface results. In
either case the reaction probability is a relatively flat function of energy, except for resonant oscillations.
However, the 2Areaction, dynamics (which involves a collinear transition state) is strongly perturbed by
nonadiabatic effects in two distinct ways. At energies above the transition state barrier, the diabatic limit is
dominant, and the 2Areaction probability is similar to that for A which has no coupling with the other
surfaces. At energies below the barrier, we find a significant component of the reaction probability from long
range electronic coupling that effectively allows the wave packet to avoid having to tunnel through the barrier.
This effect, which is observed on both the DIM and DK surfaces, is estimated to cause a 10% contribution
to the room temperature rate constant from nonadiabatic effects. Similar results are obtained from the TSH
and approximate quantum calculations.

I. Introduction key electronic states for collinear and nearly collinear OHH
geometries. The bottom panel considers collinear OHH geom-
etries. Actually, OYD) splits into a=, a doubly degeneratd,
N - ) ) and a doubly degeneratecomponent, so that the reactants in
O('D) + Hy(X'Z;") — OH(X?II) + H(°S) (1) reaction 1 correlate with five electronic states. Thestate is
purely repulsive, and can only play a role in the reaction
has long served as the prototypical insertion reaction. It is dynamics through its Coriolis interactions with the other states,
exoergic by almost 2 eV, and the lowest adiabatic potential which turns out not to be very importaft This state is not
surface (1A") that correlates to both reactants and products depicted. TheX surface is the lowest energy surface while the
includes a deep well associated with the ground electronic statereagents approach, with a very small barrier @.5 kcal/mol
of H,O. (The zero-point energy of @ is ~5 eV below the or 0.02 eV), but it correlates to the excitedstate of the OH
zero-point energy of the products.) Both products are easily product, and thus it cannot contribute to reaction. OnlyIthe
detected, so there have been numerous experimental studies dftate connects the reagent and product states, but there is a
thermal rate coefficients?isotope effects; ® product vibrational barrier to reaction of around 2 kcal/mol (0.09eV). The top part
distributions’ rotational distributiong;? integral cross sectiori8, shows how this picture changes for bent geometries. Here we
and angular and translational distributidfist® There have also ~ show only the 1Aand 2A components that come from the
been several theoretical studies of the ground singlet stateandII states. (For simplicity, we often omit the singlet spin
potential surfacE€=2! and its reaction dynamic3:28 labels on the various electronic states.) These have a conical
Recently there has been increasing interest in the reactionintersection at the position of thE/IT crossing, making it
dynamics associated with excited states that also correlate topossible for reaction to occur out of either state. Not shown in
O(*D) + H,.2%73 Figure 1 shows a schematic diagram of the this panel is the 1Astate, which is the other component e

The reaction
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25 1A" states become important at high energy once the barrier to

o O-F=H (bent 7T oHn reaction on these states is surmounted. This produces the

/s increase in the cross section with energy observed above 2 kcal/

L ./ | mol.
051 o(D)eH, n f

Important discrepancies between theory and experiment
remain that are unresolved at this point. In particular, several
groups have noté&“Cthat the agreement between the observed
angular and translational energy distributions and those from
25 TSH or adiabatic QCT calculations is worse when the excited

25 states are included than when they are omitted. Also, Lee and
O-H-H (linear) /""""O_H-@)-:J - Liu*! have recently demonstrated that the'1éontribution to
151 s il the cross section is larger forpHnitial rotation statej = 1
05 orppm A I," Z(A) | compared tc_j = 0, the opp_osite of whgt was sugge_sted by

| 2 — / classical trajectory calculatiod.In addition, the validity of

o the TSH method has been questioned in recent studies of other
gas phase reactioi3#3so these criticisms might also be valid
OHX)H 1 for O(D) + Ha.
s In this paper, we present a new study of nonadiabatic effects
in O(*D) + Hy, based on three dimensional (total angular
Figure 1. Schematic diagram of the two relevant electronic states for momentum 3= .0) wave packet calculations. These_ calculations
O@D) + H, As the reactants approach each other the initially e based on similar technology to what was used in recent wave
degenerate surfaces split in energy. OHEX¥) corresponds to products. ~ Packet calculations for the ground state surfde€ put in the
Top part: Surfaces for bent OHH geometries. Bottom part: Surfaces present calculations we include for the coupled dynamics
for collinear OHH geometries. involving 1A' and 2A. We also present adiabatic results for

state in the bottom panel. This has the same collinear barrier asthe 1A” surface, so that the relative reactivity of 2&nd 1A

2A" but a lower bending frequency at the saddle point. so one C&" be determined. Electronic Coriolis coupling effects will not
ex ,ects that the reactiong rogabilityfrom this state \F/)vill b,e larger be included; however, a recent quantum study has s
P ] P Y > 1arg they play a relatively minor role in the overall reactivity for
than that from the 2Astate. Note, however, that the 2/@&action .
- : . . . this system.
probability would be zero if the dynamics were purely adiabatic,

while the 1A' state is not coupled to the other states, and is Our calculations consider_ tWO. _sets (.)f coyplgd potential
reactive in the adiabatic limit. surfaces, one being the semiempirical diatomics-in-molecules

Although the behavior of the potential surfaces in Figure 1 (P'M) Osslirfaces that were developed by Kuntz, Niefer, and
is now well established, the role of the excited states in the S10arf>**and the other being the recentl;igeveloped. ab initio
reaction dynamics of reaction 1 is still the subject of considerable SUrfaces from Dobbyn and Knowles (DK)* Included in our
confusion. Interest in excited state effects has arisen recently@n2lysis are comparisons with the results of other methods for

as a result of several experimefit&1416 which show effects describing the reaction dynamics, including the TSH method
that are not consistent with a simple insertion reaction. In Noted above, and the recent vibrationally adiabatic quantum

particular Che and Lit? measured differential cross sections Scattering method of Drukker and SchétzWe also make
for the O&D) + HD at a collision energy of 4.55 kcal/mol (0.197 estimates of the effect of nonadiabacity on the thermal rate
eV) and found substantial deviation from the forwatmckward ~ constant.
symmetry found for theoretical studies based on the ground state All of our quantum and our best TSH calculations are based
surface?! In addition, similar measurements by other gréép% on a diabatic representation where the electronic Hamiltonian
on O@D) + H,, HD and D at energies as low as 1 kcal/mol is written as a 2x 2 matrix that containg-like andI1(A")-like
(0.04 eV) indicate asymmetry in the differential cross sections. Potentials along the diagonal, and an interaction poteHiial
In other studie¥ the integral cross section was found to decrease that vanishes for linear geometries. We use the tetididbat”
with increasing energy for collision energies below 2 kcal/mol, and ‘TI-diabat” to refer to these states (even for nonlinear
as expected for an insertion reaction with no barrier, and to geometries), and “1Aand “2A™ to refer to the adiabats that
increase at higher energies, as expected for an abstractiorfifé obtained by diagonalizing the 2 2 matrix. In Drukker
reaction. This influences the &) + H, rate coefficient$,and and Schat2?? another diabatic representation was introduced in
it is observed that the high temperature rate coefficient is Which the A and A" components of thél state are rewritten
substantially higher than at room temperature. This activated in terms of complex exponentials so that they are also
behavior is not expected for reaction on the ground state surface eigenfunctions of the electronic orbital angular momentum
These experimental studies have stimulated theoretical studiesProjection operator along the molecular axis. This alternative
of O(D) + H; that include excited states. In one of these studies, diabatic representation, in which the electronic Hamiltonian is
the excited states were included only as uncoupled adiabatic3 x 3 (or 5 x 5 if A states are included), is convenient for

OH(X)+H

Energy (eV)

Reaction Path

states in quasi-classical trajectory (QCT) calculati&r®ther describing the Coriolis interactions. However if this interaction
studied®31.34 ysed trajectory surface hoppmg (TSH) meth- is left out, as in the present calculations, then tHeaAd A’
0ds$$637 and involved two coupled states (1And 2A). The states are not coupled, and it is easier to use tke2Xiabatic

TSH studies included coupling due to electrostatic interactions representation in terms af andII(A’) states.

that are important at short range (because of the conical This paper is organized as follows. In section Il we describe

intersection), but electronic Coriolis effects and long range the diabatic model, potential surfaces, and briefly outline

electrostatic coupling were neglected. The conclusion of theseessential aspects of the wave packet and other dynamical
studies is that the lowest state can account for most of the crossmethods employed by us. Section Il presents the application
section at low collision energies 2 kcal/mol. The 2A and to O(D) + Hy. Section IV summarizes our conclusions.
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Il. Model and Methods

A. Diabatic Hamiltonian Model. Here we present the two-
state electronic Hamiltonian used in the present calculations. A
more rigorous five-state description of the!D) + H, reaction
dynamics is presented by Drukker and SciaReactant Jacobi
coordinateR, r, and cosy are employed, witlR being the O
to center of H distancey being the H distance, and cog the
cosine of the angle between the vectors associatedRvéthd vo ‘ ‘ ‘
r. 1.0

In the two-state approximation, electronic orbital angular 020
momentum is neglected, so that the Hamiltonian opetdtisr
given by an expression that is very similar to the single surface
result. This Hamiltonian is

Energy (eV)

0.10

Energy (eV)

P2 |2 p2 j2 |
Hert——+ 2 4 1 e 2
2 o T 2am T op @
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whereu = 2mymo/(2my + mo), m = my/2, P andp are radial R (bohr)

i i 2
mon;t_antum opera_ltors assoc_lgted ‘2"5"@”"'“ respectlvelyl / Figure 2. The DK diagonal diabatic energields = (solid curve with
2uR®is t_he _Cenmqual term_j /2mr* is t_he rote_ltlonal energy filled circles),Hrn (solid curve with open circles), and coupliffyn
term, which involves derivatives associated with gpandH®' (dashed curve), averaged over an asymptotiggkbund vibration-
is the electronic Hamiltonian. Since electronic angular momen- rotation state. (a) presents a broad view of these matrix elements and
tum is not included, the total angular momentdris given by (b) is a blowup of the longer range portion.
J=j +1, and the centrifugal tertd/2uR? gives rise to (nuclear)
Coriolis coupling effects when the wave function is expressed

in body-fixed coordinates. In this work, only = 0 will be .

considered in the wave packet calculatiohd £ j2), and B. Potential Energy Surfaces.The Dobbyn-Knowles (DK)
I-shifting?® or J-shifting*® approximations are used in performing potential sur.fac@’45 1S baseq on h'gh .quallty .lnternally con-
the partial wave sums to determine cross sections and ratelracted multireference configuration interaction calculations.
constants Although adiabatic states are produced in these calculations, a

The wave function (or wave packet) is expanded in terms of diabatization transformation was performed, so that the matrix

diabatic electronic states, which we dalCand|T1L (For brevity elementsHzs Hon, and Hsn were directly provided. This

we uselTITto denote the state associated with thedmponent diabatization is based on calculating matrix elements associated
TI(A"), of the IT state.) These states depend not only on’the with the component of the electronic orbital angular momentum

electronic degrees of freedom, but on the nuclear degrees ofoperator and, in e_ffect,_cons_tructing linear superp_osit_ions of the
freedomR, r, and cosy Howe{/er it is assumed that these adiabatic states (i.e. diabatic states) that have significaot
diabatic states have been suitably determined so that nucleartlg.Chz"‘r""‘c’[er \k/]wth regpect_LO get;ta:g z;xest. Thte oggtnal theory of
derivative terms associated with them, arising from the kinetic IS approach was described by Rebentrost an ested a .
energy operators in eq 2, can be neglected. This, of course, isr_ecen_t dgscrlptlon that is more relevant to the present applica-
a key simplifying feature of a good diabatic representation since gpnt;s ',? givenin DObbgn et dF Flgfuretﬁ |IILE|)sérate? the relevant
coupling matrix elements related to derivatives of the electronic d!a Iam der]ergl_es an2 EOUp 'Sg or the dsur acg. Fhg:
states with respect to nuclear coordinates, which can be difficult wliﬁ axei tl1rt]in 'ggmj[ rmiiv?j t()aenthaverzgel tovan c;os;/,f N
to calculate (and sometimes divergent), do not occur. The eighting determined by the absolute square of a
Schralinger equation then takes the form of ax22 matrix a§ymptot|c H ground wbrgﬂor—rrotatlon s'tate. The top part,
equation, with the nuclear kinetic energy terms in the Hamil- Fﬁure 2at,hg|vles a broatd 'p:)_lcturezot\)/efr a wide rant%R %ﬁlusst, d
tonian appearing along the diagonal, and the electronic Hamil- whereas the lower part, Figure b, focuses on the diabats an

ian He' ; 2 2 ; coupling at Ionger. range. .
tonianH appearing as a matrix, The DIM potential of Kuntz, Niefer, and Slo#t#1has been

respect to the nuclear variables define the usual nonadiabatic
coupling matrix elements that couple the adiabatic states.

H H developed in a slightly different way than the DK surface. This
HE' = (HE’E HE’H) () potential is available in the adiabatic representation, and it is
nx "L not straightforward to transform it to a diabatic representation

using the procedure just described. Another procedure is

whereHss is theX diabat,Hr 7 is theII(A') diabat, andHs i possible, however, because in addition to the BAd 2A
= Hpz is the diabatic coupling potential. Note that the diabatic surfaces we also have the 1A&urface from the same DIM
electronic matrix elements in the present treatment are real-calculations®* This surface is similar to thE diabat,H 1, SO
valued functions, and are formally consistent with the use of if we simply assume these are the same, it is possible to derive
real-valued electronic functions (e.g. cosines). This differs from expressions forHss and Hspp by inverting the following
the use of a complex exponential basis by Schatz and Drdkker, formulas, obtained from diagonalizing eq 3:
but is of course also a valid and equivalent representation. (See 1
also the Introduction.) " — _ _ 2 _ g2 VU

Of course, all the matrix elements in eq 3 depend on the E(A) 2[(H2’2+ Hin) = (Hys = Hon)” = 4Hsn) 2]
nuclear degrees of freedonR, r, and cosy. If He is 1 5 5
diagonalized, then the eigenvalues are the adiabatic potentials E(2A) = S[(Hsx + Hn) + (Hzx = Hpn)® — 4Hz ) g
(1A' and 2A), and the derivatives of the eigenvectors with (4)
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We used the DIM diabats defined this way in all of our
calculations.
The DK and DIM potential surfaces are qualitatively similar,
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is in fact a good approximation to the magnitude of the real
part of an ordinary wave packet (evolving undteand starting
from the same initial condition) at a physically meaninful time

but there are some important quantitative differences. Perhapst,,s given by tpnys ~ kadt/(1 — E§)1/2, whereE;s is the mean

the most noticeable difference is in the (collinear) barrier height
for reaction on the 1A surface. This barrier is 2.3 kcal/mol on
the DK surface and is located &y = 3.09ay, run = 1.46ay,
with vibrational frequencies 3646, 271, and 66in~1. On the
DIM surface, the barrier is 3.7 kcal/mol, and is locatedat
= 3.17ay, run = 1.43 &y, with frequencies of 4122, 174, 566
cm~1. Another difference is in the long range part of the' 1A
potential, which is more attractive on the DIM than on DK
surface. These differences make the thoss sections larger
for the DIM surface, but the 1A and 2A cross sections
(usually) larger on the DK surface.

C. Wave Packet DynamicsThe quantum dynamics calcula-
tions were carried out in a fashion similar to previous calcula-
tions for the 1A adiabatic dynamic%’28 The main difference,

scaled energy of the wave pacRéfhis approximation, based
on the linearization of(H) aboutEs is usually quite accurate
owing to the fact that, with typical initial conditions, the wave
packet’s energy is concentrated in a narrow range in comparison
with the full energy range.

The initial conditions for our propagations are given by the
discrete analogs af® = Rey,

. p(—(R— Ro)z) )
\/Ea) 20> -
exp(iky(R — Ry) 1o(r)Py(cosy) |l (7)

which describes an incoming Gaussian wave pack& with

Y(R, r, cosy) =

of course, is that the wave packet now also includes componentgnean momenturfiko, centered aR = Ro, and associated full

associated with the two diabatic electronic states = andIl.

width at half maximum of @ In 2. H, is initially in its ground

The addition of the electronic degrees of freedom poses no Vibration () and rotation Po) state, and the reactants are

difficulties with the J = 0 Hamiltonian being essentially the

initially approaching on electronic statel] The recursion eq

same as in refs 27 and 28 except that the adiabatic potential6 requiresq® andq* to be initiated.q*, if the initial condition

V(R, r, cosy) is replaced by the % 2 diabatic matrix, eq 3.
We therefore only describe a few pertinent details.

is complex as it is in the present case, is evaluated according to
g' = Hgq® — (1 — HAY2-pO, wherep® is the imaginary part of

The propagation scheme employed (see below) focuses onthe initial condition?® The action of the square root operator is

just the real part of the wave packet, which in terms of reactant
Jacobi coordinates may be written

d(R, r, cosy) = ZZC}fa(R, rPj(cosy)lall  (5)
@ T

Wheref’,- are normalized Legendre polynomials, aadformally
represent the electronic states= X andIl. The superscripk

itself accomplished with a Chebyshev expangion.

Each iteration step eq 6 requires an evaluatioH @i a real
vector. Fast sine Fourier transforms are used to evaluate the
relevant kinetic energy terms associated viRtandr. The wave
packet is kept in the Legendre basis above, which is convenient
for evaluation of the relevant centrifugal term associated with
j2 in eq 2. However, the potential terms are evaluated by
transformation to a Gaus$.egendre quadrature grid associated

is used to denote iteration number or discrete time step. Evenlywith cosy, multiplication by the relevant potential terms on a

spaced grids are employed fBrandr: with x =Rorr, x =
Xmin T NAX, N = 1,2,..Nx, AX = (Xmax — Xmin)/(Nx + 1). The
introduction of finite sized grids, as well as a finite rotational
basis inj, effectively impliesot is approximated by a large vector
g« and the Hamiltonian operator becomes a maittix

The real wave packet propagation schéhveas employed,
which features propagating the real vectyy according to
Mandelshtam and Taylor's damped Chebyshev iterafi®pss.
Introducing a linearly scaled Hamiltonian matkk = aH +
b, such that the eigenvaluestdf lie within (—1,1), the damped
Chebyshev iteration is

qUr=A (A g+ 2H,- 9 (6)

full grid, and back transformation to the Legendre basis. This
approach eliminates storage of large potential matrices. The
calculations converge most favorably if the spectral range of
the Hamiltonian is kept as small as possible without significantly
altering accuracy. This is accomplished by introducing a cut-
off energy Vew, Which is applied to all components of the
diabatic electronic Hamiltonian as well as the centrifugal energy
term?27

We estimate total reaction probabilities with a flux approzch,
based on calculating the reactive flux on some surface separating
reactants from products. In our case we define such a surface
by r = r*. (We should note that in the particular cases of the
DIM propagation associated with = =, as well as adiabatic
1A" DIM propagation, there are much stronger long-range

hereA is some appropriate matrix which damps the wave packet interactions relative to the DK surface, which lead to the

amplitude as it approaches tReandr grid edges. We také
to be a diagonal matrix with elemerdag(R)a;(rj), whereay(x;)
= exp[—cdX — Xa)3 for x = X, In the real wave packet

underlyingZ or 1A’ potentials still showing some variation even
at Ry = 9.5 ap. The determination of the total reaction
probabilities also requires knowledge of the asymptotic distribu-

approach, the Chebyshev iterations above are identified with tion of momenta or energies in the initial wave packet. Because

the real part of thexactSchralinger time evolution, in discrete
time stepskr, under an effective Hamiltonian matrigH) =
—(h/7) cos! Hg, allowing standard time-dependent methods of
analysis to be used in determining reaction probabilft{és.
The effective Hamiltonian matrix differs frofd in a nonlinear
fashion, so the “timekr is not physically meaningful. Indeed,

T is arbitrary and cancels in any formulas for observables. (This

of the potential variation, the analytical form consistent with
an incoming Gaussian has some error in it, particularly at low
and high energy. We compensate for this by carrying out a back
propagation on an effective one-dimensional potential to
determine a more correct asymptotic distribution, as discussed
in ref 28.

Typical grid and basis set details are given in Table 1. We

approach is also closely related to the “time-independent” wave carry out propagations to typically 200680000 iterations of

packet approaches of Kouri and co-workéf$ and can be

eq 6. A typical coupled electronic state calculation, with the

viewed as a generalization to reactive scattering of approachesparameters in Table 1, require®.3 days of computational time

developed by Chen and G&g).However, the magnitude af

on an IBM RS/6000 workstation and requires80 MB of
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TABLE 1. Typical Grid/Basis Set and Initial Condition theIT state dynamics is closer to being diabatic than adiabatic
Details. (this is discussed in detail later), so TSH in the diabatic
reactant scattering coordinaf®) fangeéo 0—14.5 representation is less sensitive to the accuracy of the hopping
number of grid points ifR 209 algorithm than in the adiabatic representation. In fact, the TSH
diatomic coordinater] rangedo 0.5-11.5 probability in the adiabatic representation is zero in the absence
number of grid points im 127 fh . Il of th ti bability of 0.08 f
number of angular grid points 40 (using potential symmetry) 0 Opplh_g, soa 0 € reaction p_ro abill _yo " comes I’om
number of angular basis functions 4050, 2, ..., 78) the hopping algorithm, whereas in the diabatic representation
pgtentie}l and centrifugal/cut-oﬁqueV 1(2) the probability at 0.2 eV is already 0.11 in the absence of
absorption inR starts aRs/ap 10.5 ; i ; i
absorption strength iR, o/ag-2 0.005 goffltngévéglc‘? r:neans that Tﬁptplhng changes ]Er;e probgbllltytfrom
absorption irr starts ata/ag 75 U. 0. Ll us we seg a qpplng IS.O e§ser Impor ance
absorption strength inc,/ag2 0.005 in the diabatic representation than in the adiabatic representation.
center of initial wave packe®/ao 9.5 Since the diabatic representation results are more accurate, we
ﬁﬁgﬁgﬂs"l";‘ﬂ‘nﬁc&%”éﬁ enerayleV 0-‘(‘) 5 restrict the TSH results presented later to those based on the
flux analysis line fag 6.0 diabatic representation.

In the TSH calculations, we considerée- 0 and integrated
100 trajectories per energy. The uncertainties associated with
the TSH probabilities are estimated to be withi®%. These
calculations are quite time consuming for either the DK or DIM
surfaces, requiring about a day of workstation time per energy.
This is due to the DK and DIM surfaces being complicated
Qunctions that must be evaluated*+.0° times per trajectory,
the small time steps needed to integrate the time-dependent
Schrainger equation accurately, and the fact that the trajectories
can involve collision complexes. (Note the time-dependent
Schrainger equation referred to hererist the more rigorous
one used in our wave packet calculations, but the one arising
from the TSH model.) It would seem that the accurate quantum
wave packet approach (which also generates information about
all relevant energies at once) is more efficient! However, the
effort needed to generate cross sections or rate constants with
TSH is not much larger than the effort associated withXke

memory. The single surface calculations with the same param-
eters require just under a day of computational time.

D. Trajectory Surface Hopping and Vibrationally Adia-
batic Coupled Channel Calculations.For comparison with the
wave packet results, two more approximate dynamical calcula-
tions are carried out for the case corresponding to reactants bein
initially on theTT state, which has the most interesting electronic
coupling effects.

The trajectory surface hopping (TSH) calculations were
carried out using Tully’s fewest switches appro#as described
by Schatz et a* This TSH method involves simultaneous
integration of the nuclear coordinates according to the classical
equations of motion and of the amplitudes for being on the two
electronic states according to a time-dependent "Siihger
equation. The only departure from ref 34 is that with one
exception we used a diabatic representation for the TSH
fﬁ;(t:utlﬁ (talot?;j gittgﬁ;hzr;‘gnciﬂﬁzﬁn%L:ﬂ;:re Ztgﬂgt? 0|: h\)\/ser:;ean% _TSH_ calcul_ation_s, and the method scales much more favorably
integrated using the diabats, and tier coupling. Also, the with d|me.n5|one}l|ty..
direction perpendicular to the intersection surface (used in Approximate time-independent quantum results for theHo
adjusting the momenta after a surface hop) was chosen to bé’eacﬂon were also obtained with a Vlbratlona”y adiabatic
the gradient of the difference potentidi(s — Hpr) rather coupled channel method presented in more detail elsevibere.

than the derivative coupling vector. The one exception that we In these studies the coupled channel equations were actually
considered was for the DIM Surface, where we were also able solved |nC|Ud|ng all five electronic surfaces. The electronic states

to use the adiabatic representation of ref 34 with the derivative Of the atom and the rotational states of the diatomic are included

coupling vectors from the DIM function. We used this calcula- Without any approximation to the vector coupling, or to the
tion to determine the dependence of the results on which kinetic energy terms in the Hamiltonian. However, in order to
representation was used. We found that while both representakeep the problem numerically tractable the diatomic vibration
tions give roughly similar results, the diabatic representation I is treated in an adiabatic fashion, and a limited rotational basis
results were much more accurate. For example, at 0.2 eV (most appropriate for relatively low collision energies) were
collision energy, the TSH adiabatic representation probability €mployed. Also, the reactive flux is absorbed by using imaginary
is 0.08, while the corresponding TSH diabatic representation potentials in the interaction region before products have
probability is 0.20, and the (DIM, initidll state) quantum wave ~ completely separated. The method was developed for the study
packet result is 0.22. Note that because of the conversionof the effect of electronic Coriolis coupling on the reactive cross
between adiabatic and diabatic representations was done apsections, but here results are presented for the Coriolis decoupled
proximately, as discussed in section IIB, even the quantum case for comparison with the wave packet calculations. Also,
results for the two representations should be different. Although in these calculations we used the electronic Hamiltonian in eq
we have not done wave packet calculations in the adiabatic 3 for the electrostatic coupling, rather than that in ref 35 that is
representation (this would be quite difficult), we have assessedbased on a complex exponential basis. This leads to reaction
the internal consistency of the two representations by determin- probabilities that are consistent with the real-valued electronic
ing the derivative couplings that are based on the diabatic functions employed in this paper. These scattering calculations
representation defined above for the DIM surface, and the resultsinvolved using a basis of typically= 0, 2, and 4 rotational
agree reasonably for geometries close to the conical intersectiorstates, along with all the appropriate projection states that are
with those in the original adiabatic representation that was usedconsistent with these values pffor the five electronic states

to define the DIM diabats in the first place. As a result, we and a given value al. For lowJ, this involves a small number
expect the quantum results will be fairly close for the two of states £20), so the computational time per energy is on the
representations. In contrast to this, the TSH method, being order of tens of seconds on a workstation. In contrast to the
approximate, should give different results in different repre- wave packet and TSH calculations, these calculations are trivial
sentations, even if they are rigorously equivalent in their in terms of computational effort. The approximations invoked,
guantum dynamics. In the present application it turns out that however, limit their reliability to low collision energies.
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Figure 3. The total reaction probability for @D) + Hx(X; v =j =
0) — OH(X) + H with total angular momenturd = 0 and assuming
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to the DIM 1A surface wave packet results, and (b) corresponds to
the DK 1A surface wave packet results.
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I1l. Results and Discussion

A. Adiabatic and Diabatic Single Surface Reaction Dy-
namics. The ground 1A adiabatic electronic state directly
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Figure 4. The total reaction probability for @D) + Hx(X; v = =

0) — OH(X) + H with J = 0, and assuming single surface dynamics
on thell diabatic state. The dashed curve corresponds to the DIM
diabat wave packet results, and the solid curve corresponds to the DK
IT diabat wave packet results.

reaction probabilities that were similar to but smoother than
the corresponding quantum ones. These classical results were
also generally upper bounds to the quantum ones=20 QCT
study at one energy on the 1BK surface also confirms this
latter result®

connects the reactants and products in reaction 1, and also As indicated by Figure 1, adiabatic dynamics on the 2A

correlates with the ground electronic state ofOH Adiabatic

surface cannot produce the desired OHQX products, since it

dynamics on this surface, is expected to be the most importantcorrelates with electronically excited OH®). Thus the reaction

contributor to the low energy reactive cross sections and

probability associated with reaction (1) is zero for this adiabatic

moderate temperature rate constants. Figure 3 displays oursurface. Similarly, in the diabatic represention discussed in

guantum results for the total reaction probability associated with

sections | and IlI, th& diabat also correlates with OH(A) and

reaction 1, with the restrictions that the system have total angulartherefore has no reactivity. THé diabat, however, correlates

momentum] = 0 and that Hinitially be in its ground vibration-
rotation statey = j = 0. The total reaction probability reflects

a sum over all energetically allowed OH{{) vibration—
rotation statesy’ andj’. (We do not investigate any details
concerning the product distributions.) Both the' DAM surface
result (Figure 3a) and the 1AMK surface result (Figure 3b)
show that the total reaction probability is, on average, quite high.
Both surfaces exhibit significant reaction probability at very low
collision energies, consistent with the "Ldurface having no
barrier to reaction. While the DIM and DK reaction probabilities

with OH(X). Figure 4 shows the total reactivity associated with
dynamics on the DIM (dashed curve) and DK (solid curlie)
diabats. These reaction probabilities are consistent with reaction
being a direct and activated process on ffiediabat. The
(collinear) barrier to reaction on the DIMI diabat is~0.06

eV higher than the corresponding DK diabat (0.16 vs 0.10
eV), and this accounts for the DIM threshold for reaction being
displaced to the right of the DK threshold in Figure 4. The DK
IT diabat result in Figure 4 has more obvious step like structures
than the DIM result. These structures are related to adiabatic

are roughly similar, the DIM surface is, on average, more thresholds associated with even excitations of the bending
reactive, than the DK surface. This reflects the fact that the DIM frequency (0.034 eV) at the collinear transition state. The
surface has stronger long range attraction than the ab initio DK associated DIM bending frequency (0.022 eV) is smaller, which
surface. There is a lot of fine structure in Figure 3a and b, brings the steps closer to one another so that they tend to a

presumably because of the presence of numerous short-livedsmoother structure.

H,O complexes and also due to the opening of various product

v, J' channels. Similar behavior was seen in the adiabatic
guantum dynamics of two other 1Apotential energy sur-
faces?®2” Note also that the adiabatic 1K surface result
was also previously obtainé&tin relation to a capture model

As our final example of single surface dynamics, we consider
the 1A' surface, which also correlates with OH(X) products
and has features similar to tfié diabat discussed above since
for collinear geometries it is degenerate with this diabat. While
the 1A' andIl diabat surfaces coincide at collinear geometries,

study of total angular momentum effects. The convergence some differences occur at bent geometries. For example, the
details of the resonance features in Figure 3 are similar to thoseDK 1A" surface exhibits a smaller bending frequency associated

of this earlier study® In particular, the highest frequency

features in Figure 3 at low collision energies do show some
sensitivity to grid and propagation time details. However, if one
averages over a small collision energy window of, say, 0.04

with motion away from the collinear saddle point. Figure 5
displays the DK 1A reaction probability (solid curve) and

contrasts it with the DKII diabat result (dashed curve),
confirming that the 1A dynamics is similar to thél diabat

eV, we estimate that our reaction probabilities are converged dynamics. However, as anticipated in the Introduction, thé 1A

to £0.02 or 2%.

QCT studie®®56 have also been performed for the '1A
adiabatic dynamics. Using the surface of Ho ethilyhich is
similar to the present DK surface, Aé%zpresented] = 0

reaction probability is slightly higher than the corresponding
uncoupledT diabat result. Recall that in order to construct the
DIM diabatic model (section 1l) we actually assumed thht

diabat was the same as the'lAdiabat. The reasonably close
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correspondindl diabat DK result for comparison.

e
3

Figure 6. The solid curves correspond to the total reaction probability

N . . ... .. forO(D) + Hy(X; v = = 0) with J =0, allowing for coupling of the
corre;pondence_of the curves in Figure 5 provides justification s and 11 diabats (or equivalently the 14and 2A adiabatic states),
for this assumption. with the initial reactant state being purely tBeliabat, and the dashed

B. Nonadiabatically Coupled Surfaces Reaction Dynamics.  curves correspond to the adiabatic results: (a) DIM surfaces, (b) DK
In the asymptotic reactants limit, ti2andI1 diabats (sections  surfaces.
| and Il) are degenerate and one can determine all the relevant
observable dynamics by considering initial conditions corre-
sponding to any two linearly independent superpositionE of
andIT. In particular, we consider an initial condition corre-
sponding to reactants approaching initially on the fuicgabat,
and another initial condition corresponding to reactants ap-
proaching on the purél diabat. What linear combinations of
adiabatic (1A and 2A) states do these two particular pure
diabatic initial conditions correspond to? One might naively
anticipate simple symmetric and antisymmetric combinations
of the 1A and 2A states but that is not the case. Consider the
two-state mixing angle, given by tan(2) = 2 Hxn/(Hys —
Hmm). In a simple two-state picture one can relate thé 4id 0.2
2A' states to the corresponding diabatic states accordftig to

.0 T —
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Figure 7. The total reaction probability for D) + Hx(X; v = =
0) with J = 0, allowing for coupling of th&& andII diabats, with the
initial reactant state being purely tH& diabat: (a) DIM results, (b)
DK results.

As a function ofR and cosy with r = 1.4 a5 one finds that for
the R values of relevance to our initial conditiofR > 9 ay),
x is relatively small for both the DK and DIM surfacely|(<
0.1 radians) which implies that the pukediabat is, in fact, Electronic coupling in relation to the diabatic representation is
very close to a 1Aadiabatic state and, similarly, that the pure very strong in this case, taking the p&state into, effectively,

IT diabat is very close to a pure 2Adiabatic state. This is  a coherent superposition &fandIl states that corresponds to
convenient, since then the reaction probability for reaction 1 if a good approximation of the lAadiabatic state. However,
we start in the 1A(2A") state is then essentially the same as keeping the discussion of the above paragraph in mind,

the corresponding reaction probability if we start on Bh@T) asymptotically theZ and 1A states are almost equivalent and
state. so if we were to run our calculations in an adiabatic representa-

We first consider the case of &) + Hx(X; v =j = 0) tion, starting from 1A there would be very little coupling
reactants initially approaching one another onIhdiabat. In between the adiabatic states.

the absence of electronic coupling, as noted previously, this We next consider OD) + Hx(X; v = j = 0) initially
situation would lead to no products, i.e., zero reaction prob- approaching one another on thediabat. Recall that without
ability. Figure 6 displays as solid curves our calculated reaction electronic coupling the reaction probability was consistent with
probabilities. The nonadiabatic results on both the DIM (Figure a direct, activated process and, at energies above the classical
6a) and DK (Figure 6b) coupled surface systems indicate, in barrier was quite high (Figure 4). Figure 7 displays the resulting
fact, a very high degree of reactivity occurs. These results, while total reaction probabilities for the DIM (dashed curve) and DK
not identical to the adiabatic 1Aesults (indicated as dashed (solid curve) surfaces, now allowing for coupling to the
curves in Figure 6) are actually very similar to them, and exhibit surface to occur. There are at least two interesting features to
many maxima and minima at approximately the same energies.note. First, the reaction probabilities at collision energies above
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the collinear barrier can be significant, ranging between 0.4 and 10
0.8, which reflects a tendancy towards an uncoupled diabatic
mechanism, similar in spirit to that seen in our plitediabat
calculations of Figure 4. This represents the opposite of the near %8 1
adiabatic limit noted above in relation to propagation of the
initial condition and can be interpreted as strong nonadiabatic
coupling due to the conical intersection. However, the general
magnitudes of the probabilities in Figure 7 can be 20% lower
than the uncoupled results of Figure 4 at these higher collision
energies and they also exhibit more structure, indicating that
somewhat more complex dynamics is occuring. Note in
particular that the steps in Figure 7 are more widely separated
and more noticeable than in Figure 4. This suggests that the
bottlenecks to reaction have moved from the saddle point region
to shorter distances, such as near the conical intersection, where i .~ . [ ‘ ‘ ‘
the bending frequency is higher. 0.00 0.10 0.20 0.30 0.40 0.50

. . - . Collision Energy (eV)
The second interesting feature of the results in Figure 7 is at Figure 8. Various total reaction probability results for the DK surfaces

collision energies below the classical barrier to reaction. While 5o ¢ompared. The solid curve represents the nonadiabatically coupled
these probabilities are small, on the order of magnitude of 0.1, quantum results with the reactant state being a pLstate. The dashed
they are non-zero even at very low energies close to the zerocurve corresponds t state dynamics with no nonadiabatic coupling
collision energy limit. Both the ab initio DK and the semiem- allowed. The filled circles are trajectory surface hopping results. The
pirical DIM surfaces exhibit this behavior, although, interest- OPen circles are adiabatic quasiclassical trajectory results for the 1A
ingly, the ab initio surface shows a more significant low energy Surface. The dotted line with open diamonds corresponds to the
houlder. Th | . . ith the barri I vibrationally adiabatic scattering approximation. See text for further
shoulder. These resu ts are |n(_:onS|stent with t e barrier tunnelingyetails.
mechanism that is operative in the uncouplédiiabat results

(Figure 4), which leads to much smaller reaction probabilities. 4 ao). At higher energy, the 1Areaction probability rises up
We experimented with the coupling tery.; and found that  apove thell probability. Since thdl diabat is very similar to
if it is exponentially damped foR > 4.5 a then the low  the 1A’ adiabat, some of the difference between reaction
collision energy probabilities become much smaller and behave propabilities at high energy is due to trajectories which start
just as in Figure 4, while the higher energy probabilities are gyt on the IT diabat, then transfer to th& diabat after
not significantly affected and remain similar to those in Figure surmounting the barrier, and then get reflected from the repulsive
7. Thus we have an interesting mechanism wherein the necessitys; potential for linear geometry. Finally we note that the
of tunneling through theél barrier at close range is avoided by vibrationally adiabatic quantum scattering appréédfields
IT to X transitions at longer range. Once amplitude grows on behavior qualitatively similar to thEl state propagation (solid
the X state at these larger distances it behaves more lik& the curve), including the presence of a noticeable shoulder at low
propagation results discussed in the above paragraph, i.e., itcollision energies. The reaction probabilities for this approach
behaves more like the lAadiabatic results, which exhibit  show much less structure than tHewave packet propagation
nonzero reaction probabilities even at very low collision results, and in the middle collision energy region, are somewhat
energies. (Notice also some fine resonance features that argower than thell results. The adiabatic treatmentroind the
apparent in Figure 7 at the low collision energies. These are use of optical potentials that absorb amplitude in the well region
similar to the resonance features in'l#nd = propagations are partly responsible for these deviations. Also, the rotational
presented in Figure 6.) basis used in these calculations, while adequate for the low
Figure 8 further solidifies the points noted above in relation collision energy region, was really too small to describe bending
to the DK surface. The solid curve corresponds to the infial  threshold effects accurately. While for brevity we do not display
state propagation result of Figure 7 that includes electronic the results, a very similar figure to Figure 8 was determined
coupling. The dashed curve is the corresponding adiabatic 1A with the DIM surfaces.
DK surface propagation result, which in turn is similar to the ~ We close this section on the coupled diabatic state dynamics
uncoupledIT diabat result (see Figure 5). Filled circles cor- by examining the O,k angle y averaged nuclear density
respond to our TSH results consistent with the state contributions,
propagation (which should be compared to the solid curve
quantum result), and the open circles correspond to ordinary pg(R, r = Z|ijya(R, r)|2 9)
quasiclassical trajectory results on the'1urface (which should ]
be compared to the dashed curve quantum result). The dotted
line with open diamonds corresponds to the vibrationally as the wave packets evolve, whete labels the diabatic
adiabatic scattering method of Drukker and ScRawzhich also electronic state an@,(R, r) are the coefficients of the real
should be compared with the solid curve quantum result. The wave packet of section Il at iteration numberinspection of
TSH and 1A trajectory results are in reasonably good qualita- pl;(R, r) yields qualitative insights into the mechanism. Figure
tive agreement with the corresponding quantum results. In 9 displays;)fx consistent with physical timegnys = 0, 75, 150
particular, note that the TSH calculations (filled circles) do and 225 fs for the DIM surfaces case with the initial wave packet
predict a finite reaction probability for the coupled diabats at on theX diabat. (Similar results were obtained with the DK
very low energies, and this contrasts with the trajectory results surface.) This corresponds to actual iteration numkersO,
for the 1A' surface (open circles) at these energies. An ~ 2600, ~ 5200 and~ 7800. Note that we carry out our
examination of the TSH trajectories indicates that the hops that calculations to much longer times or iteration numbers, e.g.,
are responsible for this take place at relatively long range (R iteration numbers on the order of 20,009n( ~ 580 fs), in
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Figure 9. Contribution to the density from the real wave packet
associated with th& andIl diabatic states for the case of the wave
packet initially being on th& state. These results correspond to the
DIM surface. The left column corresponds to fhstate densities and
the right column corresponds to thé state densities. Approximate
timest in femoseconds are indicated in brackets.

order to fine tune the reaction probability features. However
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Figure 10. Density contribution associated with ti&e(left column)
andII (right column) diabatic states for the case of the wave packet
initially being on thell surface. Other details as those in Figure 9.

(More direct quantum approaches to obtaink{d@) are also
possible and can involve less work than calculating all the
individual state-to-state informati®#) The rigorous calculation
of k(T) for reaction (1) is clearly a formidable task. We have at

most of the key dynamics is completed by much shorter times our disposal here only= 0 reaction probabilities out of Hn

as is indicated by Figure 9. The left column of Figure 9
corresponds to thE state density and the right column of Figure
9 corresponds to th&l density. One sees the wave packet,
initially localized onX approach the interaction region, spreading
out also onto thél state. Reaction can occur out of tHestate
(right column) and that is most clearly indicatedtg@ts = 150
fs in the figure with density streaming up to large(and
moderately larg®). Notice also that significant density wifR
close to 0 au plays a role in the interaction region dynamics.
This is the quantum equivalent of the insertion mechanism,
which was also noted in an earlier 1&diabatic surface quantum
study?”

Figure 10 is similar to Figure 9 except it is the density for
the case that we start on the DIM diabat. The dynamics is
much simpler, with a direct mechanism on fHediabat alone

its ground vibration-rotation statey = j = 0. We must make
two approximations. First, we assume that the reaction prob-
abilities (as a function of collision energy) are independent of
v, j and equal to the = j = 0 ones. As a consequence of this
approximation, in what follows no thermal averages avand
j occur and it is always assumed that reaction probabilities or
cross sections are those fram= j = 0. Second, we estimate
the required J> 0 reaction probabilities from oul = 0 ones
by employing either capture model ideas as previously invoked
in a study of the 1Asurface?® or J-shifting ideas'®

An earlier, more detailed stuéfyof the J-dependence of the
reaction probabilites on the 1Aurface showed that J (§r—
shifting based od = 0 reaction probabilities can lead to errors
in the rate constant on the order of-180%. The assumption
that cross sections are independent of the initilstate of H

(right column) being evident. For example, at 75 fs one sees and equal to the = j = 0 ones is probably good for the 1A

density streaming to the largeegion consistent with products

dynamics because, over the temperature range of interest (300

on thelIl state. (The subsequent times 150 fs and 225 s are1000 K),» = 0 is the dominant contribution to the rate constant
showing the nonreactive part of the wave packet going back and it has also been shown that there is relatively liitle
down the reactant channel.) However, one also sees somedependence in the reaction probabiliié3® The excited state

nonadiabacity at 75 fs: the state showing significant density

(2A" or IT and 1A') dynamics is more sensitive to initiaP3

has grown in the interaction region. One also sees some of thisand it is difficult to quantitfy the associated uncertainties

density tending to much small®® values than thdl state
density.
C. Rate Constant Estimates.In this subsection we make

introduced. However, the excited state contributions are in
general relatively small and we expect these uncertainties to
not be severe, i.e., less than the uncertainties introduced by

some approximate estimates of the effect of the nonadiabaticJ-shifting.
features noted above on the thermal rate constant for reaction The rate constant for reaction 1 can be written as

1 using the ab initio DK surface results. A completely rigorous

calculation of the rate constant requires much more information
than we have. For example, we would need to know the reaction

probabilities for a number of total angular momedta 0, and
we would also need to know these reaction probabilities for
thermally populated initial vibration-rotation states of, ht,;.

K(T) = ks(T) + kn(T) + kyae(T)

whereky(T) represents the contribution from initial electronic
statea. = Z, I1, or 1A". In turn we can write eack,(T) as an
appropriate Boltzmann average of the corresponding reactive

(10)
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cross section form stake, o, are dominated by a more direct diabatic mechanism that would
suggest that thé-shifting approximation, based on the transition
1 8 o state for thdl diabat (which is the same as the'l&ansition
5 mu(k -I—)3./£J Eco0a(Ecol) €XPEEco/ksT)dE state) would be most appropriate. We discuss two results, a
B (11) relatively low temperaturel(= 300 K) for which thel shifting
model was used for thEl rate constant estimate, and a high
where we have included the electronic degeneracy factor of 1/5temperature resultT(= 1000 K) for which theJ-shifting
appropriate to reaction 1 in the prefactor. (An alternative would approximation was used faf.
be to include the electronic degeneracy in the definition of At T = 300 K we find, on the basis of the approximations
However, we are following the convention previously em- above, thak(T) = 1.0 x 10719cm?® s~L. The experimental range
ployed?833 The cross sections that enter into eq. 11 may be is 1.0-1.4 x 10-1°cm? s~1.2: The most significant contribution
written in two ways. One way is to this rate constant comes frokg, which contributes 86% to
the total. However, 13% d{(T) is due tokr; and the long range

ky(T) =

0

L pJ mechanism discussed in the previous subsection, and 1% is due
0o (Eco) = _;(ZJ + DPu(Eco) (12) to kiar. If J-shifting (instead of-shifting) were used to estimate
o k1, k(T) would be lowered by 8% to 0.92 10 1°cm®s™?, and

the contribution to this fronkg would be 7%, which is still a
wherekeol = /2uEo/h. J-shifting approximatior$ can then  reasonable contribution. It is also of interest to contrastTour
be employed to approximate reaction probabilRy. Such = 300 K estimate of the rate constant including nonadiabatic
approximations are most appropriate to direct reactions with effects, 1.0x 10710 cn® s71, with the result based on purely
barriers. In the case of a collinear transition state, the simplestadiabatic dynamics on the 1Aurface, which we calculate to
J-shifting approximation is that the reaction probability be 0.9x 10-1°cm®s L The purely adiabatic result is thus 10%
PY(Eco) = P2 (e = Eco — JJ + 1)B), whereB is the lower than the nonadiabatic result. (The' Bliabatic reaction
rotational constant associated with the linear transition sBate ( probability, at low energies, includes some aspects of both the

~ 2 cm! for the 1A’ state). > andIT reaction probabilities, and so the purely adiabati¢ 1A
The second relevant form foy, is a sum over orbital angular  result is a little higher and closer to the nonadiabatic result than
momenta associated with the Q,hhotion 1,28 might be expected.) At the higher temperaturélet 1000 K

we findk(T) = 1.5 x 10719cm? s71, with ~ 13% contributions
a2 | from each okp andk;a+. Effects due to nonadiabatic dynamics
0o(Eco) = _Z)(Zl T P o(Eco) (13) are clearly largest here, with the purely adiabatic @stimate
ko= being just 1.2x 107 cm® s, i.e., 20% lower.

Thel-shifting appro>§imatior¥,8 which is most appropriate when |, Concluding Remarks

reaction is occurs via a capture process without any significant

(bare) potential barrier, can then be invoked. This approximation A variety of calculations were carried out in order to assess
is a quantum generalization of the classical capture or optical the role of electronic nonadiabacity in the reaction of[)(
model that assumes the reaction probability is unity if a with Ho. We focused mostly on the coupled nuclear/electronic
centrifugal barrier height is exceeded and zero otherwise. A dynamics associated with two key electronic states. These states
simplel-shifting approximation ispla(Ecol) ~ P=0 (e = Egol — are the 1Aand 2A adiabatic electronic states or, equivalently,
Vi*). Here, Vi* represents the centrifugal barrier height of an certainZ-like andIT(A")-like diabatic electronic states. A conical

appropriate effective potential alorthat includes the cen-  intersection occurs between these states at collinear OHH
trifugal termI(l + 1)/24R2. (See ref 28 for more details.) Note ~geometries, and previous more approximate TSH stuidlizsd

that in the present case, wifh= 0 initial state for B, | = 0 vibrationally adiabatic coupled channel studiebave pointed
corresponds td = 0 and so, as with thé-shifting approxima- to the possibility of interesting nonadiabatic effects.
tion, only J = 0 information is needed. Most of our calculations were quantum wave packet calcula-

In our calculations we have estimated the relevant cross tions based on the real wave packet methodof8§y.Our
sections and then rate constants for the DK surfaces using thdargest calculations corresponded to total angular momedtum

formulae above. We employed tle= 0 reaction probabilites = 0 wave packet propagations, including all three internal
for the coupled electronic staleandIT initial states, as well nuclear coordinates and the two electronic states within a
as theJ = 0 adiabatic reaction probabilities for the 1Atate. diabatic representation. Several single surface wave packet

It is clear that thel-shifting model outlined above is appropriate  propagations, and some TSH and vibrationally adiabatic coupled
to the caser = 1A" which, as discussed in the text, is an channel calculations were also carried out for comparison. We

adiabatic reaction with a collinear transition state and direct studied two different systems of coupled potential surfaces, a

dynamics. It is also reasonably clear that fk&hifting ap- semiempirical DIM system due to Kuntz, Niefer, and SI&a#t,
proximation is appropriate to estimate fistate cross sections, and a recent ab initio system due to Dobbyn and Kno##é3.
since we showed in the previous subsection thakttgnamics We confirmed that nonadiabacity is not an important issue if

was very similar to the insertion and capture dominated 1A one starts effectively on the 1Aotential energy surface. This
dynamics. The relevant centrifugal barriers were determined justis the surface that correlates with the ground electronic state of
as in ref 28, employing the TAadiabatic potential. (Th& water and the reaction dynamics involves insertion coupled with
diabatic potential also leads to very similar results.) Which some brief dynamics that can be associated with short-lived
model is most appropriate to tHé propagation results is less  water complexes. No barrier exists for reaction on this surface,
clear since the low collision energy region is dominated by the and significant reaction probabilities are seen for all collision
long-range coupling mechanism (which would suggestl an energies examined, including very low collision energies. The
shifting approximation based on the 1Adiabatic potential, dynamics of a wave packet initiated on, effectively, the' 2A
would also be appropriate), and the higher collision energies electronic state is much more interesting. In terms ofdtaand
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TI(A") diabatic representation we employed, an initial 2tate (2) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F.;

correlates with thdI(A’) state, which has a simple barrier to  Kuvlo. M. J.; Howard, C. J.; Ravishankara, A. R.; Kolb, C. E.; Molina,
M. Chemical kinetics and photochemical data for use in stratospheric

feac”qn at COIlinear geometries. One might expect strong mogeling. JPL publication 94-26; Jet Propulsion Laboratory, Pasadena, 1994.
nonadiabatic coupling (due to the conical intersection noted  (3) Talukdar, R. K.; Ravishankara, A. Rhem. Phys. Letl996 253
above) such that in a diabatic representation the system wouldl77-(4) . T Naik. P D Valon. H. R Walftum. 3. Arusip

f ) H H m H : aurent, 1.; Nalk, P. D.; vVolpp, H. R.; Woltrum, J.; Arusi-Farpatr,
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