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We investigated the effect of Coriolis coupling (CC) on the initial state-selected dynamics ¢lH reaction

by a time-dependent wave packet (WP) approach. Exact quantum scattering calculations were obtained by a
WP propagation method based on the Chebyshev polynomial scheme and ab initio potential energy surface
of the reacting system. Partial wave contributions up to the total angular momdntuB80 were found to

be necessary for the scattering of HLi in its vibrational and rotational ground state up to a collision energy
~0.75 eV. For eacll value, the projection quantum numbemas varied from 0 to minJ Kmay, With Knax

= 8 until J = 20 andKnmax = 4 for further higherd values. This is because further higher value& afo not

have much effect on the dynamics and also because one wishes to maintain the large computational overhead
for each calculation within the affordable limit. The initial state-selected integral reaction cross sections and
thermal rate constants were calculated by summing up the contributions from all partial waves. These were
compared with our previous results on the title system, obtained within the centrifugal sudd&staftithg
approximations, to demonstrate the impact of CC on the dynamics of this system.

. Introduction of the primordial lithium chemistry-! The formation and
depletion of HLi and its ionic counterparts play crucial roles in

In this article, we present a detailed full-dimensional quantum the Stellar evolution and galactic lithium productiGrMore-

wave packet (WP) dynamical calculations of the integral reaction over, the existence of these molecular species may cause

g:;c;?ferisrfcu'?'ﬂezgdtv;gean;riti{?etse rgorr](izrrlft Iﬁ; tmhg;rt'_' i';'nl"ortamsignificant anisotropy of the cosmic background radiation by

dynamicgl. observablesqof a chemicr:)al reacfiorhe reactign un_dg rgoing Thompson scattering With the emitted phétdthe

cross section is calculated by summing up ail partial wave minimum energy path of the reactive processes R1 and R2
occurs at the collinear configuration of the three nuclei. The

contributions of the total angular momentuhto the reaction - i
probability. A further averaging of the energy-dependent reaction potential energy Surf?‘ce (PES) for the gro_und elect_r onic state
) of the H+ HLi system is reported for the collinear configuration

cross sections at a given temperature yleld_s the therma_l rateby Clarke et al* and for the three-dimensional configuration
constant. In an atomdiatom reactive scattering, the reaction

- : . . .. by Dunne, Murrell, and Jemmer (DMJAnd by Kim et al® In
3;%%?8#%?;;;2;?;ﬁslgggﬁgifg ?ri/r(r))ll\l/r;gzl:jt ;g?eee);pg?t addition to describing the PES in the collinear configuration,

freedoni—3 to describe the relative orientation of the atom and CIarKe et af? h'.a.v.e also calculgted the '“'“'?" state-selected
diatom in a plane and the fourth one, the projectionf the reaction probapllltles by a quasiclassical trajectory. (Q.CT.) as
total angular momenturdy defining the orientation of this plane. well as by a t|me-d§pendent WP approach. Their f|n.d|'ngs
A commonly employed approach in the body-fixed (BF) frame revealed an early barr|e1°Q.036 e\/) and a strong exotherm|0|ty
is called the centrifugal sudden or the coupled states (CS) of ~2.0238 eV.for.the HLI deplepon path (Rl‘).?l’he e>.<|stence
approximatior4in which K is a good quantum number and is of such a barrier is not found in the three-dimensional PESs

i 15
treated as a fixed parameter. This reduces the dimensionalityremrted .by Dunne et él:and K'”.‘ et al:® however, th_e
of the problem to three. We used this approximation for the exothermicity of the depletion reaction is found to be consistent

title reaction in our previous publicatidrmnd the results will with the res_ults of Clarkg et at. DM‘]. PES is an analytical
be discussed here in relation to the present and more exac epresentatlon_of the_ ab initio F".’te”“"?‘"ef'ergy d_ata compu_ted
Coriolis coupling (CC) results. In the latter the neighboriag y the authors mcludln_g the cor!flgurauon Interaction "%‘”d using
states couple each other and thereby the dimensionality of the\"’/‘\r/1 augn;eﬂye%cécgr_eIatlon-cor(;astenF valllem(:je dlggblg?;hset.
problem becomes four. Recently, similar studies on the effect /& Used this In present dynamical study. Kim ve

of CC terms on bimolecular reactive scattering systems have perfo_rmed the c_omplete-act_ive space self-_consisten_t-field_ cal-
also been treated in the literatié culations to obtain the potential energy data in three-dimensional

arrangements of the nuclei. These authors have performed quasi
. . : L - classical trajectory calculations and reported the direct nature
S)ati'hlugﬁlil-l E;«ihs;nllcl_i(?éolt)h e(irir)n;: Ittt;y;rfﬁgi :u\?aijgglce;;% e of the HLi depletion path and found that the reaction dynamics

path; H+ HLi — HLi + H (R2), and (iii) a nonreactive path; is insensitive to internal excitation of the reagent HLi.
H+ ,HLi — H+ HLi (NR). A Stl’de of the collision dynamics, In our previous studie3;>!’we have investigated dynamics

of HLi molecule is particularly relevant in a better understanding ©f H + HLi collisions on the DMJ PES by a time-dependent
WP approach. We reported the reaction probabilities for the

* Corresponding author. E-mail: smsc@uohyd.eret.in. Fag1-40- exchange as well as the depletion channel for the total angular
23012460. momentum] = 0.16 The oscillations in the energy dependence
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The H+ HLi collision proceeds via three dynamical paths;




6040 J. Phys. Chem. A, Vol. 110, No. 18, 2006 Padmanaban and Mahapatra

of reaction probabilities are identified with the resonances of andy (the angle betweeR andT) as follows2627
the system and subsequently these are calculated by a pseu-

dospectral approac.These resonances are characterized in b= h_z 8_2 8_2
terms of their eigenfunctions and lifetimes. We found that some 2 IR ar2
of the resonances can survive as long~a250 fs!” We have
also carried out dynamical calculations fdr= 0° using the

]\2 ’|‘2
+R+2MR2

+ VR ry) (2

4 i 8.19 whereu = \/nhsz-/(ZmH+mL-), (my andmy; are the masses
CS as well as)-shifting (JS)*° approaches and reported of H and Li, respelctively) islthe three-body reduced mass.

integral reaction cross sections and temperature-dependent rat - .
. n he rotational angular momentum rator of HLi, an
constants for both the exchange and depletion chafr@is. 86 otes the rotational angular momentum operator o , and

. | denotes the orbital angular momentum operator. The quantity
findings reveal a preference of the exchange channel over theT2 can be expressed as

depletion channel at low and moderate collision energies;

however, at high energies the depletion channel is preferred.
The resonance oscillations seen in the reaction probability curves
average out with many partial wave contributions in the integral

reaction cross section resutts.

Very recently Defazio et &° reported the thermal product
distributions, rate constants and mechanisms oftHHLi
reaction by employing the real WP metiRédand the JZ
approximation. Their findings reveal that the LiH depletion (R1)
rate is larger than the H-exchange (R2) rate (up #0 K) and
the latter preponderates at higher temperatures. The rate constant
results for both the processes are reported to deviate from theJ

Arrhenius type of behavior. In this study, we report the initial under inversion of nuclear coordinates in the SF frapean

state-selected integral reaction cross sections and temperature; expanded in terms of BF Jacobi coordinasr(y) and
dependent rate constants for the R1 and R2 channels and discus&ree Euler anglesi( = 0¢0) ag—424.25 Y

the effect of CG67.2325 on these dynamical quantities. Our
findings reveal that inclusion of the partial-wave contribution J
up toJ = 30 is necessary for the reaction cross sections up to |‘P#A(R1 ry,w, )= — z Fiﬁ’\,l(w)PI‘f((R, ry, )0 (4)

a collision energy of+0.75 eV. The projection quantum number Rrk&=;

K up to 8 (up toJ = 20) and 4 (for further highed values) is

included in the dynamics. The dynamical results show that the whereK is the projection of (and also ofJ) on the BFz axis.

R2 channel is generally preferred over the R1 channel. The Fih,(w) denotes the normalized parity-adapted angular func-
thermal rate constants for both the R1 and R2 channelstions written in terms of the Wigner rotation matrix elements,
monotonically increase with temperature. The Coriolis coupling Dy,,, a2

leads to an increase of the reaction rate at low temperatures

and a decrease at high temperatures, when compared to the C]S_Jp . _12

results for both the channels. Deviation from the Arrhenius type (@) = [2(1+ O o)]

of behavior is observed for the rate constant results of both the

channels. The essential details of the theoretical method to treat

the scattering dynamics are outlined in section Il. The results ; ; ]
are reported, discussed, and compared with those obtained fromf¥here D= (@) = (=1)Di y(w). These matrix elements are
a reduced dimensionality treatment in section III. Finally, the €Xpressed in the passiayzconvention for rotatio®*° The

P=0-1)?=%+7"-23),-3j_ -37, @

wherel is the total angular momentum operator describing the
three-body rotation and, and J, are the respective BE
componentsJ;(J-) andj+(J-) are the corresponding raising
(lowering) operatorsV(R, r,y) is the interaction potential of
the H+ HLi system. The DMJ PES of H- HLi8 is used for

the latter in the following study.

The physical wave function of the # HLi system satisfying

e TDSE [eq 1] and depending on the total angular momentum
its projection onto the space-fixed (Skaxis, M, and parity

2J+1
8
(—1)’"PDY (@)1 (5)

[Dy (@) +

summarizing remarks are presented in section V. parity selection depends on the odd or even valuesasfdK
is restricted to non negative values. For instance, bdthtes
Il. Theoretical Framework will have odd parity p = 1) and even] states will have even

. . . ] ~ parity (o = 0). In case ofJ = 2, for example, the dynamical
The nuclear dynamical simulations are carried out employing calculations are carried out for eakhvalues varying from 0

a time-dependent WP approach and the integral cross sectiongo 2 (note that the1)< term is also there in the expansion of
and thermal rate constants of the #H HLi reaction are D’ «m(@)) and even value of parityp(= 0).

calculated. The time-dependent Sairger equation (TDSE) In this study, we consider the collisions of H with HLi in its
is numerically solyed on each gnd_. For an exphcnly time-  yiprational and rotational ground state; (= 0, j; = 0).
independent Hamiltonian, the solution of the TDSE is given Substituting the Hamiltonian [eq 2], and the wave function [eq
by 4], in the TDSE, after some algebra the effective Hamiltonian
( in the BF frame operating onf( is obtained in a tridiagonal
W (t) = exp{—iﬂﬁ]ﬁp(t =0)J (1) matrix form ag+*
_ a= _h_2(8_2 iz)_iz(iismyi_ Kz)
where [W(t = 0O)Uand |P(t)UJare the wave functions at time 2u\sr2  or2)  2l\siny dy d  siry
zero and, respectively, andH is the Hamiltonian operator of 5 )
the reacting system. A% kY VR 1) O — A CELK(i _
A. The Hamiltonian and the Initial Wave Function. The 2uR? T 2uR? dy
Hamiltonian operatoH in eq 1 is expressed for the H HLI _ 9
collisional system in terms of the mass-scaled reactant channel K COty)éK,K'+l + G, K(_ B K COty)éK,K'—l (6)

BF Jacobi coordinateR (the distance of H from the center-of-
mass of the HLi molecule), (the HLi internuclear distance)  wherel = uR?r?%/(R? + r?), is the three-body moment of inertia
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and, Cjx = [JO0 + 1) — KK + 1)]¥22 The last two The functions®n(—iHnom) are the complex CPs of order
off-diagonal terms in eq 6, couple the various neighboring satisfying the recursion relation

K-states (i.e.K with K £ 1) in the BF frame and represent the o~

CC terms. In the CS approximation these terms are neglected. @y = —2H0m P + Py (12)
Therefore, in addition to the three BF coordinates, wave function
also depends oK adding to the overall dimensionality of the
quantum dynamical treatment. Hereafter, we refer the first term
in the right-hand side of eq 6 a¥R, r), the second and third
terms aslgia(y), and the fifth and sixth terms asu(y).

The initial WP |1Pf<(R, r, v, t = 0)dis prepared in the
asymptotic reagent channel (occurringRat— «), where the
interaction potential vanishes. In such a situation it can be
described as a product of translational wave funck¢R) for
the approach of H to the center-of-mass of HLi, the rovibrational
wave functiong,i(r) of the HLi molecule and the?-normalized
associated Legendre polynomieﬁ}‘(cos y) for the motion
along the approach angje

with @y = 1 and®; = — iHnom The number of CP terms to
be used in the above expansion [in eq 11] is determined by the
volume of the time-energy phase spager AEAU/2h.

The action of the radial(R, r) and the angulaf(y) kinetic
energy operators on the wave function are carried out using the
fast Fourier transform (FFT) meth&thand a DVR method?3°
respectively. For the latter, the choice of the grid algndn
principle depends on thkandK values. In practice, the choice
of differenty grid in a single numerical calculation is impossible.
To avoid this difficulty, we used the grid points corresponding
to J = 0 andK = 0 throughout the calculations, however, we
used appropriate eigenvector matrix corresponding to a particular
K value (by diagonalizing the cgsoperator in the basis of the
associated Legendre polynomials) to set up the DVR-finite basis
representation (FBR) transformation ma#i§2¢In the following,
the nodes of a 48-points Gauss Legendre quadrature (ELQ)
are used for the grid points along

The coordinate grid consists of equally spaced pdieand

[WR(R 1, y,t=0)C= F(R)¢,(nPf(cosy)  (7)

We choose a minimum uncertainty Gaussian wave packet
(GWP) for F(R):

1 1/4 (R— Ro)2 rm along the two Jacobi distanc&andr, respectively. The
F(R) = ———— —ik(R—-R)| (8) initial wave function at each noddR( rm, yn) of this grid is
2 2 0 F\>O .
270 40 given by

The quantityo is the width parameter of the GWP, aRgand |1pJ(|:zI r Yy t=0)= ¥, =
. . . . . K'Y P /o Imn

ko correspond to the location of its maximum in the coordinate ~
and momentum spaces, respectively. VW, F(R)¢,(r)Py(cosy,) (13)

The functiong,;(r) represents the rovibrational eigenfunction
corresponding to a given vibrationaland rotationaj state of
the reagent HLi molecule. The functiaf;(r) is obtained by
solving the eigenvalue equation

The action of the rotational kinetic energy operator is then
carried out by transforming the DVR wave function [eq 13] to
the angular momentum space (FBR), multiplying it by the
diagonal/ off-diagonal value of the operaiidyy), and transform-

H2 2 i(i )hz ing it bapk to _the DVR representation. Numerically, this is
i + V() + T ¢,(r') = €,6,,(r") (9) accomplished in a single step as follows

2 g2
Hereu' is the reduced mass of HLd,; is the energy eigenvalue 3 K K 1, K210 + 1)
I nN1/2 i 4 . Tdia(y)|lplmn’|j= z ZUn’,j |
and,r’ = r(u/u")Y?is the unscaled internuclear distance of the | 5 2 I
HLi molecule.V(r") is the potential energy of HLi obtained from I0+1) - K2

the DMJ PE$ by settingR — «. We used the sine-discrete
variable representation (DVR) method of Colbert and Mifler R
to solve the above eigenvalue equation. H
B. Wave Packet Propagation.The action of the time- . h
evolution operator expf iHt/A] on the WP [eq 1] is carried  Tor(¥) Wi = Z{ ZUﬁﬁl
il T Zu

} Ufn] W0 (14)

2

[Ck CJ-*K]} UJ-K,H] P
out numerically by dividing the time axis intd segments of R (15)
length At. The time-evolution operator is approximated by a
Chebyshev polynomial (CP) expansion scheme, originally where the quantity; , represents the DVRFBR transformation
proposed by Tal-Ezer and KosIdf.In this scheme, the time 1 atrix andU’. is the Hermitian conjugate 10 . Cj; andC,

evolution operator is expressed as are the CC terms.

A o o o In dynamical studies involving scattering systems, as the WP
exp[-iHAUA] = exp(-IHAUR) exp(-iaHym)  (10) moves forward in time, its fast moving components approach

the grid boundaries and are no longer relevant for the rest of
the dynamics. Therefore, to avoid unphysical reflections or wrap
around of these components from the boundaries of a finite sized
grid, the WP at each time step is multiplied by a damping

whereHnorm = 2(H — H)/AE, with, H = (Emax+ Emin)/2, and,
AE = Emax — Emin. The quantityHom represents the scaled
Hamiltonian with eigenvalues in«1,1).

The first term in the right-hand side of eq 10 represents the

i 7
phase shift due to a shift of the energy scale (as stated above)functlon"
and the second term is approximated by the CP series (with the _x
K . . . .| (Xmask+ AXmask XI)
Bessel functions, of first kind and the Chebyshev polynomials  f (X;) = sin 5 AX , Xz X (16)
d,) as mask
o which is activated in the asymptotic reactant and product

expiaH o = S (2 = 03P (—iH o) (1) channels Xpaskis the point at which the damping function is
= initiated andAXmas=Xmax— Xmasp is the width ofX over which
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the function decays from 1 to 0, witkinax being the maximum The initial state-specific thermal rate constant can be calcu-
value ofX in that direction, in a particular channel. The stability lated from the CRP &%
and numerical convergence of the CP scheme is explicitly
checked with respect to the above damping function. — -1 [t —E/keTp

C. Final Analysis: Reaction Cross Section and Thermal K(T) = (27hQ(M) f . dEe N”‘(E) (24)
Rate Constant. The initial-state selected and energy-resolved
reaction probabilities corresponding to a given value aihd
K = 0 — min(J, Kmay are obtained by integrating the reactive
flux of the WP at a dividing surface at= rq, in the specific
reaction channel (R1 or R2).

the quantityQg(T) in the above equation defines the reagent
H-+HLi partition function, Qr(T) = QeleQuQ.ibQrot.** In the
present case

Q=1 (25a)
P/ E) = Z|S]I “P=m@Rr,y, B FIORT,Y, B)—., 27Tmk,T\32 A
= 25

(17) tr hz ( )

whereS" is the reactive scattering matrix from an initial state Q. = 1 (250)
i of the reactant to a final statef the product. The flux operator vib ™ hy
F in terms of the dividing surface (at= rg) can be given @839 1—expg- kT

E=—POse 1)+ o0 — rd)@] (18) e y
2ulor ar Qot = Z(Zl +1) exp(j( + 1)B/kT)  (25d)
T

With this, the reaction probability in eq 17 can be expressed as
are the electronic, translational, vibrational and rotational
p? K(E) _ ﬁlm[@(R f oy E)‘E)(D(R, Fer V5 E)u] (19) contribution to the partition function, respectively. HeBejs
: u v or the rotational constant of HLi molecule-(7.5131 cm?),8 and
o ] ) kg is the Boltzmann constant.
The quantity in the right-hand side of the above equation is p computational Details. The properties of the initial WP
integrated over the entire range Bfand y. The quantityE and the grid parameters used for the numerical calculations are
represents the total energy (relative translatioralro- listed in Table 1. The initial state-selected integral reaction cross
vibrational) of the collisional system. The energy normalized gections are calculated using eq 23 for a specified rovibrational
t|me-|ndepe.n(_je.nt reactive scattering wave function is calculated gt5te of HLi molecule. The WP is propagated for a totakof
along the dividing surface at= rq as 276 fs using the CP scheme. The norm of the WP typically
comes down to 2. 1072 at the end of the time propagation.
|D(R 1y, v, E)O= [9(R 1, v, B) e (20) Therefore, all major dynamical events are expected to be over
within this time period. It is well-known that the stability of
the CP scheme depends on the maximum allowed energy on
the grid. For the potential energy one generally sets a cutoff
value to control the stability. The angular kinetic energy on the
grid depending on th@nax (=N, — 1) andJ is usually large.
Very large values of this kinetic energy are unphysical and the
12 it ik R relevant wave function does not contain any components
Ke= (ﬁ) f F(R)e™" dR (21) corresponding to them. In the present application, the maximum
" permitted value of the angular kinetic energy is therefore

wherek, = /—Zu(E—e /A, with ,; being the initial rovibra- t_runcated gradually above a_reasonab_le véﬂu_ld_l the calculg-
tional energy of the I-U|1Li molecule. tions reported here are carried out with HLi in its vibrational

The distinction between the two channels (R1 and R2) in @nd rotational ground state € 0,j = 0). Each WP propagation

the product asymptote is made by comparing the internuclear UP 1 276 fs on a single processor takes nearly 60 h of CPU
distances of the productsHand HLi molecules. The reactive  tMe in a IBM P690 machine. The maximum allowed value of
flux, [eq 18], in which the H distance is smaller than the HLi X (KmaJ IS considered up to 8. For instand¢,= 3 state can
distance is considered to represent the (R1) channel and theOuPle with theK = 2 andK = 4, whereaX = 8 state can
rest is considered to represent the (R2) chaffhel. couple only withK = 7 not with K = 9 since Kmax = 8.

The reaction probabilities depending upiriK andp [cf. eq Similarly, K = 0 state can couple only witk = 1 because

19] are then summed up with appropriate weight for a specified Oy Positive values oK are considered here. The parity is
(v, j) state. This yields the cumulative reaction probability included in the dynamical calculation, which is decided by the

The energy-dependent wave functip(R, rq, v, E) is obtained

by Fourier transforming the time-evolved WH(R, 1, y, t)
along the dividing surface. The quanthky is the weight of the
translational energy component contained in the initial WP for
a given total energ¥

—o0

(CRPY (—1)’*P value.
The convergence of the reaction probability results up to the
1 Kmadmax total energyE ~ 0.84 eV (collision energy~ 0.75 eV and for
NU]-(E) = _—}ZOZK(ZJ + l)ijK(E) (22) eachJ andK values is explicitly checked with respect to the
2| + 1= numerical parameters given in Table 1. Partial wave contribution

. . ) ) up toJ = 30 is required to obtain the converged cross section
The initial state-selected integral reaction cross section for a yaqyits. This can be estimated from thelependence of the

specified initial ¢, j) state of HLi is then calculated from degeneracy weighted reaction probability for the channel R1
- and R2 shown in parts a and b of Figure 1, respectively. It can
0,/(E) ==N,(E) (23) be seen from the figure that the partial wave contribution

kﬁj increases with increasing energy. Typically, we find about 10%
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TABLE 1: Numerical Grid Parameters and Properties of the Initial Wavefunction Used in the Present Study

parameter value description

Nr/Ni/N, 128/64/48 no. of grid points

Rmin/Rmax 1.0/18.78 extension of the grid aloRy

I minf/T max 1.0/8.56 extension of the grid alomg

AR/Ar 0.14/0.12 grid spacings alorfiandr

rd 5.44 location of the dividing surface in the product channel
Rmaskl mask 13.46/5.68 starting point of the masking function

Ro 12.0 initial location of the center of the GWP in the coordinate space
Veut (€V) 3.0 maximum potential energy cutoff

Egrans (€V) 0.55 initial translational kinetic energy

o 0.3 initial width parameter of the GWP

At (fs) 0.135 length of the time step used in the WP propagation

T (fs) 275.8 total propagation time

error in the reaction probability results for some energies at depletion (R1) and the H-exchange (R2) channels are shown in

higherJ (>18) values. panels a and b, respectively. In each panel, the CC reaction
To this end we mention that the convergence of the results probabilities are shown and compared with the CS resfdts

with respect toK has been verified. While the cross section each values od andK. The latter are distinguished in terms of

results for the depletion channel show a good convergencedifferent line types in panel b.

behavior over the reported energy range, that for the exchange The initial and most probable collision energy of the GWP

channel is relatively poor beyond a collision energy~di.65 is chosen to be 0.55 eV and the total energy is measured relative
eV. The latter may be attributed to the possible shortcomings to the minimum of the HLi potential. The reaction probabilities
of the underlying PES employed in this study. pertinent to a channel is calculated by integrating the reactive
flux flowing into it. As stated before, the two channels above
lll. Results and Discussion are distinguished by comparing the internuclear distances of the

OIproduct H and HLi molecules. The CC reaction probabilities

In this section, we present and discuss the results obtaine renorted here ar lculated at an enerav interval of 0.005 eV
for H + HLi scattering with the theoretical formalism described eported here are calculated at an energy interval ot ©. €
and summed over all open vibrationaf)(and rotational j()

above and compare them with the same obtained in our previouaevels of the product molecule at a given energy. The channel
i ,19 i 7 .
study using the J5+1° and the CS approximatioris. The specific reaction probabilities faI = 0 and forJ = 0 (within

reaction probabilities are reported here for collision energies L . .

up to 0.75 eV. The reaction cross sections and thermal rate:Ee Cs ?tppr(()jglmtat(ljonr)] are discussed '? retfs ° ar][oll 16, WheTe

constants are calculated by averaging these probability results € resulls indicated sharp resonance structures at low energies

over all partial wave contributions. (near the onset) for both the_channels._ The resonances are found
A. Reaction Probability. The initial state-selected and energy to be less pronounced at high energies. Also the signature of

resolved reacton probabilty as a function of the total energy oIS LU, AR T KOS (U IR e
E are plotted in Figure 2 for the total angular momentuns

1 and forK = 0, 1. The reaction probabilities for the HLi in a subsequent study, fdr= 0'"as well as fod = 0 including

the CC2
W——TF— 05— —————TT 71—
I (a) HLi depletion channel 04' (a) HLi depletion channel T
0.3
0.2
£ 0.1
a
m) 3
= g o
5'; o
o § 08
- ]
T 3
< & 06
K=0 (CC)
i 0.4 — K=1(CC) —
10 - —— K=0(CS) |
02k ---- K=1(CS) a
5 | 0 M B R RS
0 0.2 0.4 0.6 0.8
] Energy [eV]
0 J - Si0o T8 .. 3 Figure 2. H + HLi (v = 0, = 0) reaction probabilities as a function
0 5 10 15 20 25 30 of the total energy (HHLi translational+ HLi rovibrational) for the

Total angular momentum (J) total angular momenturd = 1 and forK = 0, 1 calculated using the

Figure 1. Weighted CC partial-wave contributions to the cumulative CC and the CS model for the HLi depletion (panel a) and H-exchange
reaction probability and integral reaction cross sections of the R1 (panel (panel b) channels. The different line types are identified in panel b.
a) and R2 (panel b) channels at various values of collision energy The energy is measured relative to the minimum of the HLi potential
(indicated in panel a). which sets the interaction potential to zero Rr— .
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on the resonance oscillations in the reaction probability curves. -
Resonance oscillations are only mildly quenched in the CC “L
results. However, as observed bef8and also revealed by the 0
present results, the resonances tend to become broader when
CC is included in the dynamics. The reaction probabilities for 08
the H-exchange channel are generally higher than the HLi
depletion channel over the studied energy range. The resonanceg
in the CC results do survive at lower energies near the onset of §
the reaction even for moderate valuesiothe DMJ PE8does
not have a barrier and therefore, H HLi reaction does not
have a threshold on this PES, this is observed inJt¥e 0
reaction probabilitie3® However, forJd = 0 collisions, the 0.8
reaction acquires a threshold energy due to the presence of g, ¢g
centrifugal barrier. All CC results reveal that the H-exchange ©

The CS calculations are carried out for a fixed value of the ; HLi depletion channel H exchange channel
K quantum number, whereas in the exact (CC) calculations L L
is a variable quantity and is allowed to vary between Min(J, 08 okt @IS @ 2]
Kmay. A comparison of the two probability results (CS vs CC) 06 --- K3 =4 r
in Figure 2, parts a and b, reveals no noticeable effects of CC  ,,[ I~ K=& 4 E

ity
=}
(=]

S
<N I I

N

f cNoasrwn=20O

I

¢ Reaction Prol

channel is dominant over the HLi depletion channel even for 04 7
the higher values od. 0.2 j
The CC reaction probability results shown in Figure 2, parts 0 el ' L
aand b, when summed up for each value show an average b I S B e B I
of ~15% deviation from unity. Therefore-15% of the WP 0.15 (d) J=20 )

flux flow into the nonreactive channel for this lower values of -
J and K. However, the extent of the nonreactive scattering 010
increases with increasing valuesbéndK. The latter may be

attributed to the increasing height of the centrifugal barrier which

acts in favor of the WP flux flowing into the nonreactive 0.00 Sm—itamah e
channel 0 015 03 045 06 0750 045 03 045 06 075

) ) . ) Energy [eV] Energy [eV]

In Figure 3, we show the CC reaction probabilities for various ¢y e 3. same as in Figure 2. The CC reaction probabilities are shown
values of the total angular momentuthi= 5, 10, 15 and 20,  for differentJ andK values (indicated in each panel). The different
for K= 0 — min(J, Kmay. The identity of the probability curves line types are identified in panels a and b, and the probabilities for the
is given in panel a at the upper left corner of the figure. The R1 and R2 channels are shown in the left and right column of the
probabilities for the channel R1 and R2 are shown in the left figure, respectively. The line types in panels ¢ and d have the same
and right columns of the figure, respectively. It can be seen Meaning as in panel b.
that the reaction path R2 is generally preferred over R1 within _ 259

0.05 -

the reported energy range. Fbr= 5, the reaction probability d-<:: ': I I I I

curves show some resonance oscillations which survive atlow § .- T i
energies for both the channels. These resonance oscillations areg 1 =R
gradually lost with increasing values af(cf. Figure 3, parts c 2 | — Ri(co)
and d). This is consistent with our earlier observations that the ¢ 150 e | RO~
resonances tend to become broader with increakifibe onset o === =

of the reaction also shifts to higher energies with increading  § 100} ] g
because of an increase in the height of the centrifugal barrier. 8 ) .

B. Reaction Cross Section and Thermal Rate Constant. & sol & _
The initial state-selected and channel specific integral reaction '_;:, L _____
cross section, as a function of collision energy intHHLi (v 2 o L lalainiutais
= 0,j = 0) scattering is shown in Figure 4. These cross sections £°0 o'oo —i 0'30 o 0_75
are obtained by summing up different partial wave contributions ’ " Collision Energy [eV] ’ )

with appropriate weight to the reaction probability using eq 23. rjgyre 4. Initial state-selected integral reaction cross sections for the
For each] values K varied from 0 to min J, Kmay, With Kmax H + HLi (v = 0,] = 0) collisions as a function of the (H,HLi) collision
= 8 up toJd = 20 andKmax= 4 for further higheid values. The energy for the R1 and R2 channels, obtained from the CC and CS
cross sections for both the R1 and R2 channels obtained in themodels, are shown in the panel. The different line types are identified
CC and CS models are shown, and distinguished by different by suitably labeling them iln the panel. The cross sections are shown
line types (indicated in the panel) in Figure 4. For a clearer on an enlarged scale (as |_nset) in pa_mel in order to clearly reveal the
. . . . effects of CC on the reaction dynamics.
representation, the cross sections at low collision energies are
shown on an enlarged scale and included as an inset in Figurethe channels are absent in the CC results. The reaction cross
4. It can be seen from Figure 4 that the CS results are generallysection values are much larger near the onset of both the
larger than the CC results for both the channels at low collision channels R1 and R2 and suddenly decrease to lower values with
energies. The overall pattern of variation of the cross section increasing collision energy. This is consistent with the charac-
results is similar in both the models. This indicates no dramatic teristics of a barrierless reactid large decrease in the reaction
influence of the CC on the reaction mechanism. The weak cross section beyond the onset implies a substantial flow of WP
resonance features seen in the CS results near the onset of botfiux to the NR channel.
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8e-12 —T T T T T e — TABLE 2: The Present CC Rate Constant Results for the
e | HLi Depletion Channel Fitted to the Functional Form k(T)
- r :: Egg -7 = AT exp(—BT)?
§ 6e-12|- ---- R2(CS) ,,/’/ . method a[cm® moleculel st K™Y b[K™Y
- -- R2(CC e
"© | o e ] CC (present) 1.26c 107 0.0013
3 LT CS (revised 2.19x 10°%® 0.0006
D 4oq2l 7 _ Stancil et al? 6.60x 10714 0.0000
g L Dunne et af 8.40x 10713 0.0004
e ,// | 2 The numerical values of the fit parameterandb are listed along
-2-2e_12 = / _ with the available literature results.
c
1 due to the initial state-averaged nature of their rate constant
L1 L . data.

= I ] A R |
950 300 450 600 750 900 1050 1200

Temperature [K] At this point we would like to make a few remarks on the

Figure 5. Initial state-selected thermal rate constants for the HLi issue raised _by one of the reviewers. Th? Iarg(_a energy release
(v =0, = 0) reaction. The rate constant results for both the R1 and (~ 2'09.ev) n th.e exothermlc pqth .(Rl) Is sufficient to cause
R2 channels calculated using the CC and CS models are shown in theSIECtronic excitation of Li atom. Itis discussed by Chen ét &
panel. Different rate constant curves are identified by labeling them in that the reverse endoergic reaction, ER + H, — LiH(X
the panel. 1I31) + H, favors an insertion type of mechanism at g
arrangements of the reactant Li angl kh the entrance channel
The initial state-selected thermal rate constants for the (R1) of this process a curve crossing between thé aAd 2A
and (R2) channels up to 1200 K calculated using eq 24 are electronic states occurs at a stretched geometry of the reagent
shown in Figure 5. Both the CC and CS rate constants areH in the attractive region of the 2APES. The reaction
plotted and the convergence of the results in the given dynamics therefore proceeds via a nonadiabatic path; tHe Li
temperature range is explicitly checked. The curves are identified Hz collision initially takes place along the excited 2#urface
by labeling each one of them in the panel. We note that thesein the entrance channel and then it leads to the formation of
represent the initial state-selected rate constants pertinent to HLiproducts LiH + H in the 1A electronic ground state via
(v=0,j = 0). The CS results are modified slightly compared nonadiabatic transitiorf$.The present results are also expected
to our earlier repoft as a more exact expression of the to be influenced by such a mechanism, and would result into a
vibrational and rotational partition functions are used here [see reduction of the reported depletion/exchange reaction cross
egs 25c and 25d]. The behavior of the rate constant curves areSections by further branching into the electronically excited 2A
ana|ogous to those reported by Defazio e¥aibtained using PES. A theoretical investigation of this aspect requires the
the state-to-state reaction probability and a JS approximation. detailed PESs and their nonadiabatic coupling surface and is
It can be seen from Figure 5 that the CS rate constants arePeyond the scope of the present investigation.
smaller than the CC rate constants at low temperatures: up to
~850 K for the R1 channel and up t9450 K for the R2  IV. Summary and Conclusion
channel. At high temperatures, the CS results are consistently
larger than the CC results and the difference is more in the caseg
of R2 than R1 channel. The Coriolis terms, therefore, effectively
reduces the reaction rate constants at higher temperatures fo

o bround electronic state of the system.. The present study
both the R1 and R2 chqnnels. The pattern of variation of th_e represents an extension of our previous study on the system
rate constant results with temperature reveals a substantial

deviation f h henius behavior for both the ¢h | carried out in reduced dimensions using the CS approximation.
eviation from the Arrhenius behavior for both the channels tq effect of the Coriolis coupling on the initial state-selected
within this temperature range. This point is also discussed atjneqra| reaction cross sections and thermal rate constants is
length by Defazio et &% The convergence of the present rate reported.

cons&g; relsultsl |sk|n:|ct)rr]ovedl com??lzed to t(_)ur p:evflouE) %S The calculations of reaction probability are carried out up to
resufts: A close look at the vaiues ol the reaction rate for both - 5 _ 34 required to obtain the converged reaction cross section

tr:/e rc?k?nréells cr:]le::]lyl iir;d:ﬁateisvthna:[[ t:]ne ertcrr]ar;nﬁl is %erexe?up to a collision energy of- 0.75 eV. The coupling between
?enewpergture (t:h: tw?) rate (?oglst?smt: argecﬁ):eetoaegfﬁ othgr thhe neighboringK states are considered up Kgrax = 8. The
” - W&esonance oscillations in the reaction probability curve tend to

do not extrapolate them to ultracold conditions as the presentyo.qme broader on inclusion of the CC terms. The integral
cross section results are not obtained in such conditions. reaction cross sections are generally lower in the CC model

The initial state-selected thermal rate constant for the deple-when compared to the same obtained from the CS model, for
tion reaction (R1) shown above are fitted to the functional form, both the R1 and R2 channels. The integral reaction cross sections
k(T) = aT exp(— bT), as suggested by Stancil et'alin their of the H-exchange channel R2 are larger than those of the HLi
kinetic model of lithium reactions in the primordial gas clouds. depletion channel R1. The cross sections does not have a
The values ofa andb obtained from the present fits are given threshold indicating the feature of a barrierless reaction which
in Table 2. The given parameters represent the rate constantss again reflected in substantial deviation of the thermal rate
well, beyond room temperature. It can be seen from Table 2 constant results from the Arrhenius behavior. The rate constants
that the fit parameters obtained from the CC results are largerfor both the channels are very close to each other at low
than those obtained from the CS results for the R1 channel.temperatures and the exchange rate is more than the depletion
The empirical results of Stancil et 8land also the QCT results  rate at high temperatures. The CC lowers the rate constant of
of Dunne et af are also given in the table. The difference both the channels at high temperatures when compared to the
between our results and that of the latter authors is presumablyCS results.

We presented a theoretical account of the-HHLi reactive
cattering dynamics investigated in full-dimensions with the aid
of a time-dependent WP approach and an ab initio PES of the
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