JOURNAL OF CHEMICAL PHYSICS VOLUME 110, NUMBER 1 1 JANUARY 1999

Reactive dynamics for Zn (3P)+H,/D,/HD—ZnH/ZnD +H/D: Rotational
populations in ZnH/ZnD products
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Using ab initio multiconfigurational potential-energy surfaces pertinent to the reactioRPZn(
+H,—ZnH(®2)+H and local surface tessellation and interpolation methods developed earlier, we
carried out classical trajectory simulations of the title reactions, running large ensembles of
trajectories with initial conditions representative of full-collision experiments. Then, using binning
techniques, the ZnH/ZnD vibrational and rotational populations have been extracted. Our simulation
results duplicate certain unexpected findings noted in experiments of Breckenridge and Wang
[Chem. Phys. Lettl23 17(1986; J. Chem. Phys87, 2630(1987]. Specifically, it is observed that

the rotational profiles found for ZnH produced from &f from HD are nearly identical, as are the
ZnD populations obtained in reactions with, Br HD. By interrogating the progress of reactive
trajectories, we have been able to identify the origirirofich oj the rotational angular momentum

in the ZnH/ZnD products, which then allows us to put forth a physical model which, we believe,
explains the unexpected ZnH/ZnD isotope effects in the product rotational profilesl99©
American Institute of Physic§S0021-96069)02701-4

I. INTRODUCTION exiting atom(i.e., D would be expected to carry away differ-
A. The experimental findings and the unexpected ent e”ergy and momentum thar).l—The q“eS“C?” to be ad-
isotope effects dressed isvhy these patterns in rotational profiles occur.

In subsequent attempts to understand the origin of the
rotational and vibrational population trends, and after consid-
ering the nature and symmetries of the frontier orbitals,
Zn(®P)+ H,—ZnH(?%)+H, (1) Breckenridgeet al. suggested that these reactions proceed
via an insertion mechanism through a transition state with

In the full-collision, gas-phase reactions of Zn
(4s4p,3P;) atoms with hydrogen molecules:

3 2
Zn(*P)+HD—ZnH("%)+D, 2) metal-to-H bond lengths near the diatomic equilibrium
Zn(®P)+HD—ZnD(%3) +H, €) values'— The dominance of =0 overv=1 andv=2 vi-

5 5 brational levels in the product molecules suggested the near-
Zn(*P)+D,—ZnD(°X) +D, (4) equilibrium metal-to-H distance at the transition state. To

which are electronicallyi.e., ignoring vibrational zero-point €xamine the role of exit-channel and energy surface curva-
energie} exothermic by~0.25 eV, Breckenridget al. no-  ture in determining the rotational populations of the prod-
ticed that, within the error of the experiment, reactighs  ucts, the Breckenridge grobigreated model potentials and
and(2) produced nearly identical ZnH product rotational andran selected half-collision characteristic classical trajectories.
vibrational distributions:> For example, as shown in Fig. They were able to show that if the exit-channel potential-
1(a), the ZnH rotational populations obtained in reactigh  energy surfacdi.e., the surface connecting the postulated
are very close to the ZnH populations realized in reactiomearC,, inserted transition state to the-tHnetal hydride

(2). Thev=0 andv =1 vibrational population ratios are also produc} had avery specific angular anisotropyhen nearly
nearly the same in the two reactions. Analogous results weriglentical rotational distributions could be obtained for reac-
also observed in the ZnD product’s rotational and vibrationations (1) and(2) and for reaction$3) and (4), but they sug-
distributions for reaction$3) and (4), which are shown in gested that more sophisticated dynamical studieatoimitio

Fig. 1(b). Moreover, in reactions of othes'p! atoms: surfaces should be conducted.

Mg(3s3p,*Py),® Cd(5s5p,3P;),* and(in thev =0 product Although these earlier model studies suggested one pos-
of) Hg(6s6p,°P;) (Ref. 5 with the hydrogen isotopes, simi-  sible origin for the unusual isotope effect in the product ro-
lar results have also been observed. These findings are unextional popu|ation5, one is left not knowing whether anisot-
pected because the energy release in reactiorend(2) are  ropy in the exit-channel surface is the dominant source of the
not identical(due to significant zero-point energigsor are  rgtational population anomaly. For this reason, we earlier
they the same for reactions®) and (4). Moreover, there yngertook an ab initio investigation into the form of the
seems to be ndor little) dependence on the mass of the reactive energy surface for the ZaH,=ZnH+H reaction.
The results of our determination of the surface characteristics
dElectronic mail: simons@chemistry.utah.edu as well as some suggestions about the fate of reactive trajec-
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IKR)+HadHD g @ . thereby distorting away fron@,, symmetry and proceeding
o ° onward to ground-state products on tB&’ exit-channel
° v=0) PES. The geometries on the PES where this instability oc-
L d curs defines the transition state connecting the entrance and
] = . . . .
ol | ; 8 exit channels. The atomic orbital basis sets, the results of
povl g ; calibrating our computed energies against known experimen-
i g; (v=1) g tal data, and other methodological details are given in Ref. 7.
:
]
8 : i
o] C. The present work’s approach to the isotope effect
. ) _,® ) issue
o 5 10 15 20 . o
N Given knowledge of the reactivab initio PES at~1400
different geometries on the entrance char{nel, for geom-
Z nd HD . . . .
| aatt %% =0 etries connecting Znt+H, to the inserted regignand at
“.!g._ g. v ~6300 geometries on the exit chanfiet., from the inserted
Be " 0 region to ZnHt+H), and using the local energy tessellation
ga' v=)m @ and interpolation methodology developed by Salazar and
S arts s Bell® and iewed briefly bel it has b ibl
e . . . ell® and reviewed briefly below, it has been possible to
PN E"A a R carry out a full three-dimension&BD) trajectory simulation
:‘ =2 . of reactions(1)—(4). Specifically, by employing initial con-
i A 8 % ditions reflective of the experimental conditions, we have
] followed many(~60 000 for each reactigrtlassical trajec-
0 4 = . tories and determined, via binning techniques, final rotational
S 5 =) = 35 >3 > and vibrational populations of the ZnH and ZnD products.

N By following the courses of many such trajectories, we be-

FIG. 1. (a) Product vibrational and rotational populations for ZnH produced I|eve. we have identified the primary sources of the products’

from H, (open and from HD(filled). (b) Product vibrational and rotational  fotational angular momentum and that we now have an un-

populations for ZnD produced from,dopen and from HD(filled). derstanding of the unusual ZnD/ZnH results observed in the
experiments discussed above.

The outline of the remainder of this paper is as follows:
tories on that surface are detailed in Ref. 7. In the presergec. Il provides a brief overview of the PES tessellation and
work, we extend these studies to examine in detail largénterpolation methodology employed for our simulations of
swarms of classical trajectories in an attempt to simulate theeactions(1)—(4). Section Ill defines the coordinates used in
product rotational populations and thus, by interrogating rethe entrance- and exit-channel dynamics, describes the
active trajectories, to determine the origin of the unexpectegotential-energy surfaces in both regions, how the entrance
ZnD/ZnH rotational populations. and exit channels are connected at the seam where second-
order Jahn-Teller coupling between tfB, and 3A; sur-
faces is strongest. Section IV describes the initial conditions
representative of the experiment performed by Breckenridge
et al. Contained in Sec. V is a sample trajectory that we

For the Zif reaction, we earlier identifietiusingab  found to be representative of the vast majority of reactive
initio methods and reaction path following techniques, therajectories, our simulated rotational population data, and our
reaction pathway that leads from ZfH, reactants, through analysis of the results of these simulations, including our

an insertive neaG,, transition state and onward to ground- explanation of the novel ZnD/ZnH rotational populations.
state ZnHK?2)+H products. We also calculated and fit, Concluding the paper is Sec. VI.

using local tessellation methofisthe ab initio potential-

energy surface(PES for this reaction. In that earlier inves-

tiga_tion_, the®B, entrance-channel PE_S, in which the Zp 4 Il. REVIEW OF SURFACE TESSELLATION AND

orbital is parallel to the H—H bond axis, was proposed to b\ TERPOLATION METHODS

the reactive component of tH® Zn+H, surfaces. ThéA,

and®B,; components are not reactive because they direct the The tessellation and interpolation methodology devel-
Zn 4p orbital toward and perpendicular to the H—H bond oped in Ref. 8 has been used to generate a local piecewise
axis, respectively. The former gives rise to a repulsive surdescription of the’B, PES in a form especially useful for
face and the latter produces a surface that correlates to atassical trajectory propagations because the forces, com-
excited(2.9 eV highey 21 state of ZnH rather than to tH& puted as gradients of the PES, are continuous within each
ground state. Finally, in Ref. 7 it was suggested that fludocal region and across neighboring regions. There are three
initially on the B, surface undergoes second-order Jahn-ingredients to this scheme: tessellation of the coordinate
Teller coupling with a higher-lyingA; state in which the space used to describe the reacting species, interpolation of
asymmetric distortion mode df, symmetry is involved, the energy(and its derivativeswithin and across local tes-

B. Our earlier study of the energy surface for zn  (3P)
+H,/D,/HD
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sellated regions, and approximation of energy gradients &. Node gradient approximation if analytical
the points where energies are known but analytical gradientgradients are not available

are not available. Since solving the equations for tHe; ; ,,} coefficients

of the CT interpolant necessitates knowing the energies
gradientsat each triangle node, and because it is quite pos-
A. Tessellation of the energy surface sible that one will not have access to thie initio gradients

In th t stud d ibe th t d at all such points, a method for generating approximate gra-
n the present study, we describ€ the entrance and eXifiq s at the nodes is needed. The hyperbolic multiquadric
channels in terms of two Jacobi coordinates, the domain o

which we divide into simplices, and a third Jacobi coordinat ethod(MUL) has proved to be particularly usetih this

e 1 .
X : . endeavor. The 2D MUY approximates the enerdy; at a
whose influence on the PES we represent in analytical fombointx- yi as PP %,

irYj

In two dimensiong2D) the simplices are triangles. Because
a given 2D domain will admit to many different triangula- K

i i i i6ri : Ej(x;,y) =2, ciVdi (X ) +r (6)
tions, an optimum triangulatiéris used which attempts to YY) e MINERAL Y '

minimize the number of triangles with one very small inter-

nal angle because such regions cover little area. One convihere

nient method of facmtat!ng this, as pgt forth m_Ref. 8, in- djzi(xj,i ryj,i):(xj_Xi)2+(yj_Yi)2a

volves tessellating with barycentric coordinates and _ _
employing a so-called sphere tesb distinguish between IS the square of the distance from the poit,{/;) where the
competing triangulations. The barycentric coordinateg ( €nergy is needed to the poink;(y;) where the energy is
of a pointx,, y, within a 2D domain are computed by solv- known andr is a “range parameter” that controls the dis-

ing the following set of linear equations: tance over which data influences the approximatsee Ref.
8 for further discussion The coefficients{c;} are deter-
1 1 11[by 1 mined by using Eq(6) at theK nearest-node poin{x,, Yy}

5) where the energieB, are known and solving thE XK set

X1 Xz Xg|| ba|=|X4 ; 2
of linear equations:

Y1 Y2 Yallbs Ya

di+r - Jdi +r|[c E
where thex;’s andy;’s (i=1,2,3) are thexandy coordinates v 1 ] v 1"‘ _l !

of the three vertices of the triangle that make up the domain
of the 2D surface. In the present study, the entrance-channel
surface was divided inte-2600 triangles and each “slice”
of the exit-channel surfacésee Sec. Il B for detai)swas

divided into ~1300 triangles.

VaZ +r - JdZ+r Lo LEk

The resultan{c,} coefficients are then used, by differentiat-
ing Eq.(6) to obtain expressions for the desired gradients, to
evaluatedE/ox and dE/dy at the node pointxy,y,), thus
obtaining the needed gradient values.

B. Interpolation of the energy within and across lIl. THE REACTIVE 3B, POTENTIAL-ENERGY
regions SURFACE

Given the tessellated domain of the PE®., a set of A. Coordinates used in the entrance and exit
vertex or node point§x;,y;} as well as knowledge about channels

which triangles these points lie pralong with the energies We have chosen to use the conventional Jacobi coordi-
{Ei} and gradientdg;} at the nodes of this tessellated PES, nates for both the entrance- and exit-channel components of
one may interpolate the energy and gradients anywherg, si,dy. These coordinates on the entrance channel are the
within the domain. This energy and gradient interpolationy _- distancer, the Zn to center of mass ¢i—H’ dis-
used in the present work is the Clough—Tocher interpolanfanceR, and the angl® between the andR vectors. On the
(CT) examined in detail in Ref. 8. The CT interpol&hex- exit channel, they are- the Zn-H' distance,p the H to
presses the enerdyat a pointP=x,y within any particular  canter of mass of ZnH' distance, andb the angle between
tria_mgle in te_rms of the ba_rycentric coordinatgs} of that randp. The anglesx and 3 give the polar coordinates &
point determined as described above. andr, respectively, and andy give the polar coordinates of
7 and p, respectively. Finally, the intervector angles, which
E(P)= E _ _3! ¢ b bipkb! the potential depends on, are related to the laboratory-fixed
T A TN TIR Lt ae polar coordinate angles b§=a+ B and p=A + y.
The time evolution of the angle coordinatesand 8 (or

The particular choice of the coefficienfs; ; |} given in A andy) are not independent since theomponenti.e., the
Ref. 8 that defines the CT interpolant insures the continuityut-of-plane componenbf the angular momentum,
of the energy and its gradients within any triangle and across L — R%o— ur2B=P — P
the boundaries of neighboring triangles and, therefore, total = MR = ur'f=P,=Pg,
energy and momentum will be conserved when such an inis a conserved quantity. Hence, it is possible to express the
terpolant is employed. dynamics, for example, on the entrance channel, in terms of
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a Hamiltonian(u is the H,, D,, or HD reduced mass arit 6.5

is the reduced mass of Zn relative to the diatomic . 66020.02]
H = p2/2+ p2i2p + (L~ P 5) /2R + P3/2ur 24V, . Q04 |

that determines the time evolution of four coordinatesr, 0,”!

@, andB) and three momentaPg, P,, andPg). Of course, 5

a similar restriction to four coordinates and three momenta

can be achieved for exit-channel dynamics. 45 ‘

In our simulations, we propagated trajectories in Carte-
sian coordinateéwe verified energy and angular momentum
conservatioh although we expressed the tessellated energy .z 5
surfaces in terms of the above Jacobi coordinates. In particu-=  f
lar, we tessellated the entrance-chanRedndr coordinate 3

space and the exit-channeland ¢ coordinate space. Thg J RN
(entrancg and 7 (exit) dependences of the potential were 2332
described by the analytical forms described in the Sec. Il B. ‘
B. The entrance- and exit-channel potentials 15
1. Entrance channel—Its intrinsic reaction coordinate 1
and the seam connecting to the exit channel
Theab initio PES employed for the simulations of reac- 0'50"5 1 15 2 25 s as 4 a5 &

tion (1)—(4) is similar but not identical to the surface used in r(A)
Ref. 7. After examining the MP2 level surface used in our ,

. . . FIG. 2. Unscaled MCSCF entrance-channel potential energy surface as a
earlier work, we deC.Ided that t.here !S reason to be Concemefdnction of Jacobi R,r) coordinates. The contour lines are spaced by 0.01
about the use of a single-configuration-based method. Thereptree(0.27 eV and the zero of energy is the @R)-+H, asymptote. The
fore, in this study, the surface was computed at the multiconseam marked by the dark line divides regions where the asymmetric distor-
figurational seIf-consistent-fieltﬂMCSCF) level of theory. Fiqn mode is positively gurvedeft _and below the §ea}ﬁrom those where
MCSCF theory was employed to facilitate a better treatmenf 'S Unstable. The IRC is shown in the dashed line.
of the two dominant electronic configurations that appear
with similar amplitudes in regions where the entrance chan-
nel and the exit channel connect. The atomic orbital basiglissociate. This instability of the ZnHriplet surface makes
reported in Ref. 7, which was shown there to be capable oit, and the subsequent dynamics on it, qualitatively different
describing reasonably well the reaction energy profile, washan what is observed in othek+H,— AH-+H reactions
used in this work. However, because the overall reactiofie.g., the OtD)+H,—OH+H reaction'? which proceeds
exothermicity is not adequately described at the MCSCRhrough a similar insertive mechanism but via the very deep
level of theory used here, and because we are interested well on the ground-state surface corresponding to an intact,
rotational and vibrational energy disposale wanted a sur- but highly vibrationally excited, 50 moleculd.
face that reflected proper thermochemistwye decided to It should be noted that the geometry in the seam region
(linearly) scale the MCSCHb initio PESs along the intrinsic is much like Breckenridget al. had speculated—the Zn—H
reaction coordinatdRC) to obtain the correct 0.25 eV reac- bond length is near its equilibrium valda bit elongatey
tion exothermicity. and the complex clearly has an “inserted” shape. Moreover,

In the entrance channel, the IRC follows the well-the H-H bond is nearly fully broken at the seam, as evi-
defined and steep-sided streambed shown in Fig. 2 at Rwrgedenced by the HZnH bond angle ef60°. This point will
values. AsR decreases, a minimum is pasgedrresponding play an important role in our later interpretation, which as-
to Zn* weakly bound to an intact Hmoleculg after which  sumes that the zero-point energy contained in theld3, or
the H—H bond begins to bredkhis is what necessitates the HD molecule is released by the time the seam is reached.
use of MCSCF methodisthe IRC turns sharply to the right As mentioned earlier, thé dependence of the entrance-
in Fig. 2. Proceeding toward larget with R remaining channel surface is given by an analytical potential. In par-
nearly constant, the IRC approaches the “seam” shown as ticular, we chose to represent this dependence in terms of a
dark line in Fig. 2. local quadratic form in terms of cas(or, equivalently, in

The seam isot simply an arbitrary line dividing what terms of the difference between the distandes g and
we define as entrance and exit channels. Rather, it marks ther 5 between the Zn atorA and the two H atomB andC):
region beyond which the asymmetric stretching motion no
longer has positive curvature due to second-order Jahn— v/(r R,g)=V 3Bz(r,R,0= E)Jr%k(R)(ArAB_ArAC)z_
Teller coupling. Beyond this seam, trajectories no longer ex- 2
perience forces that act to retain both Zn—H bonds; rather, at @
the seam, the surface undergoes a qualitative change to ofide asymmetric distortion force constaktR), which de-
where the forces cause one Zn—H bond to spontaneousfends strongly on location along the IRC, was obtained by
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] M FIG. 3. The asymmetric distortion
3 1 force constant as a function Balong
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x ] for R<1.75 A, and the open diamond

] function is used forR>1.75A. The
0.034 . ab initio computed force constants are
] shown in dots.
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carrying outab initio MCSCF Hessiari.e., analytical cur- trajectories from the entrance to the exit channel a decision

vature calculations at 40 points along the IRC of the en-must be made when the trajectory reaches the seam. This

trance channel. The resultingR) force constant data were decision is which of the 2D slices to use in determining the

then fit to a functional form as shown in Fig. 3. p, ¢ dependence of the surface. We choose that slice whose
Clearly, at largeR, trajectories encounter very weak an- 7 value (r°) is closest to the value of realized when the

gular restoring forces consistent with nearly free rotation oftrajectory reaches the seam

the H, molecule. AsR decreases along the IRC, much stron- VEN 5

ger angular forces arise, with the strongest forces arising near Vip. ¢, 1)=V " (p, b, 7=1).

the region in Fig. 2 where the IRC begins to turn sharply toThe gradients along and ¢ are then computed using this

the right. These forces are due to the attractive interactioparticular 2D surfacéuntil time evolution ofr causes it to

between the Zn atom’s pt orbital and the H molecule’s  achieve a value closer to another slice’svalue after which

antibondingo, orbital, which prefer to be aligned parallel to that sheet's 2D surface is usedhe gradient of the PES

one another. When we examine individual trajectories, thesglong 7 is approximated by taking the finite difference be-

strong angular forces are observed to align the Zobin-  tween the potential dip,¢) for exit-channel slices having

plex into nearC,, geometries. AR decreases furthdi.e.,  values slightly less than and slightly larger than the current

as the IRC moves to longerand approaches the seam regionsheet’'ss° value:

shown in Fig. 2, the angular force constant falls off rapidly ) 3. .

until, at the seam, it becomes negative, meaning that the VY _ V¥ (p,pr=1) -V * (p,,7=1)

complex no longer is stable @, symmetry. Once the seam ar 77— '

is crossedk(R) goes to zero and the surface becomes ung

Because ther spacing between sheets is only 0.10 A, these

§lnite differences are found to yield reasonably smooth

5hanges in the forces alontas evidenced by the lack of any
erky” behavior in plots of the time dependence of ¢,

d 7 (see Sec. V A for an exampleMoreover, we exam-
ffed graphs o¥/(p,®,7) vs 7, obtained from our nine slices,
for many asymptotic values ¢f and ¢. We found they did
not exhibit unusual jerks and that they resemble closely a
plot of the Morse potential for an isolated ZnH diatomic

The exit-channel IRC is shown in Fig. 4, which displays molecule.
the PES at a value of=1.7 A as a function of two of the
Jacobi coordinatetp and ¢). We computed MCSCF ener- |v. INITIAL CONDITIONS FOR CLASSICAL
gies at a grid of points ip,¢ space withr held fixed atr TRAJECTORIES
=1.7 A to generate the 2D slice through the exit-channel
energy surface shown in Fig. 4. We repeated this series cﬁ
calculations at nine different- values ranging fromr The initial distanceR of the Zn atom from the center of
=1.4A to r=2.2 A spaced by 0.10 A. When propagating mass of the hydrogenic diatomic was taken to be 4.5-5.0 A

the above angle-dependent function nor the tessellated s
face depicted in Fig. 2 is used to calculate the PES and its
gradients. Rather, we employ new Jacobi coordinates and
PES expressed in terms of these coordinates from the seq
onward to products.

2. Exit channel

Linear coordinates, momenta, and weights
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—_ / FIG. 4. Exit-channel energy surface
§ 1.754 for r=1.7 A. The contours are spaced
5 by 0.01 Hartreg0.27 eV} and, again,
?'_é" the zero of energy is ZAP) + H,. The
= line is the IRC connecting to the seam

1.254 on the entrance channel and moving

outward to ZnH+H products.
0.
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tho (&)

in all trajectorieq(this is large enough to be in the asymptotic H,) andJ=0, 1, 2 and 3Jfor HD and D,) and was allowed
region. The initial relative momenturpg (always negative to take on both positive and negative projections along the
to simulate a collisiopof the Zn and diatomic reactant was axis perpendicular to the molecular plane. The weight
obtained from a Maxwell—-Boltzmann distribution of speedsassociated with the rotational state was proportional to
at the experimental temperature of 350 K, with weight of(2J+ 1)exg —BJ(J+1)/KT].

4 (M/2mkT)¥2? exp(~fw?/2kT)Av, wherev is the rela- Although our methods for choosing initial conditions for
tive velocity alongR. our trajectories may not be as efficient as, for example,
The initial distancer of the hydrogen diatom was Monte Carlo sampling or more sophisticated méané dis-
sampled over a range between the inner and outer turningretizing and sampling the ranges of coordinates and mo-
points for the diatom in itw =0 vibrational level with a menta values, because we use so many trajectories and be-
weighing of |4, _o(r)|?Ar. The initial vibrational momen- cause they are, in principle correct, our final results can be
tum p, of the diatom was then determined by using the bondrysted.

lengthr and conservation of energy:

P12+ V(1) = 112k (kI ) Y2,

o . E
Except at the turning points, both positive and negative val- _
ues forp, were selected, with a separate trajectory run forA. Sample trajectory

each case. A sample reactive trajectory for Z#Hp) colliding with

H, on the entrance-channel potential detailed above and then

moving through the seam to the exit-channel surfgcalso

) ) described above, is shown in Fig. 5. The initial conditions for

~ The impact parametds was varied from 0.0 to=1.5 A this trajectory have the Zn atom colliding with the Bit the

in units of 0.3 A with a weighting factor of @b diy the o5t probable velocity for 350 K, with an impact parameter

maximum impact parameter was determined by examining g g A (typical of many reactive trajectorigswith the H,

when the reaction probability decreased suff|C|e_ntIy 0 Ignore, the 3=1 rotational level, and, of course, with,Hh its v

larger b values. The Zn atom’s angular coordinatewas  _q yiprational level. The outcome of this simulation pro-

computed from coa=b/R. Eachb value produce$hRb in  duced a ZnH molecule in=1 and in theN=6 rotational

collisional angular momentum as a contribution to the totaleyel.

initial angular momentum. The velocity corresponding to the  Although only one trajectory is shown in Fig. 5, it dis-

anglea is computed agv= Rb/R?. plays characteristics seen in virtually all reactive trajectories
The initial value of the hydrogen diatom’s phase angle that we have examined, and these characteristics weigh

was systematically varied from O w/2 for H, and D, and  heavily on the explanation that we put forth for the unex-

from 0 to 7 for HD in units of 15°(these limiting values of pected rotational isotope effedtsee Sec. V € Therefore, it

the angleB were chosen to avoid redundant simulatjons is important to discuss some of the behavior seen in this one

The initial rotational angular velocitg3/dt was obtained trajectory.

from the angular momentum of the hydrogen diatom  The time evolution of the H-H coordinate, and the

(ur?dp/dt)y=J(J+1)% for the diatom inJ=0, 1, 2(for  relative orientation angl® as well as that of the interfrag-

V. RESULTS AND EXPLANATION OF ISOTOPE
FFECTS

B. Angular coordinates, momenta, and weights
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67 350 fully broken) and the ZnH complex has assumed a triangu-
w P lar “inserted” geometry as Breckenridget al. postulated.
5 / Vs Moreover, at the seam, the Zn—H distance is close to the
~ \\_ / equilibrium bond length(1.6 A) of isolated ZnH K23 %),
] oo / 250 : X )
44 again as the experimentalists had suggested.
= / _zooé_’ Once on the exit channel, the interfragment distapce,
fqés y. :‘% grows monotonically indicating that the ZnH and H undergo
g ] / 1503 prompt fragmentation, while the Zn—H distancendergoes
023 N el : < oscillation characteristi¢at long time of isolated ZnH vi-
] N 7_100 bration(n.b.,d7/dt is positivewhen the exit channel is first
1 ' y accessed The time dependence of the angfe which, of
7 V&?‘?‘] vV 50 course, is related to theelative angular momenta of the
] separating fragments, shows iaiitial positive slope(d¢/dt
0 relates to angular momentynthat decreases somewhas

FRRE AP/ YIS St RS T AR S A S Y
time (a.u.) time progresses and seems to reach a constant value at long
time. We will have more to say about this angular velocity
below in Sec. V D where our model explaining the isotope
effects is put forth. For now, suffice it to say that the char-
acteristics detailed above are typical of all reactive trajecto-

ment distanceR are shown on the left side of Fig. 5. As the fies and form much of the basis of our model.

Zn atom begins to interact strongly with the kholecule, at

~t=1750 a.u., the H—H bond suddenly begins to lengthen.

At this time, the trajectory is starting to move from the en-

trance valley shown in Fig. thearR=1.8 A, with the H-H

bond still intact atr =0.8 A) toward the seam region where B. Simulations’ rotational and vibrational population
movement to the exit channel can ocdi Fig. 5, the exit data

channel is accessedatt=2700 a.u.). The time evolution of Well over 200 000 trajectories were run to simulate re-
¢=a+ B is characteristic of free rotatiofwith small «)  actions(1)—(4) using the distributions of initial conditions
until ~t=1100 a.u. Beyond=1100 a.u.,, which is nega-  discussed earlier. In binning the rotational populations, we
tive, becomes large enough to reverse the signdefa inferred anN value from the total asymptotic rotational

+ B. Ast approaches and passes 1750 a.u., forces due to tegergy”’ Eq of the product ZnH or ZnD molecule using
approaching Zn atom causgkto “lock-in” at near C,, ge-  Er=N(N-+1) B, whereB is the rotational constant of the
ometry (i.e., #~270°) and to change very little with time diatomic. ThisN (nonintegey value is then rounded to the
beyondt=2200 a.u. nearest integer value to permit binning of that trajectory to a
Once the seam is reached,s much longer than the particularN. We then “smoothed” this distributiohdenoted

equilibrium H—H bond length(so this bond is essentially P(N)] to obtain the final distribution§(N) used in subse-

FIG. 5. Plots ofR, r, andd vs time(in a.u.; 1.0 a.u=2.418 8% 10" s) up
to the seam and them ¢, and 7 vs time.
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| 4 \ circles. The solid line is our digitization of the experi-
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\
/

= 4 L \ FIG. 7. Rotational populations for ZnH in=1 pro-
|§ 0.06 . =Y duced from H (open boxes and from HD (filled
4 Q boxeg. The solid line is our digitization of the experi-
- / = mental ZnHv=1 rotational distribution(from H, or
E / f T from HD).
0.04 0 »

o
|
]

qguent analysis. The particular smoothing expression that wé. ZnH from H , and from HD

used involves definingP(N)=1/2 [P(N)+1/2{P(N—1) o . o
+P(N+1)}]. As seen in Fig. 6, the =0 ZnH rotational distributions

Figures 6 and 7 show the distributions of rotational from Hz and from HD have “cutoff values'(19-2G) (i.e.,
populations for products in the=0 andv =1 states of ZnH maximumN values that have any significant populadicmat
and Figs. 8 and 9 give the distributions in the0, andv are very nearly the same and close to the experimental values
=1 states of ZnD, when reactiori$)—(4) are simulated « (197) of Fig. 1. This indicates that the overall exothermicity,
=2 ZnD data are not shown because of poor statistibss ~ Which plays a central role in determining these cutoffs, is
was done for the experimental populations shown in Fig. 1¢orrectly described in our simulations. Moreover, the
the distributions were normalized so that the area under eaghaxima in the simulations’ probability distributions are simi-

distribution is unity. lar for ZnH produced either from $br from HD, in line with
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the (surprising experimental finding. This maximum ofi8s  sources of product ZnH or ZnD rotational angular momen-
3% lower than the peak in the experimental pldtslz)  tum. Because total angular momentum is conserved, any
shown in Fig. 1. found in the ZnH or ZnD products must combine with that

The v=1 ZnH results shown in Fig. 7 have a cutoff in taken away by the departing H or D ataofire., its angular
both the H and HD simulations near 8 which is in excel- momentum relative to the center of mass of the nascent di-
lent agreement with the experimental result. The peak in thatomig to balance the angular momentum initially present in
v=1ZnH rotational distribution lies at-7%, which again is  the collision.
~3h below the experimental result.

1. Rotational, collisional, and electronic angular

2. ZnD from D , and from HD momenta

The v =0 ZnD simulation results shown in Fig. 8 show All trajectories begin with angular momentum of three
cutoff values of~25-26 and 26-28from D, and HD, re- types. The H, HD, or D, molecules have rotational angular
spectively, while the experimental cutoff for both occurs atmomentum, but due to Boltzmann populations at the tem-
26h. The peaks in the simulations’ distributions are difficult perature of the experiment, only=0-3 are significantly
to evaluate due to scatter in the data; estimates ranging fropopulated. So, at most, three units of angular momentum
10 to 12 would be reasonable for ZnD, while the experi- come from this source. The Zratom, which has one unit of
mentalv =0 ZnD data show a peak atfL5The simulations’  electronic angular momentum in iBsstate, collides with the
HD distribution seems to be a bit wider than thedunter-  hydrogen molecule over a distribution of impact parameters
part. (b) and with a distribution of collision speeds)(character-

Figure 9 shows the =1 ZnD simulation results which istic of 350 K. Using a speed determined at the maximum of
display cutoffs at~23-25: for both the ZnD product from the Maxwellian distribution and an impact parametér (
D, and HD, while the experimental results show a cutoff at=0.75 A) equal to that for which many trajectories reacted
23h. The peaks in the distributions from the simulations lie (equal to one half ob,,,,), we compute collisional angular
between 6 and ¥Dwhile the experimental results show a momenta of~4# for H,, 5% for HD, and @ for D..
peak at 11 or 12

2. Even the most constructive additions of these
C. Origins of product angular momentum angular momenta is not enough

Because our simulated rotational profiles seem to repro- These angular momenta can combine in either a con-
duce to a reasonable exteflut not quantitativelythe ex-  structive or destructive senge.q., if the H is rotating clock-
perimentally observed features that ZnH populations prowise, the collisional angular momentum may be clockwise or
duced in reactions with Hand with HD are nearly identical, counter clockwisgto produce the totainitial angular mo-
as are ZnD populations from,and from HD, we decided to mentum. At most(i.e., for the most constructive case but
interrogate our reactive trajectories in hopes of uncoveringising the most probable collisional angular momgntme
the physical origin of this result. Before discussing the resulbbtains total initial angular momenta ofi for H,, 9% for
of our interrogations, let us briefly examine various possibleHD, and 1@ for D,, all of which are substantially below the

Downloaded 23 May 2003 to 155.101.19.15. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



238 J. Chem. Phys., Vol. 110, No. 1, 1 January 1999 M. R. Salazar and J. Simons

angular momenta experimentally observed for the ZnH or Vi per. = COmponent of vy

ZnD products(see Fig. L Hence,there must be another perpendicular to the

source of product angular momentum nascent Zn-H bond axis / p-
O

3. All of the initial angular momentum cannot end up
in the ZnH product’s rotation vy = 1/2 dr/dt

What is the fate of the initial angular momentum and L . , .

. . IG. 10. Collision complex as it crosses the seam with latgelt (desig-
what other sources exist? We know from our analysis o ated by the velocity arrows on the two separating H atoms, each having
reactive trajectories that, in the seam region of the entranceziocity (dr/dt)). p is the Jacobi coordinate of the exit channel, the dis-
channel PES, the ZnHmoiety is “locked into” a nearC,, tance from the departing H atom to the center of mass of the nascent ZnH.
geometry. This implies thadll of the ~7—1 of initial an-
gular momentum has evolved into rotational angular momen-
tum of the entire Znkl species. If, after crossing the seam, perpendicular to the Zn—H axis whose lengthrisThis ve-
the rotating ZnH suddenly breaks apart into an intact ZnH locity vector can generate angular momentum equal to
molecule and a departing H atom, only one half of th&l  A“znHTUH,per- ThUS, our proposal for the source of the addi-
angular momentum would be carried off in rotation of thetional angular momentum in the diatomic products is this
ZnH diatom (because all three atoms rotate about the movelocity of the separating H atoms that is converted both into
lecular center of mass witllentical angular velocities In  relative velocity of separatioffor the departing hiand ZnH
the ZnHD case, only one third of the total angular momen-otation (for the other H.
tum would depart with a nascent ZnH molecule, while two ~ Continuing to examine the above model, we speculate
thirds would appear if ZnD is formed. It is experimentally that the source of most of the velocity/dt is the release of
observed that ZnH produced from Zgkind from ZnHD has ~ zero-point energy in the H—H molecule which, upon reach-
nearly identical rotational angular momenta, and that ZnHng the seam region, has its bond nearly broken. If this is the
produced from HD does not have onfj2=1 the rotational ~case, we should havedr/dt=(2AE/u)? with AE
angular momentum of ZnD from HD. Moreover, as noted in=1/2%(k/ )", the zero-point energy. Sdyr/dt should be
the preceeding paragraph, even all of the angular momentu@foportional top. . In the homonuclear cases, #ind D;,
of the rotating ZnH complex is too small to account for the the velocity of the H or D atom igdr/dt, but in the HD
angular momentum observed in the ZnH or ZnD productscase, the H atom’s velocity i&dr/dt and the D atom’s ve-
Hence,there must be more to this story than product depodocity is 3dr/dt. Combining these facts, we can express hy-
sition of initial collisional-plus-diatom angular momentum drogen isotopic mass dependence of the rotational angular

momentum in terms of the equation:
D. Physical model for (the rest of ) the products’ L,= iznmp™Hip SIN X
angular momentum

Recalling thatvyp is proportional to fpmmoon) >+ and

In search _Of other sources of product angul_ar MOMENthaty is idr/dt for HH and for DD but involvesdr/dt and
tum, we examined the nature of numerous reactive trajectozy /4t for HD. we can compute the rotational angular mo-

ries as they crossed the seam in the entrance-channel P nta appropriate to the four isotopic cases. These predic-

and observed that: tions (which of course provide a single value for each isoto-

(1) most of theinternal motion (i.e., velocity excluding pic case, and thus relate most likely to the peaks in the
overall rotation in the ZnHH complex resides idr/dt and distributions are summarized in Table I.

d_r/dt_is positive (d_ue largely to release_of the zero-point The physical model in which the zero-point energy of
vibrational energy m_the H—H bond that is nearly fully bro- the H,, D,, or HD molecule is converted into relative mo-
ken when the seam is reached - _ tion (outward in the r coordinate, which then generates
(2) dR/dt is small and can be positive or negative, and e on the newly formed ZnH or ZnD bond axis to gen-
(3) do/dtis small(this is reflective of the HH rotational - g ate (a3 major portion of the products’ rotational angular
motion being “locked in’). Using the internal geometry of 3mentym, suggests according to Table I that the ZnH ro-

the collision complex in the seam regi¢e.g.,R=1.6 Arr _tational angular momentum should be nearly the séanita
=2.4AR), and drawing velocity vectors that characterize

largedr/dt, we were able to identify a potential source of
significant angular momentum in the diatomic prod(s#e  TABLE I. PredictedL, values for four isotopic cases showing isotope mass

Fig. 10. dependence.
1. Release of zero-point vibrational energy Numerical
Notice that the departing H atofthe one on the right in  'sotopic case  L;(1/2,1/3,2/3)zn s *roomp  valué'of L,
Fig. 10 has a large component of its velocity alopgon- ZnH from H, 1/2(1)(2)*=0.84 13%
sistent with prompt dissociation of the ZaHH fragments, ZnH from HD 2/31)(3/2)**=0.90 14
and that its component perpendicular gds such that the  Znb from b, 1/2(2)(1)**=1.0 150
ZnD from HD 1/32)(3/2)**=0.90 14

angle¢ increasesi.e., d¢/dt is positive. Also, note that the

H ato.m involved i.n forming ZnHthe one on the Ieﬁhas a  acomputed using_,= sz o7 SiNx With the velocity obtained from
velocity vector with a large component { pe=vy Sin x) the release of zero-point vibrational energy.
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0.14 ergy into torque of the nascent ZnH or Z{DB—-15:). All of
] . these sources of angular momentum can add constructively
042 or destructively. For example, if the ZnHH complex shown
o ® in Fig. 10 were rotatingclockwisewith 74 of angular mo-
] 4 o mentum(of which 3.5 would end up in the nascent ZpH
014 o0 release of zero-point energy wouidcreaseto ~16.5i
1 . (=3.51+13%) the rotational angular momentum in the ZnH
0.08 : fragment. In contrast, if the ZnHH complex were rotating
g 1 © ) counter clockwisevith 74 of angular momentum, release of
&ooe' o ol® zero-point energy would produce ZnH rotating with#13
o b . —3.5,=10.%: of angular momentum.
] L . The overall result of combining these three sources of
0.04- .’ angular momentum i&) a distribution of angular momenta
] o . in the (“locked”) ZnHH (or ZnDD or ZnHD complex of
0.02] - oo ~2h—10k of which 1/2, 1/3, or 2/3 is available to the ZnH or
] e ? o ZnD product moleculgso, only 1-7 of product rotation
1 i ® o arises from this sour¢e and (b) an additional amount of
oe A AL T 'QM product molecule angular momentum-e13—15: generated
N by release of zero-point energy, which can combine con-
FIG. 11. Rotational populations for ZnH produced from (dpen circle structively or deStrUCtlvel,y Wlth, the ,a”‘?’“'a_r momentl‘_lm of
and from HD(filled circles in the seam region. sourcea. The net result is a wide distribution of rotational

energies in the ZnH or ZnD products, but a distribution that
has a major contribution from the angular momentum gener-

a ratio of 0.84/0.96:0.93) when H or HD is the reactant. ated by release of zero-point energy.

Likewise, the rotational angular momentum of ZnD from HD

and from D, should be nearly the san(eylth a ratio _Of 3. Computer simulation test of the zero-point energy
0.90/1.6=0.90). In both cases, the case in which D is the gjease model

departing atom should produce tfsfightly) hotter rotational

profile in the diatomic. To further test the primary hypotheses on which the

above model is based, we examined, for the same ensemble
of reactive trajectories used to generate the rotational profiles
shown earlier, the angular momentum of the ZnH and ZnD at
In summary, the following major generators of angularthe moment the trajectory first accesses the exit-channel PES
momentum have been identified(a) the collisional angular (i.e., once the seam shown in Fig. 2 is first crogs€@yures
momentum and thefilcontributed by the Zh atom(5-74), 11 and 12 show these distributions for ZnH and ZnD, respec-
(b) the initial rotational angular momentum of the hydro- tively. These distributions are not vibrational-state resolved.
genic diatomic(0—3h), (c) and the release of zero-point en- That is, they include contributions from all vibrational states

2. Combining all sources of angular momentum
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and, as such, should be compared to the sums of Figs. 6 aMl. CONCLUSIONS
7 and 8 and 9 for ZnH and ZnD, respectively.

- . Using classical trajectory simulations on aib initio
The data shown in Figs. 11 and 12 describe the rOtafnulticonfigurational potential-energy surface for fi&, (or

tional level the diatomic would occupy if all forces due to the 3A") state of the Zh(3P) + Hy—~ZnH(2S)+H reaction and a
2

presence of the departmg H or D atom were suddenly "®local tessellation and interpolation scheme, we were able to
moved once the exit channel is accessed. The differenc

between the distributions of rotational angular momenturrih%'pIicate much of the unusual results observed in the experi-
. S . gul . mental ZnH and ZnD product rotational populations. Subse-
obtained in this limiting case and in our full simulations are

. . nt interr ion of r ive traj ri h
due to the influence of the departing atom on the nascenque t Interrogation o 'eact e trajectories sugg.ests that
diatomic muchof the product rotational angular momentum is gener-

. - ated by release of the HD,, or HD zero-point energy near
The data depicted in Figs. 11 and 12 show that the nay y release of theHDy, ro-point energy ne
scent ZnH rotational anaular momentum distributions from he triangular transition state, but significant contributions
9 also arise from initial rotation of the hydrogenic diatom and

(Znsrﬁe)ait:t]gffvyg:ug s(angswge]ﬁ;_'gnt:javga\ll(e\gljlargi?r 10%§ets collisional angular momentum. When the zero-point energy
but cc,)nsistent with the model, ut fgrth above, the dis£ribu is released, outward velocity along the H-br DD or
L - put ' H-D) axis both propels the departing hydrogenic atom out-
tion from HD is slightly hotter. Similarly, the nascent ZnD
. o ward and generates torque on the nascent ZertHZn—-D)
rotational distributions for the product produced from Zn re- : .
. ) ) . bond, thereby producing rotational angular momentum. As
acting with D, and HD have nearly identical onsdts6#), . . .
S trajectories move further on the exit-channel surface, some
cutoffs (34h), and peak value$~15—17), but again with .
of the angular momentum thereby generated is lost due to

the \F;\;ﬁgﬁcttﬁef:éﬂzzg;? d%(railtr)ﬁiglrlgh:ryehc?ﬁr.are d with thforces that act to push the departing atom and the nascent
P Giatomic back toward triangular geometries.

final rotational distributions obtained in our simulations, sig- A simple model, based on consuming all of the initial

nificant differences are noted, but it is important to stress tha}ero-point energy to produce rotation in the product di-

X\tomic, predicts that the ZnH rotational angular momentum
when H is the reactant should be nearly the same as when
HD is used(and that the ZnD angular momentum from D

(unexpectefd characteristic of the experimental data and of
our full simulations—that the rotational populations of ZnH

from H, and from HD are(nearly the same and the distri- 4 450 1D should be nearly identigalnclusions of initial

butions of ZnD from D and from HD argnearly the same. . . . .
; . S collisional-plus-diatomic rotational angular momentum from
The primary differences between the distributions of na-

scent ZnH or ZnD and of experimentar simulated ZnH these broadens and shifts the product—molecule rotational
: opulation profiles.

or ZnD are: (1) that the cutoffs shift to lower valuegy popuiation prof

~6f) as trajectories move from the seam region to form

products;(2) that the peak values also shift to lower values;ACKNOWLEDGMENTS
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thus accounting for the differences between the rotational evaluateN, and we used the vibrational energik/ s, 1) (v + 1/2)

profiles of Figs. 11 and 12 and the experimental data. and the actiorS= [ uz,_ (d7/dt)d7= (v + 1/2)h to computey.
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