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Time-dependent and time-independent quantum scattering methods are used to investigate
state-to-state inelastic and reactive collision dynamics for a three-dimengBiahtomtriatom

model of Ch-H,O0—HCI+OH. The results elucidate the role Gf intramolecular vibrational
energy transfer andi) vibrational nonadiabaticity on the time scale of a reactive encounter in
systems with nearly degenerate stretching “local modes.” Adiabatic two-dimensi@ial
vibrational eigenfunctiongy,(r1,r,,R)] and eigenvaluegk,(R)] are first obtained in OH bond
coordinatesi(;,r,) as a function of CI-HO center-of-mass separati@®), which then provides the
requisite adiabatic potential energy curves and nonadiabatic coupling matrix elements for full 3D
quantum wave packet propagation. Inspection of these 2D vibrational eigenfunctions indicates that
near degeneracy between® symmetric|01") and antisymmetri¢01~) states is systematically

lifted asR decreases, causing vibrational energy to flow iotmal-modeOH excitations pointing
eithertoward (“proximal” ) or away from(“distal” ) the approaching Cl atom, respectively. This
suggests a simple yet powerful physical model for mode-specific reactive scattering dynamics, the
predictions of which are confirmed by full 3D quantum wave packet calculations over a range of
collision velocities. ©2002 American Institute of Physic§DOI: 10.1063/1.1429651

I. INTRODUCTION stretch versusl—O—H bend excitation. These studies reveal
a substantially increased reactivity for quanta placed in
Influencing chemical reaction pathways by selective vi-stretch versus bend coordingtéss well as a greater reac-
brational excitation has long been a topic of fundamentation propensity for all stretch quanta concentrated in a single
interest to the chemical physics community. However, thijocal mode bond.
field has recently become a particularly intense target of re-  One alternate assay of vibrational mediated chemical
search interest, stimulated by the elegant experimental rgshenomena has been to monitor how excitation in the non-
sults by Crim, Zare, and co-workers on vibrationally medi-reactive “spectator” bond translates into product-state exci-
ated reactions of H with D, HOD, and DO."™* Since  tation. For example, the Crim group has monitored ®H(
these initial pioneering efforts, vibrational control of reactiv- product resulting from reaction of H and Cl atoms with@H
ity has been demonstrated’ with several reactive atoms in two overtone statedp4~) and|137). (Throughout this
(Cl, O) and molecular reaction partnefid,O, HOD, HCN,  paper, we use the notatiolnm(*/~)), which denotes
CH,, HCCH). The justification for exploring such vibra- symmetric—antisymmetric combination fandm quanta of
tionally mediated chemical phenomena is clear; these Sygocal mode stretch excitatiolf) These studies reveal a
tems offer the tantalizing prospect for molecule-specific conmarked production of OH(=0) from H,O |04~) reagent
trol of reaction pathways via spectroscopic excitation of agpg OHp=1) from H,0|137), respectively, which would
particular vibrational mode. be consistent with a propensity to maintain vibrational nodal
One means of exploring the selectivity offered by vibra- patterns in the bond that remains asymptotically intact.
tional excitation has been to examine branching ratios among These groundbreaking demonstrations of mode-specific
various product channels. For example, in the reaction of Heactivity have led to strong support of the simple spectator
with vibrationally excited HOD, Bronikowsket al." showed  pond paradigm, whereby vibrational excitation in the nonre-
a 25-fold excess of OD versus OH formation withy=1  active bond does not participate in the reaction, and thus
excitation, while the corresponding propensity for generatingpitial excitation in that bond is likely to be retained in the
OD versus OH fragments fromgp=1 excited HOD mol-  fing| product distribution. This view of vibrationally medi-
ecules was less than 1:8. Similar mpde-spemﬂc effects havgieq reaction dynamics is also extremely attractive from a
been demonstrated for other reactive atoms and levels Qfeoretical perspective, specifically providing motivation for
vibrational = excitation,  both experimentdlly  and reduced-dimensionality reactive scattering calculations that
theoretically:*~*°The Crim group has compared H atom re- fiy e length of the nonreactive bofldand greatly reduce
action propensities for a series of vibrationally isoenergetiGompytational demands for four-atom reactive scattering. Of
H,O states containing differing amounts of local-mode OH¢qrse, the reliability of such approximation methods hinges
fundamentally on an absence of fast intramolecular vibra-
dElectronic mail: djn@jila.colorado.edu tional energy flow in the entrance channel, i.e., the asymp-
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totically prepared vibrational state must remain unaffectedecular coupling into symmetric versus asymmetric stretch
by approach of the reactant species. However, this commotnormal mode” manifolds characteristic of the molecular
assumption of vibrational adiabaticity is most likely to fail point group symmetry. In the entrance channel to the chemi-
for systems with nearly degenerate vibrational manifoldscal reaction, however, strongly anisotropic interactions due
due to strong intramolecular mixing of vibrational states al-to incipient bond breaking canncouplethese vibrations,
ready present in the isolated reagent. Such near degeneraggnerating highlylocalized vibrational modes with specific
effects would in fact be most evident in vibrationally medi- directionality with respect to the reagent species. Depending
ated reaction dynamics of highly symmetric moleculeg., on whether this vibrational energy ends up localized in the
H,O, CH,), which form the major focus of this paper. reactiveversusspectatorbond, such symmetry breaking ef-
Indeed, there is a growing body of experimental andfects with respect to reagent approach can, therefore, signifi-
theoretical evidence demonstrating that the nonreactive bonchntly influence subsequent elastic, inelastic, and reactive
may not always play the role of a spectator in mode-specifiscattering processes. Thus, two fundamental questions
reactions. Such effects have been clearly demonstrated Bmerge that constitute the central focus of this pagp®r:
experiments by Sinhat al® on Cl+HCN, which produce How do nearly degenerate vibrations adiabatically evolve in
similar excitation of the product CN stretch from both CI the entrance channel of a reactive encoun(gy?s such an
+HCN(004) and CH-HCN(302), where the first and third evolution sufficiently fast or slow on the time scale of the
guantum numbers reflect normal modes of predominatelypond breaking event to impact vibrationally adiabatic versus
CN and CH stretch character, respectively. One proposedonadiabatic trajectories?
explanation for this phenomenon was that the-BCN re- In order to address this issue of intramolecular energy
action proceeds via a complex, resulting in intramolecularflow in chemical reactions, we explore exact 3D quantum
vibrational redistribution(IVR) prior to the reaction event. wave packet reactive scattering dynamics for a simple atom
To test this hypothesis, Takayanagi and Schatz carried outtriatom system with nearly degenerate vibrational modes.
guantum scattering calculations on the relatedHHCN re-  As a specific example of experimental interest, these calcu-
actions allowing the CN bond to vibrate while constraininglations are modeled after the well-studied+®,0O system,
HHC to be collinear, a geometry that removes the possibilityapproximating the collision with three internal degrees of
of complex formatiorf? These calculations confirm that ex- freedom ¢,,r,,R). The first task is to determine in a time-
citation to HCN100), i.e., one quantum of mostly CN stretch independentashion how the adiabatic vibrational eigenfunc-
character, significantly enhances the reaction cross section timns of the CI-HO system are affected by approach of the
form H,+CN and lowers the threshold energy relative toreagent Cl atoniR), focusing primarily on entrance-channel
H-+HCN(000. In fact, the threshold is predicted to be low- energies corresponding to the first excited OH stretch polyad
ered by nearly 100% of the added vibrational energy, whictin water, specificallyj01*) and|017). This elucidates how
would be more consistent with direct vibrationally mediatedthe asymptotically degenerate OH vibrational manifold be-
coupling into the reaction coordinate. comes adiabatically “decoupled” and “recoupled” in the en-
Similar effects are also evident in studies of water andrance channel, converting symmetric and asymmetric stretch
isotopomers. For example, Sinke al* note a decreased excitation into localized proximal and distal vibrations point-
propensity for vibrationally excited OH(E1) production ing toward () and away from (,) the reactive Cl atom,
from slower heavy atom (GIH,0|13")) versus faster light respectively. Whether such reactions proceed on a single vi-
atom (H+H,0[137)) attack. This observation is inconsis- brationally adiabatic curve, however, depends on many fac-
tent with a simple spectator bond model and suggests a seters, including nonadiabatic coupling strengths, relative ve-
sitivity to reagent collision velocities. In a similar vein, early locity, and asymptotic quantum state of the reagétithese
guasiclassical trajectory studies of Schatz and co-workers r&D wave functions provide a requisite basis for expanding
veal that excitation of the spectator OD bond in HQi of  the incident wave packet, which in conjunction with nona-
highly excited bending states of,8) enhances H atom re- diabatic coupling matrix elements between these adiabatic
activity with respect to the ground vibrational st&té>By  curves, permits one to directly follow the elastic, inelastic
way of confirmation, full six-dimensiondbD) quantum cal- and reactive scattering dynamics of#,0O in real time.
culations of H-HOD by Zhang and Light indicate that ex- The organization of this paper is as follows. Computa-
citation of the OD bond causes partial enhancement of readional details of wave propagation methods used in this work
tion probability for OH bond cleavag@. are briefly summarized in Sec. II. In Sec. lll, these methods
These observations signal at least a partial breakdown @re used to solve for the vibrationally adiabatic eigenfunc-
the spectator bond paradigm. One intriguing scenario fotions of H,O as a function of CI-KO center-of-mass sepa-
such dynamics is that approach of the reagent speeds- ration (R), along with distance-dependent coupling matrix
tributes vibrational energy in the entrance channel of theelements between these vibrational states. This permits full
chemical reaction. As this paper attempts to illustrate, suctime-dependent wave packet reactive scattering results for
intramolecular vibrational redistribution effects can be espeCl+H,O to be calculated, which indeed exhibit strong mode
cially important for molecules with theegenerate'local” specificity in the elastic, inelastic, and reactive collision dy-
vibrational modes, such as CH or OH stretch manifolds innamics. These results are discussed in terms of simple sym-
symmetric systemée.g., CH and H0O). Here the dynamical metry breaking models for intramolecular energy flow be-
issues are both simple and yet quite profound. Asymptotitween degenerate local mode manifolds, with summarizing
cally far away, the local modes are phased by strong intramaand concluding comments presented in Sec. IV.
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TABLE I. LEPS parameters for the €IH,0 potential surface.

Cl + H,0 EIGENFUNCTIONS: R=4.2A

Bond
Parameter O-H H-CI O-ClI
B A 2.295 1.868 2.290
De(cm ) 37230 37250 23600
re (A) 0.970 1.275 1.570
k 0.170 0.158 —0.250 <
r¥(A) 1.154 1.453 =

Il. COMPUTATIONAL METHODS

A complete quantum scattering calculation for a multi-
atom encounter is a formidable task due to the exponential
scaling with dimensionality. For 3 or even 4 degrees of free-
dom, a direct approach is possible by constructing a direct
product discrete variable representati@VR) or fast Fou-
rier transform(FFT) base for representing the wave function.

A time-dependent or time-independent propagation scheme
can then lead from the initial state to the final product
branching probabilities. Without ways to reduce the com-
plexity, however, these schemes cannot scale up to higher i £
degrees of freedom. In this work we explore an adiabatic 10 15 10 15 10 15
reduction scheme that not only divides the problem into r, (A) r, (A) r, (A)

smaller tasks, but also offers new insights into the fundamen- _ _ A _ J
tal reaction mechanism. FIG. 1. 2D eigenfunctions for GIH,O at R=4.2 A, superimposed on a

. . potential surface from a LEPS potenti&ef. 24 for O+HCIl and HO-H

The wave packet propagation methods require an afworse parameters for the distal OH stretshe text for details The minima

roximate potential surface for the four-atom interaction, asearr,~1 and 3 A represent the reactanttG,0 and product OHHCI
p 1 p 2

well as a means of efficiently calculating the eigenfunctionsWe”S- The eigenfunction&)—(f) are listed in order of increasing energy.
The CI atom approach toward one side of thgOHeads to
an asymmetry in the two OH groups, which we label asfunction is separated into vibrational and internuclear mo-
proximal (r;) and distal (,), respectively, withR as the tion, i.e.
distance between CI and the® center-of-masgcom). The
proximal Cl-HO interaction is modeled by the triatomic pol=> (R xn(r1.r2:R), (2)
O+HCI London-Eyring—Polanyi—SatqLEPS potential "
surface given by Persky and Broiéfawith the distal HO—H  wherey, andy,, represent wave functions in internuclégy
stretch described by the Morse parameters in Table |. Thiand vibrational ¢,,r,) degrees of freedom. The adiabatic
leaves out the HOH bending mode, but this coordinate is nofunctions y, are solutions of the time-independent Schro
expected to be relevant to predicting vibrationally mediatecdinger equation for the OH bonds at fix&d
reaction versus inelastic branching ratios. A 2D slice through ] ] ]
this 3D surfaceV(r,,r,;R) at R=4.2 A is shown in Fig. 1 H(rr2:R)xXn(r1.r2iR) = En(R)xn(r1. 123 R). @)
(with superimposed eigenfunctions described bglavhich  Any changes iny, with R reflect the influence of Cl on 4O
clearly indicates two stable wells associated with localizedvibrational states, while the associated eigenvaldgR)
reactant(i.e., CH-H,0) and producti.e., HCHOH) states. provide a set of 1D adiabatic potential curves for propagating
Since the bond strength in OH is weaker than H—OH, thigelative CI-HO motion throughout a scattering event. To
O+HCI reference potential underestimates the true surfacgenerate these adiabatic eigenstates and potential curves, a
endothermicity by~16 kcal/mol®® The approximate nature propagation scheme is employed which requires the adia-
of this model potential surface, as well as the zero impacbatic Hamiltonian to operate on the wave functjarior this
parametetcollinean approach geometry for €H,0, limits  task an evenly spaced Fourier gfief 128x 16 points, with
any quantitative comparison with experimental results. How-coordinates ranging fromr;=0.63—-7.94A and r,
ever, this choice does permit convenient access to a topologi=0.63—1.90 A. The~ sixfold larger grid in the proximal
cally realistic four-atom surface from very well characterized(r,) versus distali(,) coordinate is necessary to adequately
three-atom surfaces. As a further advantage, the increasedpresent the wave function in both reactant{€l,O) and
exothermicity of this potential surface makes the reactiorproduct(HCI+OH) wells.
energetically favorable with OH stretch excitation at the  Our strategy to determine the family of adiabatic solu-
[01%) and|017) level, significantly reducing the grid size tions y,(r;,r,;R) is based on the property that they are
necessary for converged wave packet calculations. smooth functions; we therefore exploit the eigenfunctions at
In the vibrationally adiabatic reduction, the total wave a particularR as the starting point to calculate the set at a

r, (A)

CH#H,0{015
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neighboring pointR+AR. The method is based on propa- Cl + H,0 ADIABATS
gating the time-dependent Schinger equation in imagi- 8000 '
nary time, r=it?"? \\ \

‘TE 6000 | \ HCI{v=2)+OH

Xurial( ) =€ """ xiiai(0). ® 7 WA |

3 L Sinioloi)
For sufficiently larger, the trial wave function will approach g 4000 \ ~Helv=0}+OH(v=1)
the ground state of the Hamiltonia. This process is then *mc \\ \\ : F WHM (1 + H,0015] "1 7o)
repeated to converge any selected excited state eigem‘uncu-J 2000 - \\:\{;qum 01+ Hopi's) J
tion, provided that contributions in the trial wave function i S — — M ciunog00s)
from all eigenstates aower energy have been rigorously ob T T T o HOS0ROH(=0)
eliminated by projection operators. Specifically, theh 25 3.0 35
eigenstate becomes the ground state of a new Hamiltonian, R(A)

H' =H=!"J(1—|x){xil), where x; are all the previous
eigenstajteg up tKJ ThdJS once the] ground—state eigenfunc-F'G' 2. 1D adiabatic potential energy curves obtained by calculating reac-
' ’ tant CH-H,O and product OHHCI eigenenergies as a function &

tion is determined, successively higher eigenfunctions can b§trongly avoided crossings between two curves are designated by numbers
obtained by iteration. Due to numerical instabilities, all with characteristic Massey velocities given in Table II. Classical turning
lower eigenfunction contributions must be projected out aftewmi\r/lts Corlzfp?gdglga:% :]ugtvzgf:ﬁehsatdfc gﬁ;mug\gngz eggérlgci? I)or
.eaCh time st_ep to avoid C(_)Ilapse_to a lower state. Numerlcéajtllrae ?ngi?;ted pwit‘; gashed lines for €H,0|01") and |O&§’> asymptotic
implementation of Eq(4) is carried out by a Chebychev . ctant states.

polynomial expansion of the exponent following Refs. 27

and 28 where computational effort is proportional to the

number of terms in the Chebychev expansidnOnce N

> (AE7/21)*?, the series converges exponentially fast. This+H,O states corresponds to either a symmetrikr,(
means that the numerical effort scales as the square root efAr,) or antisymmetric Arq;~—Ar,) stretch vibration,
the imaginary timer and energy rangdE. Convergence i.e., a normal mode excitatiodelocalizedover both OH
onto a specific target eigenstate can be estimated from tH®onds. The three lowest energyoduct state channels are
energy dispersion relationsRip shown in panelga), (c), and(d), which by similar examina-
tion of the nodal structure can be readily identified as corre-
B 5 5 sponding to HClp=0)+OH(v=0), HCl(v=1)+OH(v

D(7) = V{x(n[H?|x(1) = (x(DIH]x(7)), 4) =0), and HClp=0)+OH(v=1), respectively. The adia-
which decreases uniformly for increasing “purity” of eigen- batic potential curvedCl+H,O “adiabats’), E,(R), are
function and vanishes in the limit of an exact eigenstate. Th@lotted in Fig. 2 as a function dR, each correlating with
purity D(7) of an eigenstate converges wittat a rate that s Well defined reagent and product asymptotic states. For later
inversely proportional to the difference in energy with the'eference, the dashed vertical lines near 2.90 and 3.06 A
adjacent eigenvalues, which could lead to problems foforrespond to innermost classical turning points on the Cl
nearly degenerate levels. The adiabatic following method cir-+ H20 [017) and|01”) adiabats for the lowest mean colli-
cumvents this difficulty by exploiting as an initial guess theSIon energy studied. It is worth noting that this family of
previously determined eigenstate for a nearby valugRof adiabats exhibits a detailed network of both strongly and
Since this state is almost orthogonal to the adjacent leveldV€akly “avoided” crossings; these prove important in inter-
this results in very fast convergence. For this reason, thereting pathways for nonadiabatic branching between elastic,
method is comparable in efficiency to filter diagonalizatfon inelastic and reactive collisional processes. o
in calculating eigenvalues, with the addiational advantage of ~The curve-crossing probabilities linking these adiabatic
directly calculating eigenfunctions. Moreover it guaranteescUrves,Eq(R), for finite reagent approach velocities are gov-
that the phase of the wave functions is continuous, thereforéed by thenonadiabaticterms in the full 3D Hamiltonian
eliminating instabilities in calculating the nonadiabatic cou-that reflect coupling between vibrationaiy(r,) and inter-
pling matrix elements. Due to the exponential properties offlecular(R) motion. The exactoupledSchralinger equa-
Chebychev propagation methods, calculations at &dp-  tion can be written &5
idly converge to the machine precision limit, generating both
(i) adiabatic eigenfunctions for @ vibration at eaclR, and
(i) a set of adiabatic potential curves,(R), governing the
Cl-H,O (or HCI-OH) intramolecular motion.

Adiabatic eigenfunctions at typical internuclear dis- :2
tances far out in the entrance chanrieH4.23 A) are shown m
in Fig. 1 in order of increasing energy. Pang@lj (e), and(f)
clearly reflect Ci-H,O reactantstate eigenfunctions, corre- where theE,(R) are the adiabatic vibrational potential en-
sponding to the nodeless ground-sta@0{ )) followed by  ergy curves previously calculate,is the total energy of the
the|01") and|01") OH stretching eigenstates, respectively. system, andr,, and p,, represent matrices of explicit de-
Note that the nodal plane orientation for the two excited Clrivative coupling terms

2 (92
3_RZ + En(R) - E} wn(R)

24cl-HoH

J
Tnm(R)ﬁ""pnm(R)}‘pm(R)y 5
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TABLE II. Cl+H,0 curve-crossing velocities () from Eq.(6) (see Fig.  much stronger nonadiabatic interactions are responsible for
2 for designation of strongly avoided crossings the most dramati® dependent changes in the adiabatic wave

Crossing Velocity(cm/s functiqns. . .
With the complete set of adiabdtE,(R)] and coupling

; 2%% matrix element$r,(R) andp,(R)], time-dependent scat-
3 3200 tering calculations can be initiated on a given adiabatic curve
4 1000 at large CI-HO separation, using Chebychev wave packet

propagation in real tim&-2° The choice of aAt=12.5fs
time step requires a Chebychev polynomial expansion out to
300-400 terms, which preserves of the total wave packet

7on(R) = ﬁ—2<Xn‘ 9 Xm>, (69  horm to better than 1C° per time step and 10 over the
M Cl-HOH IR 2500 fs duration of the wave packet trajectory. As the
22 52 Cl-H,O wave packet flows in from the “entrance channel”
pnm(R)=—<Xn — Xm>- (6b)  region, nonadiabatic coupling terms are responsible for
2 {AC1-HOH IR

transferring amplitude between different adiabatic potentials,
Exact wave packet propagation requires calculating the conwhich eventually leads to outgoing flux into several different
plete set of nonadiabatic coupling matrix elements betweeasymptotic “exit channels.” Indeed, in the context of a vi-
all pairs of uncoupled states; by Eq6a) and (6b), this in-  brationally adiabatic picture, such surface hopping represents
formation is already available in thedependence of,(R). the mechanism for inelastic and reactive scattering between
For numerical stability, however, we follow the method of the various adiabatic manifolds. Propagation into each exit
Tuvi and Band® to symmetrize these coupling terms and channel is measured via flux count&rs
preserve the hermiticity of the Hamiltonian.

These coupling matrix elements also provide a simple F=2 J(t)At
means for estimating a characteristic crossing velocity be- !

tween adiabatic curves, which is relevant for semiclassical At )

interpretation of the wave packet dynamics. As described by = > Re{ P (RY) ~ S (Rt |, (8)
1131 o I : - MCI-HOH T i JR

Child,”* nonadiabatic transitions are typically dominated by . . _ _

Tnm,» and thus the most relevant coupling terr‘rhﬁ%a/aRL where At is the 12.5 fs time step. Immediately past this

Recast in terms of the momentum operafafyR| can be flux-calculation region, the wave packet is irreversibly at-
semiclassically expressed aguc_ponvre(R)/%|, where tenuated by damping operators, which prevents reflection/
ve(R) is the intermolecular Cl-§O velocity at a giverR. transmission of the wave packet at the end of the grid. Fol-
The coupling term|7,md/ IR|~| Tnmitci_norVre(R) /4| be-  lowing Mandelshtam and Tayldf;> this damping operator
comes most significant when it equéi,(R) — E(R)|, i.e.,  is taken to bee™ "™, where

fche energy spacing between adi_abats near a localized cross- ¥(R)=c(R—=Ry)/(Rma—Ro), R=Ry (93)

ing. Equating these two terms yields

|Em(R)—En(R)|

vam(R)= 3 , (7)  with Ry €qual to the largest initial Cl-4D separation
<Xn _Xm>ﬁ (7.94 A), and adjustable parametecsand R, that cause
JR e "™ to decrease monotonically from 1 fdR<R, to

for transitions betweenth andmth adiabatic curves. These €XP(€) at R=Rna. Damping behavior is then optimized
curve crossing estimates can be quantified by comparisof@t all nonadiabatic couplings turned off ) fixing Ruax
with the Landau—ZenefLZ) modef! for constantcoupling ~ —Ro=1.32A, i.e., significantly larger than the de Broglie
(Bam) between lineardiabatic curves, V,(R) and V,(R). ~ Wavelength(x=0.32 A) for the lowest momentum wave
For a slope difference AF=|d(V,(R)~Vn(R))/R|, packet, andii) varyingc to minimize wave packet reflection
the crossing probability is given bDYP,angau_zendv) ~ @Nd transmission. Numerical convergence has been carefully
=exp(-v,z/v), where v ,=2m(B2,)/AF. However, in\_/estigated by varying the position of _the a}bsorbing boundT
for linearly intersecting curves, v,(R)=(|AF|?2R?  ares; accumulated fluxes for each adlak_Jz_itlc channel remain
+4(Bam2)¥4(Baml AF])  which  vields {v,o(R)}mn  CONStant to better than 1% for all conditions explored and

=8(B,mY/|AF|=8/(27)v, at the crossing point. Thus semi- correctly sum over all channels to the total incident wave
classical motion ab,,,(R) corresponds to a Landau—Zener Packet probability.

crossing probability of exp-27/8)~0.456. There are sev- || RESULTS

eral sharply avoided crossings between isolated KJO
adiabats clearly evident in Fig. 2. The characteristic veloci
ties associated with these curve crossitgge Table |l are

all small (v~ 10*cm/s or lesy but can be important in the As outlined above, the reactant (EH,0) and product
classically forbidden region. The more significant nonadia{HCI+OH) vibrational eigenfunctions are adiabatically cal-
batic interactions in Fig. 2 are due to multiple state couplingsculated as a function dR, with the corresponding eigenen-
over a broad range oR, which therefore, are difficult to ergies yielding the manifold of adiabatic potential curves
identify as isolated avoided crossings. Nevertheless, thesshown in Fig. 2. The eigenstates asymptotically represent the

A. Vibrational eigenfunctions, adiabats, and coupling
elements
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ENTRANCE-CHANNEL
ROTATION OF EIGENFUNCTIONS

INTERACTION-REGION
EIGENFUNCTIONS

i i T T T T T T

a)
30/R=293ATR=2.86 ATR=278ATR=260A

25

ro (A)
r (A)

3.0

2.5

r, (A)
r, (A)

B e L B I S
1-? (A)1-5 1-? (A)“S “r’ (A;-S 10 15 10 15 1.0 15 10 15
2 2 2 r, (A) r, (A) r, (A) r; (A)

FIG. 3. Entrance channel evolution of symmefia and antisymmetricb)

stretch ClH,0 eigenfunctions a® decreases from 4.23 to 2.98 A. The FIG. 4. Evolution of symmetric(a) and antisymmetric(b) stretch Cl
symmetric stretch nodal pattern rotates toward pireximal OH bond ;) +H,O eigenfunctions in the chemically strong interaction regidd (
with CI approach, so that vibrational excitation points toward the reactive~2-93—2.60 A).(a) The symmetric stretch shows nearly complete mixing
atom. In contrast, the antisymmetric stretch rotates to localize primarilywith product channels, specifically H@IE 1)+ OH(v =0), despite a sig-
along thedistal OH bond ,). The growth of probability density in the hificant energy separation between these two stdt®sin contrast, the
product well for the upper panel signifies that the symmetric stretch wavedsymmetric stretch shows little mixing with any product channels, with a

function is also strongly mixing with HCi{(= 1)+ OH(v =0) product. nodal pattern remaining predominantly directed along the non reactive distal
OH bond.

ground vibrational states in €IH,0 and OH+HCI, the first  antisymmetric stretch nodal pattern rotates counterclockwise
excited OH stretching states in €H,0, excited product to localize the nodal pattern along thestal OH bond (),
channels OH{=1)+HCI and OH+HCIl(v=1), as well as i.e., pointing away from the reactive Cl atom. In other words,
a higher excited-state HGIE2)+ OH(v=0) to sample at the Cl atom approach breaks the symmetry of the potential to
least one energetically closed channel. In order of asymptoticonvert normatmode intolocal-mode stretches, witlsym-
energies, the fifth and sixth lowest states correspond to theetric (|017)) and asymmetric(|017)) stretch excitation
symmetric (017)) and antisymmetric|01)) stretch exci- funneling energy into the OH bondsostand leastlikely to
tation of H,O, respectively, which serve as input channelsreact, respectively. Based on this simple physical picture,
for all dynamics calculations described in this work. symmetric stretch excitation would be anticipated to yield a
The adiabatic energies vary steeplyRagpproaches 3 A greater mode-specific enhancement of chemical reactivity
due to nonadiabatic couplings between the various statesyer antisymmetric stretch excitation.
which makes it especially interesting to examine the vibra-  We can explore this prediction in more detail by exami-
tional eigenstates in this region. Figure 3 focuses on the symation of these symmetric—asymmetric stretch eigenfunc-
metric (017)) and antisymmetric |017)) stretch eigen- tions at progressively smalleR values (see Fig. 4 As
states at three CI-}D distances: Near-asymptoticallR( shown in Fig. 4a), the symmetric stretch wave functions
=4.23R), close to the interaction regioR€3.17A), and  remain adiabatically localized in the proximal OH bond, but
just inside this region R=2.98 A). At largeR, the nodal also develop strong amplitude to be in the HQH product
patterns for these states are clearly parallel or perpendiculavell, highlighting the strong propensity toward chemical
to ther,~r, axis, as expected for symmetric and antisym-bond rearrangement. Indeed, examination of eigenfunctions
metric stretch excitation. As the Cl atom approaches, howin this region for the next lower energy adialjathich as-
ever, the nodal pattern of the symmetric stretch eigenfunctiogmptotically correlates with HGHOH product$ confirms
“rotates” clockwise towards theproximal OH bond (), this strong mixing by revealing the lost quantum amplitude
adiabaticallylocalizing so that the vibrationally excited OH as Ch-proximally excited HO. In fact, the additional nodal
pointstoward the reactive Cl atom. By way of contrast, the structure in these wave functions corresponds to formation of
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a) ¥, , = Cl + H,0(]01>) b) Cl + H,0(j017>) ¢) HCI(v=1) + OH{v=0)
ELASTIC DOMINANT INELASTIC (x50) DOMINANT REACTIVE (x50)
- T~
FIG. 5. Sample wave packet propagatiorft d;,
- T =504cm?) for initial symmetric stretch excita-
tion, monitoring scattering into (a) elastic
— [Cl+H,0(]01 )], (b) dominant inelastic
[CI+H,0(]017))], and (c) dominant reactivé HCI(v
il =1)+OH(v=0)] channels. Each tradeottom to top
1 represents incremental 100 fs time steps, with eventual

4/\ loss of probability from damping at large. Though
most of the wave packet remains elastically in the ini-
f/\ tial Cl+H,0(|01")) state, there is substantial transfer

into both inelastidb) and reactivgc) scattering chan-

N
) | | |

2 4 6 82 4 8 82 4 6 8
R (&) R(A) R(A)

|¥7, Time in 100—fs steps -—>

vibrationally excited HCly=1)+OH(@=0) product, B. CI+H,0 wave packet propagation
thqugh this prediction depends on the energetics of the spe- This simple physical picture for mode specific asymmet-
Srlfll—(I: Opgﬁntlal sturf?ce. q SH'gpl_yl itaée:’ _tkz)ese t;vot CIric versus symmetric stretch reactivity makes predictions that
20|01") reactant an .{(* ) . (vf ) produc ._can be tested explicitly by inclusion of vibrationally nona-
states are strongly coupled in an adiabatic representatlogiabatic effects. As the next step, therefore, we investigate
which would imply a propensity for mode-specific chemical o . ' !
the full nonadiabatic dynamics by propagating wave packets

reaction dynamics. By way of contrast, t{~) asymmet- ) . :
fic stretch excitation remains localized in the+CH,0 re- on each of the adiabatic curves. Gaussian wave packets are

agent well, even up to the point where the reagent and prod;hosen with center momenta of 10.0, 15.0, and 20.0 a.u.,
uct wells nearly coalescisee Fig. 4b)]. This is consistent corresponding to collision speeds of 1:010°, 1.52x 10,

with weaker promotion of the reaction coordinate with distaland 2.0210°cm/s and relative kinetic energies of 504,
OH excitation, and again would suggestiiainishedreac- 1130, and 2020 citt, respectively. By way of comparison,
tivity for asymmetric versus symmetric stretch excitation. at 300 K the mean relative speed of Cl andtHis 7.3

a) ¥, = Cl + Hy0({017>) b) Cl + H,0((01°>) c) HCI(v=0) + OH(v=1)
ELASTIC DOMINANT INELASTIC (x50) DOMINANT REACTIVE (x50)
FIG. 6. Sample wave packet propagatioit,{,
R e =504cnt!) for initial asymmetric stretch excita-

§- tion, monitoring scattering into (&) elastic

‘5 e e [CI+H,O(|017))], (b) dominant inelastic

T Q‘_\/L [Cl+H,0(|017))], and (c) dominant reactivg HCI(v

e =0)+OH(v=1)] channels. Similar to Fig. 6, most of

£ ﬂ/\“\ Y S the wave packet probability remains elastically in the

g —J initial Cl+H,O(|017)) state. However, the reactive

) —JA——A/\—— channel represents only a very small fraction of the

= I nonelastically scattered flux, approximately an order of

- — magnitude smaller than observed for reagents with
e asymptotic symmetric stretch excitation.

/A _ .

2 4 6 82 4 6 82 4 6 8
R (A) R(A) R (A)
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TIME-DEPENDENT OUTPUT Cl + H,0 SCATTERING PRODUCTS
FROM Cl + H,0 WAVEPACKETS 010
T . T . I T a)¥, . =Cl+ H20(|01+>)__b)‘l’init = Cl + H,0(|01>) |
0.05 | |¥...=Cl+H,0(01*>) a) S ossf Reactive | i
X ] b= 5
3 004} - 8
LL o 006 -+ -
S s ]
£ 003f HCI(v=0) + OH(v=1) > F Inelastic
5 I HCI(v=0) + OH(v=0) £ 004 + % -
)
£ 0.02 - HCI{v=1) + OH(v=0)_| c A /
3 . © Inelastic /
o I CL+HO(01>) @ 002 4 / 4
< 001k Cl+H.O(00%) - i ? X / Reactive
' i Z 7/
i HCI(v=2) + OH(v=0) ] 0.00 7 Z
0.00 t } t } } } t .
Scattering Products
005 ¥, =Cl+H,0(01>) b) - 9
» Ci+H,0(01*>) b FIG. 8. Branching fractions foE, =504 cm ! wave packets summed
= 0.04 - over all inelastic and all reactive channels fay Cl+H,0(|01")) and(b)
L. i Cl+H,0(|017)) at (Ecom=504cni . The calculations clearly predict
8 symmetric stretch excitation to be more than an order of magnitude more
® 0.03 9 reactive than antisymmetric stretch excitation, consistent with a simple
S 4 physical picture of semiclassical localization of OH excitation toward the
:E, 0.02 i approaching Cl atom.
o
<
0.01 -
HCI(v=0) + OH(v=1) | with another=~0.7% relaxing all the way to ground state
HCl(v=1) + OH({v=1) 1
0.00 |00" YH,O0.
500 1000 1500 2000 Most relevantly, however, the remaining flux represents
Time (fs) : reactive scattering between Cl and,B|01"). By way of

example, Fig. &) demonstrates the time-dependent evolu-
FIG. 7. Accumulated fluxes vs time for scattering(ef Cl-+H,O(|01")) tion of the wave packet into the HGIE0)+OH(v=1)

and(b) Cl+H,0(|017)) atE,=504 crmi L. The scattering interactions are _ : P if
predominantly elastic, with-90% probability of exiting on the same adia- state(also EXpanded by 50-foldwhich indicates a Slgnlfl

bat. Of the chemically interesting channels, however, reaction predominatéz@nt (=2.9% reaCti_(?n probability per collision. Indeed,
over inelastic scattering for J0(|017)). By way of contrast, reactive ~comparable probability is also predicted for the other two

scattering from HO(]017)) accounts for<10% of the inelastic scattering energetically accessible reactive channels, i.e., 2.5% into
channel. HCl(v=0)+OH(v=0) and 2.4% into HCl¢=1)+OH(v
=0). Thus, forsymmetricstretch excitation, the model pre-
dicts a 7.8% total reactive scatting probability, which is
~four fold larger than the propensity for inelastic scattering.
x10*cm/s, with a mean collision energy of k&/ By way of comparison, similar wave packet trajectories at
=265cm . In the interest of simplicity, we focus initially 504 cm ' with asymmetric stretch excited ,@|017) are
on the lowest-velocity collisions of @IH,O at 1.0 shown in Fig. 6. As expected, the elastic channel predomi-
X 10° cm/s E~504cm ). nates, this time with=95% of the total flux coming out as
Figure Fa) plots the probability density as a function of the initial CH+H,0|01"). However, for asymmetric OH ex-
time for sample wave packet initiated on the Cl citation, the majority of nonelastic events now occuriby
+H,0(|01")) adiabatic curve, beginning &0 at the bot-  elastic scattering(=4.3% into the CHH,0|01") channel,
tom and progressively incrementing in 100 fs steps towardvith a ~six fold smaller (=0.7% branching ratio foreac-
the top of the page. Most of the probability remains in thetive events. These results are clearly consistent with the
initial |01") state during its pass through the interaction re-simple physical picture of greater reactivity fdistal versus
gion, disappearing only when attenuated by damping opergroximal OH stretch localization in the entrance channel.
tors at the edge of the grid. As expected, the dominant out- A more quantitative analysis of branching probability
come(~90% for these collisions between Cl ang® 01") into each exit channel can be obtained by monitoring the
is purely elastic, which is typical for inefficieM-T collision ~ accumulated output flux as a function of time. Figure 7 dis-
dynamics at thermal energies. Inelastic scattering to Cplays accumulated fluxes into each channel versus time for
+H,0(]017)) asymmetric stretch state plays only a minor the E.,=504 cm ! calculations ofa) Cl+H,0(|01")) and
role, as demonstrated in Fig(tB, which has been increased (b) Cl+H,0(]017)), respectively. Both figure panels em-
50-fold relative to the elastically scattered wave packet fophasize the direct nature of the collisional encounters and the
visual clarity. Specifically, symmetric stretch excited re-absence of any long-lived resonance states. Figure 8 summa-
agents at 504 citt inelastically scatter to form asymmetric rizes the results of these wave packet calculations, separated
stretch states in only roughhk¢1.3% of the collision events, into reactive and inelastic events. Summed over all channels,
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there is a strong propensity fogactive (=7.8% versusin- The precise structure of the interior adiabatic curve
elastic(~2.0% scattering with C+H,O(|01"). In contrast, crossings in Fig. 2 depends on the exact form of the ClI
the inelastic channék4.3% for asymmetric stretch excited +H,O potential surface. However, at low energies, the rel-
Cl+H,0(|017)) dominates over the reactive channel evant adiabatic curves and nonadiabatic couplings sampled
(=0.7%. Most importantly is the clear prediction for mode- by vibrationally excited reagents will be similar, irrespective
specific reaction dynamics. Specifically, these wave packedf the precise form of the GIH,O potential. Specifically,
calculations indicate more than one order of magnitude diffor any potential where the reaction is exothermic with re-
ference in total reactivity between symmetric and asymmetspect to OH stretch excited reagents, there will always be

ric stretch excited reagents at low energies. OH+HCI product statés) at lower energies, which will mix
preferentially with the energetically closer symmetric stretch
IV. DISCUSSION reagent channel. This implies the model predictions for

Avaluable step in the analysis of such a model system ign_ode-specific reactipn dynamics to be qualitatively robust
to interpret which trends are likely to be experimentally ro-With respect to precise arrangement of product state chan-
bust, i.e., independent of the specific details of the potentidl€!S; at least for low-collision energies that do not sample the
surface and reduced dimensional collision geometry. Théhterior curve crossing regions. By way of supporting evi-
clockwise versus counterclockwise rotation of {aé") and ~ dence, the full wave packet calculations for symmetric
|01°) eigenfunction nodal planes in the presence of a reacStretch excited01") reagent do not funnel product into a
tive Cl atom arises fundamentally from weakening of theSingle channel, but(@s shown in Fig. ¥ instead distribute
proximal bond and is insensitive to the exact potential energj€arly equivalent population in each of the three available
surface used in these calculations. From an adiabatic peProduct channels[HCI(v=1)+OH(v=0), HCl(v=0)
spective, such a localization of symmetric stretch excitationi” OH(v=1), and HCI¢=0)+OH(v=0)]. Furthermore,
into the proximal OH bond follows immediately from the We have also seen similar mode-specific trends with symmet-
lower asymptotic energy for|@1*)) and the noncrossing ric and asymmetric stretch excited,®, for which reagent
rule for states of the same point group symmetry. Thus, on@nd product state adiabats are significantly shifted from those
would predict qualitatively similar behavior fanymodel of ~ Of H2O by both isotopic mass and zero-point effets.
atom+triatom reactive scattering with nearly degenerate At higher collision energies, however, deeper classical
|017) and |017) stretching vibrational states in increasing turning points are sampled which can in turn influence pre-
order. Alternatively stated, the local-mode, reactive bondfictions of the proposed model. Figure 9 plots the output
stretch will always bdoweredin energy by the approaching fluxes from(a) Cl+H,0(|01")) and (b) Cl+H,0(|017)),
reactant relative to the unreactive spectator bond. For onl{espectively, as a function of increasing momentum and il-
slightly bent molecular hydrides such as® this leads to a lustrates two major points. First of all, the total fraction of
lower energy symmetric versus antisymmetric stretch, whichnelastic and reactive scattering evemtsreaseswith in-
thus predicts a correlation between fundamental symmetrigreasing momentum for both vibrationally excited reagents.
stretch excitation and a propensity for enhanced H atom ablhis reflects the more extensive network of avoided cross-
straction in near collinear systems. ings accessed by wave packets at higher momenta, as evi-

Indeed, Schat? postulated that this correlation should denced by the location of the classical turning points further
exist generally in systems with symmetric and antisymmetridnto the interaction region. Second, there is a more rapid
stretch modes. This principle was demonstrated with quasincreasein the reactive branching fraction for asymmetric
classical trajectory calculations for#CS,, which preferen-  stretch|017) excitation, which eventually becomes compa-
tially yield more OS-CS product fromsymmetricstretch ~ rable to the branching fraction for symmetric stretéi™)
versus antisymmetricstretch excited reagent ¢S® Two  excited reagents. Based on Fig. 2, this can be rationalized by
points are notable here. First of all, similar mode specificthe additional crossing betweg¢fl ) and|01") adiabatic
trends are observed from quasiclassical calculations in fulturves neaR~2.66 A (labeled #3 accessed at higher colli-
dimensionality, implying that the qualitative predictions pre-sion energies. Such a crossing transfers amplitude between
sented in this work for GFH,O would survive averaging these two states and, therefore, tends to equalize the more
over impact parameter and reagent rotation in the entranadramatic mode-specific effects evident at lower energies.
channel. Second, this effect appears in both C5,, in These higher energy predictions could depend on the precise
which O—S—C is dight—heavy-light atom combination, and location of the curve crossings betwegil™) and|017)
in Cl+H,0, with a CI-H-O as a heavy-light—heavy combi- states and, therefore, may depend on exact details of the
nation, in calculations at comparable collision energies. Thipotential surface, unlike the more robust predictions of mode
is important, because the light—heavy-light mass combinaspecificity at lower energies. However, this energy dependent
tion in O+ CS; leads to much more widely spaced symmet-behavior is also completely consistent with our simple physi-
ric (=658 cm 1) and antisymmetri¢~1535 cml) stretch  cal model. Specifically, for faster collisions, there is not suf-
vibrational energies in GS which would tend to suppress ficient time in the entrance channel for vibrational energy to
such mode mixing effects. The presence of such mode spéscalize into proximal and distal excitations, and thus the
cific reaction propensities should be even easier to achieve ireactivity of symmetric and asymmetric stretch excitation be-
heavy—light—heavy mass combinations, as evidenced in thisomes more equivalent.
paper for the more closely spaced symmet8657 cm %) Based on the ubiquitous presence of nearly degenerate
and antisymmetri¢3756 cm'%) stretch vibrations in k. H-stretching manifolds in chemistry, such mode-specific pre-
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ENERGY-DEPENDENT sent interesting candidates for further experimental and the-
BRANCHING RATIOS oretical investigation.
< "2[a) ¥, = Cl+H,0(01">) ] V. SUMMARY
'% 1.0 i Elastic . The role of intramolecular vibrational redistribution
S o8l ] (IVR) in vibrationally mediated chemistry has been explored
I; i 1 using a simple model system representing the reaction of Cl
£ 06 Inelastic ] with water isotopes. For the vibrational eigenfunctions, the
S 0.4 [ Reactive |e ;|_: near-resonance of the,B symmetric and antisymmetric
§ ' 1|< >|| | stretch allows these states to couple strongly as the Cl atom
m 02F = approaches. These couplings transform the symmetric and
0.0 i ] antisymmetric str(_atches of @ .int.o local-mode excitations,
12 “b) ¥, = Cl+ H,0(01>) i W|tr_1 the symmetrlc stretc_:h.pomtm@wardsthe Cl, anq the
5 s init 2 Elastid antisymmetric stretch pointingway fromthe Cl atom. Time-
5 1.0 i ] dependent wave packets propagated from each of these two
® o8k ] states thus vyield greater total product formatige., HCI
";, - _ 1 +OH) from the symmetric stretch than the antisymmetric
£ 06 Reactive . stretch at low collision velocities. The adiabatic correlation
S 0.4 Inelastic between(i) nearly degenerate vibrations afiig distal versus
§ E ; | proximal excitation in the entrance channel is quite general
m 0.2 and should hold qualitatively for a wide range of atom
0.0 +triatom systems. This suggests that the vibrationally mode-
0,00 (1,0) (0,1) (2,0) [01+> [00+> [01-> specific effects observed in this model system will survive
treatment in higher dimensionality, and represent a dynami-
Scattering Products cal paradigm worthy of further exploration with more realis-

tic intermolecular potentials.
FIG. 9. Energy dependence of output fluxes in each channel (eprtl
+H,0(]01*)) and (b) Cl+H,0(|017)), with Egon=504 (@), 1130 (V),
and 2020 ci® (#). The reactive HGFOH product channels are labeled by ACKNOWLEDGMENTS
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