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Isotopic Branching in (He, HD™) Collisions'

Ashwani Kumar Tiwari, Aditya Narayan Panda, and N. Sathyamurthy*
Department of Chemistry, Indian Institute of Technology Kanpur, Kanpur 208016, India

Receied: April 7, 2005

A three-dimensional time-dependent quantum mechanical approach is used to calculate the reaction probability
(PR) and the integral reaction cross sectioff)(for both channels of the reaction HeHD (v = 0, 1, 2, 3;

j = 0) — HeH(D)" + D(H), over a range of translational enerdy4,9 on two different ab initio potential

energy surfaces (McLaughhfThompson-Joseph-Sathyamurthy and Palmieri et al.). The reaction probability
plots as a function of translational energy exhibit several oscillations, which are characteristic of the system.
The vibrational enhancement of the reaction probability and the integral reaction cross section values are
reproduced qualitatively by our calculations, in accordance with the experimental results. The isotopic branching
ratio for the reaction decreases in going fror¥ 0 to v = 1 and then becomes neathindependent in going

from v = 1 to v =3 on both the surfaces.

I. Introduction PR(HeH")/PR(HeD") was less than unity for different vibrational

L . . states over a range A more detailed investigation b
Kinetic isotope effect has been studied by experiment and 9¢ @hans 9 y

. . . ¥ Kalyanaraman et df showed that there were a large number
theory over the yearsln elementary chemical reactions, isotopic

bsiituti bl ) be the int " tential with tof reactive scattering resonances in three-dimensional (H&) HD
substitution enables oné (o probe the Interaction potential Without ¢ jisions forJ = 0 and thaf”" oscillated as a function Errans

changing the system dramatically. The isotopic branching in for 0.95 < Eyans< 1.5 €V and was less than unity fians >
the reaction Her HD* — HeH(D)" + D(H) has been studied 1 5 oy fz)ru":SO_j Z0. For all others (=1-3) stateslr“ar\f/as
B%asseevesrsgfgt?ﬁéz'&"g:]t(jaggol\‘?vr:éu?Les “2;5 Irc?vavc?c?tglu:r?gularless than unity over the entire energy range. .It was not clear if
. ’ these oscillations would survive od-averaging and ifJ-
eTtorr?igEujlmvﬂa)llxglsuef—ieHF?ﬁV\/liutEje g;efiiggr?égduéﬁﬂgergﬁj’ weightedI” would depend on the initial rotational stgte
- . ) : . . Unfortunately, experimental studies on (He, H2ollisions
tsrgtéggrr;%g?r)cggéi?atizﬁts Ltlzir:gtﬂgmﬁgfgzgﬂm%gfggf'Cal have been rather limited. Klein and Frledrh?anvestlga'ged the.
Joseph Sathyamurthy (MTJS) potential-energy surface (PES) system expe_rlmentally and reported that }he br_anchlng fatio
and reported the preferential formation of HeBver HeH decreased with m_creaset‘uﬂang Turner et ak*also investigated
‘ the system experimentally over a rangeEginsand found that

for vibrational @) states 6-4, (rotational statg = 0) over a T was less than unity for = 0—2, but exceeded one for=
wide range of translational energitny. Kumar et aF also 3 and 4 aEyae= 1.0 eV '

carried out three-dimensional QCT calculations and found that . :
. . . . To test theory against experiment we had undertaken a
— R R

the isotopic branching ratib’ = o™(HeH")/o"(HeD"), where o0 three-dimensional TDQM study of tBensdependence
oR refers to the integral reaction cross section, was less thanOf oR (HeH") andoR (HeD") and also off" for » = 0, 1, 2, and
unity for » = 0—3 but slightly greater than one for certain values 5 forj = 0 on the MTJS PES. In the meantime a,sli,ghily more
of Eyansfor v = 4. . ) . accurate PES for the system was published by Palmierilét al.

Mahapatra and Sathyamurthiypvestigated the dynamics of  Therefore we repeated the TDQM calculations on the Palmieri
collinear (He, HD) collisions using the time-dependent quan- ¢t a1 PES to determine if our findings were PES-dependent.
tum mechanical (TDQM) approathon the MTJS surface and  petajis of the methodology are given in section II, and the results

found that there were a large number of reactive scattering gpained are presented and discussed in section Ill. This is
resonances for HeH and HeD™ formation. However, the followed by a summary and conclusion in section IV.

reaction probability PR) for HeH" showed a staircaselike
structure, when plotted as a function of total energy for II. Methodology

different vibrational states. For the H&@hannel, howeveRR- . . .

(E) varied in a highly oscillatory manner. Further investigation _ | n® TDQM methodology involves solving the time-dependent

revealed larger lifetimes for quassibound states of [HeCtHAn Schralinger equation in reactant channel Jacobi coordinates on
for [HeHD]* .10 an L-shape grid®!"Forj = 0 of HD", the Hamiltonian operator

Preliminary studies by Balakrishnan and Sathyamdttfor in (R, y) space is given 48

(He, HD") collisions on the MTJS surface using the TDQM 2 2 2 2 2
methodology in hyperspherical coordinates for total angular H=— A" A + J
momentum § = 0) revealed that HeDwas formed preferen- 2ur gR?  2u;or?  2u, R
tially over HeH", and hence the isotopic branching rafic=

+V(Rry) (1)

whereur is the reduced mass of He with respect to the center-
T Part of the special issue “Donald G. Truhlar Festschrift”. of-mass of HD" and; is the reduced mass of HDR is the
* E-mail for correspondence: nsath@iitk.ac.in. center of mass separation between He and*HDis the
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Figure 1. Reaction probability values plotted as a functiorEef,s on both surfaces fai = 0; v = 0, 1, 2, and 3j = 0 for both product channels,
HeH' and HeD'.

separation between H and D, ands the angle betweeR and r, y,t) at timet, the energy resolved reaction probabilRE{(E)
r. J is the total angular momentum operator, af®, r, y) is was calculated a3
the interaction potential.

The initial wave packet for the time evolution was chosen as PE(E) =

VR EORCUROOPE0) @) M [TOR[T &y siny (R EigryRe B
G~ er-RRY IR (@ .

where the energy-dependent wave functiei, r, y, E) was

. " obtained by Fourier transforming the time-dependent wave
whereRy andkg refer to the center of the wave packet in position packety(R, 1, , 1).

and momentum coordinate, respectivelys the width param- For computing reaction probabilities corresponding to the
eter for the wave packek is the projection off on the body e+ and HeD' channelsrs has been taken to be sufficiently
fixed z axis, andPik(cosy) represents the associated Legendre large and away from the interaction region. Depending upon

polynomials. . . the magnitude ofyent andryep?, the flux was integrated into
The diatomic rovibrational eigenfunctiogsi(r) for HD™are gither of the two channels. It was verified that the sum of the
computed by means of the Fourier grid Hamiltonian approach reaction probabilities obtained from individual product channels
proposed by Marston and BalinKurti. and the total reaction probability obtained directly from the
The split-operator meth8tiwas used to propagate the wave  energy-resolved flux out of the reactant channel were the same.
packet in time. The fast Fourier transform (FFT) metHaudas The J-dependent initial state-selected partial reaction cross

used to solve the radial part of the Sttlirmyer equation, and sectiono’,; was determined as

the discrete variable representation (D¥Ryas used for the

angular part. The time-dependent Sainger equation was 1 j

solved under centrifugal sudden approxima#idand the wave gjj(E) = —[ij!‘:"(E) + Z;ZLP;K(E)] (5)
packet was propagated for 0:97.93 ps. Having computeg(R, 2 +1) =
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Figure 2. (2J + 1) PR values plotted as a function dffor HeH" (—) and HeD (.....) channels obtained from the MTJS (a, b, ¢, and d) and
Palmieri et al. (e, f, g, and h) PESs for= 0, 1, 2, and 3j = 0 of HD" at Eyans = 1.0 €V.

The initial state-selected total reaction cross seatig(fc) was the formation of the complex HeHD the lighter H atom is
then obtained by summing over the partial reaction cross sectionable to recede more rapidly than the heavier D atom. Also, a

values for all the partial waves: larger cone-of-acceptance at the D end due to a shift in the
center-of-mass of HDfavors the formation of HeD. Further,
Ima there is an overall increase RR with an increase irEyans for
0,(E) = —ZO(ZJ + 1)0jj(E) (6) HeD", whereas, for HeH, it does not change too much with
kyl-2 = an increase itkEyans FoOr both channels, the vibrational enhance-

ment of the reaction probability values can be seen clearly in
Further details of the methodology can be seen in our earlier Figure 1.

publication?* The partial reaction cross section J(2 1)PR] values for
) ) HeH' and HeD" channels obtained from the MTJS and Palmieri

IIl. Results and Discussion et al. PESs are plotted as a functionddbr v =0, 1, 2, 3;j =

A. Reaction Probabilities. Computed®R values as a function 0 atEwans= 1.0 €V in Figure 2. Itis clear that HeDs formed

of EyansOn both surfaces are plotted fér= 0; v = 0, 1, 2, 3; preferentially over HeH at low J values and that at high

j = 0 for both product channels, Hetand HeD" in Figure 1. values the trend is reversed on both surfaces for akcept

There are a large number of oscillations RR(E) for both for » = 0 on the Palmieri et al. PES, where Hel$ preferred

channels indicating the importance of resonances in the dynam-over HeD" over all theJ values. Forj = 0, the total angular

ics of the (He, HD) collisions. It is clear that, over the entire  momentum and hence the orbital angular momentum are directly
translational energy range, H&ls preferred over Hek for J proportional to the impact paramet®) &nd the latter is related

= 0, in agreement with the earlier results of Balakrishnan and to the scattering angle for direct collisions. As— 0, the
Sathyamurthyt! This is presumably due to the fact that, after scattering will be in the backward direction, and for laige
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Figure 3. PRvalues plotted as a function dfandEyans for HeH' channel (left panel) and HeDchannel (right panel) for = 0, 1, 2, and 3j =
0 of HD* on MTJS PES.

the scattering will be in the forward direction. Therefore, we for which PR becomes zero is nearly the same for all the
infer that HeH would be scattered preferentially in the forward vibrational levels, for both the channels on both surfaces.
direction and HeD would be scattered in the backward direction To examine the sensitivity ¥? to J andEyans, the PR values
forv =1, 2, 3. Forv = 0, the MTJS PES gives a slight are plotted for HeH and HeD™ channels as a function af
preference to HeD over HeH up to J = 9 but a larger and Eyans in Figures 3 and 4, respectively, for the MTJS and
preference to HeHover HeD' for J > 9. On the Palmieri et the Palmieri et al. PESs. It is clear that for a givenjj the

al. PES, on the other hand, Hetis preferred over HeD for plots for each channel have very similar structures on both
all Jvalues. The partial reaction cross section plots have similar surfacesPR for HeH" decreases slowly with an increasedin
structures on both surfaces. Also the maximum valuk(Gfay) whereas it decreases rapidly for the Hedhannel. Further there
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Figure 4. Same as in Figure 3 for the Palmieri et al. PES.

is not much overall increase PR with an increase ifyans for of HeH™ and HeD has been calculated, for= 0, 1, 2, and 3.

the HeH" channel. For HeD channel, on the other hand, there The resulting integral reaction cross section values are plotted
is a larger overall increase PR with an increase ifyrans AlSo in Figure 5 for HeH and HeD formation on both the MTJS

at a givenEgpans, Jmax for HeH™ channel is larger thad,ax for PES and Palmieri et al. PES, along with the experimental values
HeD" for all v states. It is also clear that with increaseljithe at Eyans = 1.0 eV. The total integral reaction cross section is

reaction threshold increases for both the channels. Vibrational also plotted in the same figure. Vibrational enhancement of the

enhancement iPR and an increase idmax with an increase in - integral reaction cross section is evident for both product

v can also be seen in Figures 3 and 4. channels. The excitation function plots are very similar on both
B. Reaction Cross Section and Isotopic Branching Ratios.  surfaces, and they do not show any substantial increas® in

After computing the reaction probabilities for a large number with an increase ifEyans On both surfaces, particularly for=

of Jvalues, the integral reaction cross section for the formation 0, 1, and 2. The TDQM results are compared with the available
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Figure 5. Integral reaction cross section plotted as a functioi@fs for HeH* and HeD" channels on both the surfaces for= 0, 1, 2 and 3;
j = 0 of HD* along with experimental result¥} at Eyans = 1.0 €V.

experimental results & yans = 1.0 V4 It is clear that the Recently, Baé and Zhang et & have reported the isotopic

TDQM calculation overestimates the reaction cross section for branching ratio in F HD collisions. Both the TIQM results

v = 2 andv = 3, when compared to the experimental results of Baer and TDQM results of Zhang et al. showed the product

for both channels. Here, one must bear in mind that the HF to be formed preferentially over DF in a low collision energy

experimental results arpweighted, whereas the theoretical range. This they attributed to the lower mass of H, which tunnels

calculation is only forj = 0. easily through the thin barrier of the PES compared to the
The isotopic branching ratid[= oR (HeH")/oR (HeD")] is heavier D atom. With an increase in collision energy, TDQM

plotted as a function dEyans in Figure 6 for both surfaces. Itis  results showed DF to be the preferred product. Our findings

clear that, forv = 0, I is very large at small energy, and it are consistent with their results.

decreases dramatically with increase in energy. Alsa fer0,

the branching ratio obtained from the Palmieri et al. PES is |/ symmary and Conclusions

higher than that calculated from the MTJS. This is presumably

due to fact thaf is a ratio of two small values far = 0.T for Initial state-selected integral reaction cross section values for
v =1, 2, 3is nearly independent of energy. The compited He + HD" (v =0, 1, 2, 3;j = 0) — HeH(D)" +D(H) have
values are compared with the experimental resultSyats = been computed using a time-dependent quantum mechanical

1.0 eV, in Figure 7. Itis clear that there is very good agreement wave packet approach on two different ab initio potential energy
between experiment and theory on both surfaces faradlues surfaces, within the centrifugal sudden approximation. Vibra-
excepty = 0. tional enhancement of the reaction cross section observed in
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Figure 6. Isotopic branching ratio plotted as a function Bfans On
both surfaces for = 0, 1, 2, and 3j = 0.
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Figure 7. Isotopic branching ratio plotted as a function:0bn both
surfaces along with experimental resul¥) @t Eyans = 1.0 eV.

experiments is reproduced qualitatively by our calculations for
both product channels. Plots Bf as a function oEans €xhibit

characteristic oscillations. The isotopic branching ratio decreases

in going fromv = 0 to v = 1, and then it becomes nearly
independent o in going fromy = 1tov =3 forj = 0. It

J. Phys. Chem. A, Vol. 110, No. 2, 200895

would be worth doing additional calculations for higherlues
to examine the influence gfon T'. Also the effect of adding
the Coriolis coupling on the integral reaction cross section needs

to be examined. These studies are under progress, and the results

will be published subsequently.
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