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The potential energy surface of the HF, — HF + F reaction has been calculated using the ab initio
molecular orbital method at the CCSD/6-31-1G(3DF,3PD) level of theory. We have found a collinear
saddle point with a classical barrier height being 3.7 kcal/mol. Several important characteristics of the potential
surface including the location of the saddle point, the bend angle dependence of the potential energy, and the
long-range van der Waals interaction have been calculated. These data except for the barrier height were
used to develop new potential energy surfaces. Thermal rate constants fof-tlke &#d Mu+ F, reactions

have been calculated with reduced dimensionality theory using new potential surfaces and compared to
experimental results. It has been found that van der Waals interaction plays an important role in
low-temperature behavior of rate constants, especially foriMig;, where quantum mechanical tunneling
should be dominant.

1. Introduction difficult to obtain an accurate barrier height for the-HF;
reaction. Nevertheless, ab initio MO calculations give important

chemical reactions and has also received considerable attentioﬁnformz"‘tIon ot_her than the barrier height, such as location Of
over the years because the reaction system is the basis of arllhe saddle point and a bend angle dependence of the potential

. ; X at the saddle point. One of the purposes of the present work is
efficient chemical laser. However, an accurate potential energyto obtain sucrﬁ) information frompabpinitio MO ceﬁculations in

surface for this reaction has not yet been obtained due to the .
order to develop a new potential energy surface.

difficulty in performing highly accurate ab initio molecular S | . irical potential ¢ h b

orbital (MO) calculations. The first ab initio calculations were pro;c:/seerg tcs)%r;::n?ﬁglﬁgmgoéggz %T&r%’ 1§:L3C§|SM g\c/; een
haef -workérlhey h first- ; * ’ ' - -

reported by Schaefer and co-workérshey have done first functions. Among them, the extended LEPS potential empiri-

d fi tion int ti FOCI lculati ith ) o
order configuration interaction ( ) calculations wi a/ cally parametrized by Jonathan, Okuda, and Tifias been

double{ basis set and obtained the barrier height of 1 kcal ; . . . ;
mol although these calculations did not reproduce the experi- most extensively used in dynam|cs_ calculatlon:_s, which we_call
the JOT surface hereafter. Previous dynamics calculations,

mental exothermicity of the reaction. The calculated classical . udi : : li i lculatiBrig-18
barrier height can be compared with the experimental Arrhenius Inciuding exact quantum coflinear sca 161292% cajcula '
activation energy;® which has been reported to be 224 kcal/ quasiclassical trajectory ca_IcuIan?Vé, ' distorted-wave
mol although the exact relationship between the Arrhenius Born approximation calculatiorf§;>*and reactive infinite-order
activation energy and the classical barrier height is not so simple.S.UddEf‘n calcylayon§,were carried out mostly to compare the
Schaefer and co-workérhen improved their calculations by vibrational distribution of the product HF on the JOT surface
changing the doublé-basis set into a polarized doublesne to experimental datd?6-3° Although the vibrational distributions
The reaction exothermicity calculated with this basis set was calcul(;;\ted dut:;lng various (ilylnamlcl?l ThethOdf atp proxgatily
considerably improved, but the barrier height was calculated to reproduce € experimental results, thermal rate constants
be 4.1 kcal/mol. Several years later, Dunning and co-wofkers calculatzed are not in good agreement with the experimental
carried out the polarization configuration interaction (POL-CI) results_? es_pem_ally “f_or the"Mu+ F» reaction, where Mu
calculations with a polarized doublebasis set. The barrier (muonium) is a light |sotqpe of hyqlrogen. Th? rate constants
height was calculated to be 5.2 kcal/mol, which is still larger for Mu + P2 calculate_d using variational transition state thec_er
than the experimental value, and the exothermicity calculated (VTST)_ with a soph|st|cateo_l quantum mechanical tunneling
was in poor agreement with the experimental value. correction are too large at high temperatures and too small at
Generally, it has been quite difficult to perform highly low temperature®? These results qualitatively indicate that the
accurate ab initio calculations within chemical accuracy, which Mu + I, kinetics provides a crucial test of the accuracy of the

is sometimes considered to be 0.1 kcal/mol. because such otential energy surface rather than the product vibrational

calculation requires large-scale Cl as well as a larger basis set.d'smbUtlon because the contribution of quantum tunneling is

The H+ H, reaction has long been the only reaction whose quite sensiti\{e to the topography of the potential energy surface.
potential energy surface has been obtained within chemicallnfa(;t' Ftlem|r;g Tntd go'wt?]rkteh és\t]le;t_-:‘rd th?t tr;_e Itheoretlcal ra]:[e
accuracy. Also, it is quite recent that a highly accurate ab initio constants calculated with the potential energy suriace
potential energy surface has been calculated for the H, underestimate the contribution of quantum mechanical tunneling.
reaction syster.Since both the H+ H, and F+ H, systems In this paper we carry out extensive ab initio MO calculations
have fewer electrons than the-HF, system, it might be still to d‘?"_e"’p a new potential energy surface, with emphasis for
obtaining better agreement of rate constants for H(Mufy,

* Corresponding author. E-mail address: tako@popsvr.tokai.jaeri.go.jp. With experiment. The rate constants are calculated using
® Abstract published irdvance ACS Abstract§eptember 1, 1997. reduced-dimensionality thed®2* developed by Bowman be-

The H+ F, reaction is one of the prototypical aterdiatom
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TABLE 1: Saddle Point Properties for Various Potential Energy Surfaces

method R(H—F) A R(F—F) A AE,2 kcal/mol AH kcal/mol s, CMTL Wpeng CMT2

ab initio

FOCI/DZ 2.05 157 1.0 88.3

FOCI/DZP 1.68 1.50 4.1 99.0

POL-CI/DZH 1.69 151 5.2 87.0

CCSD/6-31#+G(3DF,3PD} 1.73 1.44 3.7 1111 824 268
semiempirical

JOT (LEPS) 1.90 1.44 2.4 103.5 787 58

surface | (LEPS) 1.75 144 0.7 103.5 792 204

surface Il (LEPS) 1.74 1.44 1.0 103.5 778 212
experiment 2.4-0.2 103.0

2.2+0.10

a All the theoretical values mean the classical barrier height without zero-point energy corre®eference 1¢ Reference 3¢ Reference 5.
¢ Present work! Reference 319 Reference 2" Reference 3.

TABLE 2: Total Energies (in au), Barrier Heights in (AE, kcal/Mol), and Exothermicities (AH in kcal/mol) for the H + F;
Reaction

method [HFF]° F e HF° AE AH
cCsD —199.764 92 —99.613 62 —199.270 97 —100.334 29 3.7 111.1
CCSD(T) —199.785 35 —99.617 59 —199.289 68 —100.341 39 2.6 106.4
QCISD —199.766 06 —99.613 88 —199.272 16 —100.334 90 3.7 111.0
QCISD(T) —199.786 07 —99.617 80 —199.290 18 —100.341 66 25 106.4

2 All the methods employed the 6-313#G(3DF,3PD) basis set. The total energy of H atom for this basis se0i499 82 au® The energies
were calculated at the CCSD saddle poRi{= 1.73 andR=r = 1.44 A). ¢ The energies were calculated at the geometry optimized by the same
level of theory.d The classical barrier height without zero-point energy correction.

™ T LA IR geometry is found to be in good agreement with the FOCI/
DZP result of Shaefer and co-workésnd with the POL-CI
result of Dunning and co-workePs.Table 1 also reveals that
the JOT surface has earlier saddle point than the present ab initio
surface. The reaction exothermicity obtained at the CCSD level
of theory, however, is found to be still in poor agreement with
the experimental value; the calculated value is about 8 kcal/
mol larger than the experimental one.

To study the effect of a higher order electron correlation on
the barrier height and reaction exothermicity, we calculated them
at other levels of theory including CCSD(T), QCISD, and
QCISD(T), and the results are summarized in Table 2. The
barrier heights were calculated using the saddle point geometry
obtained from the CCSD calculations, but the geometries of

R(F-F) /A

T NI By HF and K, were optimized at each level of theory. Table 2
05 10 15 20 25 shows that CCSD and QCISD give almost similar results. We
R(H-F) /A also find that inclusion of triple excitation reduces the barrier

Figure 1. Contour plot of the linear HFpotential energy surface ~ height and improves the reaction exothermicity significantly.
calculated at the CCSD/6-31H#G(3DF,3PD) level of theory. The  However, we find that it is still difficult to obtain the barrier
contour increment is 6.9 kcal/mol. The cross in the figure indicates height and the exothermicity within chemical accuracy. The
the sgddle poir_1t. The closed circles shO\_/vn are the points where theQCISD(T) level of theory gives the smallest barrier height, 2.5
bending potential were calculated (see Figure 2). kcal/mol, among the methods employed. Although this barrier
height is quite close to the experimental activation energy shown

cause the theory is easier to do (enabling several iterationsin Tapie 1, we must conclude that the calculated barrier height
between surface development and dynamics calculations whilegy,q, 14 still include errors as large as a few kcal/mol because
the surface was being developed) and is reliable for calculating ¢ disagreement in the reaction exothermicity.

an accurate rate constant. Figure 2 shows the bend angle dependence of potential energy

. : calculated at several points on the collinear minimum-energy
2. Ab Initio MO Calculations path. The CCSD level of theory is found to predict the
Figure 1 shows a contour plot of the collinear H¥otential minimum-energy path to be collinear from Figure 2. This result

energy surface calculated at the CCSD level of theory with the is also consistent with the earlier FOCI ab initio calculation by
6-311++G(3DF,3PD) basis set. All the calculations were Schaefer and co-worketsThe bending frequency at the saddle
carried out using the Gaussian 94 package progPaAhout point can be calculated using the bending potential curve, and
200 points were calculated to draw this contour map. We can the result is included in Table 1. The most quantitative
see that the saddle point occurs “earlgH—F) = 1.73 A and difference between the ab initio and the semiempirical JOT
R(F—F) = 1.44 A. The barrier height was calculated to be 3.7 surface is that the JOT bending frequency is much smaller than
kcal/mol. Table 1 summarizes the location of the saddle point, the ab initio value; the present calculations predict that the ab
the barrier height, the reaction exothermicity, and the vibrational initio transition state has a tighter structure than the semiem-
frequencies and compares them with the earlier ab initio resultspirical one. This result also leads to a simple prediction that
as well as the semiempirical JOT result. Our saddle point the saddle point barrier height obtained from the ab initio
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Figure 2. H—F—F bend angle dependence of potential energy at Figure 3. Long-range van der Waals potential calculated at the CCSD
several points along the collinear minimum-energy path—(g) and CCSD(T) levels of theory as a function of the distance between
correspond to the points shown in Figure 1. the H atom and the midpoint of,For (a) collinear and (b)Cy,

calculations should decrease so as to obtain a better agreemer%eomemes'

with the experimental activation energy because a larger bending . .

frequency at the saddle point generally leads to a larger 3. Analytical Potential Energy Surfaces

vibrationally adiabatic barrier height. This will be discussed  Although the total number of energy values calculated by

later in detail. the ab initio method is large enough for carrying out a fitting
Another important characteristic in which we are interested to an analytical equation such as a many-body expansion form

is a long-range van der Waals interaction in the asymptotic Proposed by Sorbie and Murréfi, we employ a standard

region of the potential surface. Although the van der Waals extended-LEPS function to develop a new potential energy

interaction is not generally taken into account in the potential surface. This is simply because the present ab initio MO

energy Surface, we expect that this may p|ay an important r0|e, calculations do not reprOdUCG the experimental exothermicity,

especially in the reaction dynamics at low temperatures whereand the calculated classical barrier height may include an

quantum mechanical tunneling is dominant. Since the van der uncertainty of a few kcal/mol. Morse parameters employed are

Waals interaction is an attractive force, this should result in a exactly the same as the JOT surface. However, two additional

significant reduction of the barrier width for tunneling. Figure Mmodifications were made to take into account the properties

3 shows the asymptotic potentia|s for-H F calculated using obtained from the ab initio calculations. The first one is that

the CCSD and CCSD(T) levels of theory. The internuclear We use the angle-dependent Sato pararffeféin the extended-

distance of Fwas set to be an equilibrium one. It can be seen LEPS function as follows:

that there exists a van der Waals well for both collinear and

C, geometries. We find that the inclusion of triple excitation Ape = A% + aye it ¢ 1)

slightly increases the well depth. In addition, the well depth

calculated at the CCSD(T) level of theory is found to be about Where¢ is the angle defined by the intersection of the -

0.18 kcal/mol for both the collinear arih, geometries without internuclear axis and the vector connected from the H atom to

zero-point energy correction. This indicates that the orientation the midpoint of the FF bond. This modification was

of F, does not largely affect the depth of the van der Waals introduced to give a bending potential similar to the ab initio

well. Schaefer and co-workéralso reported that the van der results. For FF the Sato parameteker is assumed to be

Waals wells exist in the asymptotic region of both the reactant constant. The second modification is that the following

and product channels. They found a small attraction, 0.05 kcal/ equatiof® was added to the extended-LEPS function so as to

mol, in the reactant H- F» channel and a stronger attraction, approximately reproduce the ab initio van der Waals potential

0.55 kcal/mol, in the product HR- F channel. We did not  in the asymptotic H- F, channel:

calculate the van der Waals potential in the product channel

since the van der Waals potential in the product channel is not V,aw(R)= =V, exp[—-B(R— RO)Z] (2)

be expected to largely affect the thermal rate constants fér H

F,. This is simply because the potential energy surface for the Here R denotes the distance between the H atom and the

H + F; reaction has an “early barrier”, and only characteristics midpoint of F,. Vo andRy were set to be 0.22 kcal/mol and 7.4

of the potential energy surface in the entrance channel would &y, respectively. 3 was set to be 0.18 fdR > Ry, while 0.80

be important for determining the thermal rate constants. for R < Ry.

However, such a van der Waals interaction in the product The parameterdrr, A%, andayr were determined so as

channel would presumably be important for calculating the that the saddle point geometry and bending potential ap-

product-state distributions. proximately reproduce the ab initio results, except for the
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TABLE 3: Sato Parameters Used in the Present LEPS TABLE 4: Properties at the Maximum of the Vibrationally
Potential Surfaces Adiabatic Potential for the H + F, and Mu + F, Reactions
parameters surface | surface Il JOT surface | surface Il
Anr —0.630 —0.613 H+F;
A% 0.152 0.135 R(H—F)/A 1.86 1.72 1.71
anF —0.300 —0.300 R(F—F)/A 1.44 1.44 1.44
AVAC/kcal/moP 2.34 1.16 1.46
AU L A ws/cmt 774 782 774
[ 1 WpendCM™t 63 212 218
Mu + F,
R(Mu—F)/A 1.83 1.52 1.55
R(F—F)/ 1.44 1.44 1.44
AVAS/kcal/moP 2.73 2.66 291
ws/cmt 852 996 965
WpendCM™t 173 754 737

a Reference 312 AVAC is zero-point-inclusive barrier height relative
to ground-state reactant; this quantity is call®#"® in ref 41.

adiabatic maximum for Mut+ F, is much later than that for H

+ F,, indicating that the variational effect for surfaces | and Il

is more significant than that for the JOT surface. Note that
this difference is mostly attributed to the difference in the bend
frequencies, as can be seen in Table 4.

Energy / kcal/mol

TIAIIIII‘I‘IIIIIII .‘<.I|:-:..I..|.I_.
120 140 160 180 200 220 240
_ _H_F_F Bend Angle / degree _ As mentioned earlier, we employed the reduced-dimensional-
Figure 4. Comparison of HF—F bend angle dependence of potential ity theory developed by Bowm&h34to calculate thermal rate

for various potential surfaces: surface I (solid line), surface Il (dashed -onstants for the H(Mu}- F, reaction because the theory is
line), JOT surface (dotted line), and ab initio surface (open circle). very easy to apply. The accuracy of the theory has extensively
been studied for the H- H, and D + H, where accurate

guantum results are availas¥#3*although the accuracy of this
theory is still unclear for the reaction with a large exothermicity.

4. Reduced-Dimensionality Method

classical barrier height because the barrier height obtained from
the present ab initio calculations is not reliable. Then, the

thermal rate constants for the Mu(Hj F, reaction were In the reduced-dimensionality theory of ateiwliatom reactions,

gilgtg;ié?i%gj'ir;gtgzdfgﬁgsv%'mgg;'i%?]al;g :]e?z:’vsrgfgfw'!ram_ two stretch degrees of freedom are treated quantum mechani-
9 ! 9 P cally, and the remaining bending motion is treated as an

eters and compared to the experimental thermal rate constants . - . -
for both the Mu+ F, and H~+ F, reactions. Then, the root- adiabatic bend during collision. Thus, the problem we have to

. solve reduces to a usual two-dimensional collinear quantum
mean-square of the differences between the calculated rate .
q cattering problem.

CE?(?:rtlz?vt: (?:I?:Jgii:rfsp ﬁg\%eggnrztoengogfltdamlznvetrvsocagglrii[g? The reduced-dimensionality Scidiager equation was nu-
o ’ y P merically solved using a standaRtmatrix propagation on a

surfaces giving the lowest two values of the root-mean-square . - . S
natural collision coordinate systethBending vibrational ener-

have been selected. The only difference is the values used Ingies were calculated on all the two-dimensional grid points using

Ejheenc?tzt?hgsaéiwgt;ﬁfa\g:écgsallraenzulrlnml’irézses dlcheTagil:t 3;0 VZ?_a standard harmonic basis set expansion method. The details
X L ; POINt Propery¢ e computational procedure are described elsewiéfe?
ties of these new surfaces are summarized in Table 1. As can . ; -

The scattering calculations were carried out only for the

be seen, both surfaces | and Il approximately reproduce the sad- ; a .
dle point geometry obtained at t?\lz cCsD IeyveI%f theory. The ground bending state. Therefore, the contribution of excited
classical barrier heights for surfaces | and Il are 0.7 aﬁd 10 bending states to the rate constant was taken into account using
. . " . "
kcal/mol, respectively, and are much smaller than the JOT value. 2 standardk _ernergy Sh'Emg aplpr(:xm;t%ﬁ. Thﬁ rm]:alllratg
In Figure 4 we plot the bend angle dependence of potential constgnrg,é 3§ ), were thus calculated using the following
energy at the saddle point. It can easily be seen that newequat|o -

potential surfaces reasonably well reproduce the ab initio results. + +
On the other hand, the bending potential for the JOT surface is K(T) = QM Q be“C(T)f“N(E)eflﬂkaTdE ©)
found to be unrealistic. hQadlT) 0

Table 4 presents the properties at the maximum of the
vibrationally adiabatic potenti#}*! for both the H+ F, and where Qfo(T) and Q,endT) are the rotational and bending
Mu + F, reactions. These properties were obtained from the partition functions at the variational transition state, respectively.
vibrational analysis along the minimum-energy path. Note that These partition functions were calculated at the maximum of
the vibrational frequencies are slightly different from those in the vibrationally adiabatic potential (see Table Qyeac(T) is
Table 1 because of the variational effect. The internuclear the reactant partition function, which is the product of the
distance between H and R(H—F), for both surfaces | and Il internal partition function of and the relative translational
are smaller than that for the JOT surface; i.e., the JOT surfacepartition function. h andkg are Planck’s constant and Boltz-
has a vibrationally adiabatic maximum that is earlier than mann’s constant, respectivelN(E) is the reduced dimensional-
surfaces | and Il. It is interesting to note that the location of ity cumulative reaction probability obtained from the scattering
the vibrationally adiabatic maximum for the HF, and Mu+ calculation and is given by the sum over all open initial and
F, reactions is quite similar for the JOT surface. On the other final vibrational states at the total energy Note that all of
hand, for surfaces | and Il, the location of the vibrationaly the tunneling correction are containedN(E).
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Figure 6. Vibrationally adiabatic potential curves along the minimum-
energy path for surface | for the Md& F, reaction. Solid line is
calculated from the potential surface without van der Waals potential
(LEPS), while dotted line is from the potential surface with van der

— b — Waals potential (LEPS- vdW).
0 5 10 15

k / cm®molecule’s™

10—12 L

1000/ T [K] calculated using the potential with the van der Waals interaction
are approximately constant below 100 K, while the rate constants
10" ] calculated using the potential surface without van der Waals
’ (b) Surface Il interaction still decrease with a decrease in temperature. These
results can be qualitatively understood in terms of the vibra-
tionally adiabatic potential profile for the Md- F, reaction
plotted in Figure 6. As shown in Figure 6, since the LEPS
potential is purely repulsive in the asymptotic region, the
tunneling barrier width increases with a decrease in the
translational energy. On the other hand, if we include the van
der Waals interaction in the potential surface, the tunneling
] barrier width becomes a finite value with a decrease in the
................................... ] translational energy. These results imply that the barrier width
is much more important than the barrier height at low temper-
atures where quantum tunneling is dominant. Figure 5 shows
the contribution of the van der Waals interaction is, however,
very small for the H+ F, reaction. We find that the inclusion
of the van der Waals interaction does not significantly affect
the rate constants even at low temperatures down to 100 K. It
is also noted that the depth of the van der Waals well for the
.. .8 N L Mu + F, reaction in Figure 6 is slightly small because of the
0 5 10 15 nonzero bending frequency in this region.
1000 / T [K] In the comparison of the theoretical rate constants to the
) ) ) experimental ones, in Figure 5, the Mu F, rate constants
Figure 5. Arrhenius plot of rate constants calculated using (a) surface easured by Gonzalez et al. are in excellent agreement with

I and (b) surface II. Solid and dotted lines are the results calculated -
using the potential surface with and without van der Waals potential, theory for surface I. However, surface | overestimates the H

respectively. Also shown are the Mu atom experimental data of + F, rate constants measured by Albright et al. and particularly
Gonzalez et al. (closed square), the H atom data of Albright et al. (open by Homann et al. For surface I, on the other hand, the-Mu

---------- LEPS +vdW |
——LEPS

10" |-

k / cm®molecule™'s™

1012 |

square), and the H atom data of Homann et al. (open circle). F, rate constants calculated are slightly smaller than the
experimental ones, while for the H F, reaction the theoretical
5. Thermal Rate Constants results are comparable to the experimental results of Albright

First, we have to consider the effect of van der Waals potential et al. Note that there exists considerable disagreement between
on the rate constants. In Figure 5, we examine how the inclusionthe experimental results of Albright et al. and of Homann et
of a van der Waals potential affects the rate constants for bothal. for the H+ F;, reaction. This indicates that a further
surfaces | and Il. Solid lines in Figure 5 indicate the rate experimental study would be necessary to make quantitative
constants calculated using the potential energy surfaces withoutcomparison for H+ F,. Table 5 summarizes the reduced
the van der Waals potential, while dotted lines show those dimensionality rate constants calculated using surfaces | and Il
calculated using the potential surface including the van der and compares them to the experimental results. As mentioned
Waals potential given by eq 2. It can easily be seen that for above, the rate constants calculated using surface Il are slightly
the Mu + F, reaction the inclusion of the van der Waals smaller than the experimental values at low temperatures;
potential significantly increases the rate constants, especiallyhowever, the difference in absolute value is only 35%. Thus,
at low temperatures for both surfaces. For example, if we the agreement with experiment is quite satisfactory for both
include the van der Waals potential in the potential energy surfaces.
surfaces, the rate constants become approximately double at Table 6 shows the activation energies at 200 and 300 K
about 100 K. In addition, it is noted that the rate constants obtained from the thermal rate constants for the Wi, and
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TABLE 5: Comparison of Measured and Calculated Rate 10710
Constants (in cn® molecule™® s71) for the Mu + F, Reaction [
TIK expt surface? surface IP
101 8.7¢12f 8.2(—12) 5.7¢12)
126 9.1¢12) 9.1¢12) 6.512)
145 1.0¢11) 1.0¢11) 7.1¢12)
165 1.1¢11) 1.111) 8.0612)
186 1.2¢11) 1.4¢11) 9.1¢12) 0
200 1.3¢11) 1.4(11) 1.0611) - »
228 1.6¢11) 1.7¢11) 1.2¢11) % 0
246 1.6¢11) 1.8(11) 1.3¢11) 2 ’
259 2.0¢-11) 2.0¢11) 1.4¢11) °
297 2.6€11) 2.4(11) 1.8611) £
298 2.7¢11) 2.4¢11) 1.8¢11) (=
380 3.0¢11) 3.4(11) 2.6611) °
450 3.8¢11) 4.4¢11) 3.5¢11) x
a Experimental results, ref 32.Present worké Numbers in paren-
theses indicate powers of 10. 1
107°°
TABLE 6: Comparison of Experimental and Theoretical i
Activation Energies, Eq(Mu) and E4(H) (in kcal/mol)
T,K surface | surface Il exp 0
Mu + F, 1000/ T [K]
588 ggg 882 8%& ggg Figure 7. Arrhenius plot of reduced dimensionality rate constants
’ ’ ' ‘ calculated using the JOT surface (solid line). Dotted lines indicate the
H+F VTST results of Garrett et al. Closed and open squares and open circles
200 1.08 1.29 indicate the experimental data (see Figure 5).
300 1.41 1.64 2402
22+0.1°

F, reactions. Although the reliability of the reduced-dimen-

2 Reference 32° Reference 2¢ Reference 3. sionality method for the reaction with a large exothermicity is
H + F, reactions. It can be seen that for the MUF, reaction currently unclear, as mentioned in a previous section, the good
the theoretical activation energies at 30 K for surfaces | and Il @dreement obtained in this work |§ﬁencourag|ng.
are in good agreement with the experimental ones. For the H__AS Gonzalez et al. already notétlihe JOT rate constants
+ F, reaction, on the other hand, the theoretical activation for the Mu+ F reaction are larger at higher temperatures and
energies for both surfaces are found to be smaller than theSmMaller at lower temperatures than the experimental results.
experimental ones. It is also noted that the activation energiesCOMParison of Figures 5 and 7 quantitatively indicates that the
for Mu + F, are much smaller than those for H F,. This rate constants calculated using the potential energy surfaces
behavior has already been reported in earlier theoretical d€Veloped in this work give a better agreement than the JOT
work,16-22 where accurate quantum collinear calculations have surface. Primary defects in the JOT surface are that the bending
been,carried out on the JOT surface. Although the vibrationally potential at the transition state is too shallow and that the surface
adiabatic barrier height for M- F» is much larger than that does not include the van der Waals attractive interaction; a small
for H + F» (see Table 4), the calculated activation energy for bending frequency at the transition state would lead to too large
Mu + F» is smaller than that for H- F». This result clearly a bending partition function at higher temperatures, while the
indicates that the quantum mechanical tunneling plays an'dnorance of the long-range attractive interaction leads to an
essential role for Mut F». One finds that for both surfaces | underestimate of quantum mechanical tunneling at lower

and Il the activation energies for H F» at 300 K are  emperatures.
comparable to the vibrationally adiabatic barrier heights shown 1N presentwork also suggests that the use of the LEPS type

in Table 4. This implies that quantum mechanical tunneling is potential function_ would underestima}te the contribution of
not so important for the H- F, reaction at 300 K. However, q.uantum mechanical t.un.nellng, espeually.at Ipw temperaturgs
tunneling for this reaction should be important below 200 K SiNce the LEPS potential is generally repulsive in the asymptotic

since the activation energies at 200 K are smaller than those at €91o"- Jn addition, tunneling correction using an Eckart
300 K. potentiaf* would not be a good approximation to predict a low-

temperature behavior of the rate constants for the -Mir,
reaction since the Eckart potential is also repulsive and fails to
account for the van der Waals mimima.

Figure 7 plots the reduced dimensionality rate constants
calculated using the JOT surface, which has been extensively
employed in the previous dynamics calculatiéf231 Also
shown are the VTST rate constafitsalculated by Garrett
al. Although Garrett et al. have not reported the VTST results
below 200 K, the agreement with the present reduced dimen- The potential energy surface for thetHF, reaction has been
sionality results is seen to be very good. Garrett et al. have calculated by means of ab initio MO method at the CCSD/6-
calculated the contribution of quantum mechanical tunneling 311++G(3DF,3PD) level of theory. Although the barrier height
using the small-curvature semiclassical adiabatic ground-statecalculated at this level of theory is not yet reliable, important
(SCSAG) approximatiof! The SCSAG method approximately  characteristics of the potential energy surface, including the
accounts for the multidimensionality of the reaction in terms location of the saddle point, the bend potential at the saddle
of the curvature of the reaction path. The good agreement point, and the long-range van der Waals potential, have been
between the VTST results and the present reduced-dimensionalobtained. These data have been used to develop new potential
ity results indicates that the reaction path method in the SCSAG energy surfaces. We have proposed two potential energy
approximation is quite realistic for both the MiuF, and H+ surfaces having the extended LEPS function form with slight

6. Summary
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modifications. Thermal rate constants for the MU=, and H

+ F, reactions have been calculated by the reduced-dimension-
ality theory using the two new potential surfaces developed. 1471

Good agreements with experimé&htave been obtained for the
Mu + F, reaction within an error of 35% for both potential

surfaces. However, a further experimental study would be 3

needed to make a quantitative comparison for thet-H-,

Takayanagi and Kurosaki

(12) Jakubetz, WChem. Phys197§ 35, 129.
(13) Duggan, J. J.; Grice, R. Chem. Phys1983 78, 3842.
(14) Firth, N. C.; Grice, RJ. Chem. Soc., Faraday Trans.1887, 83,

(15) Last, I.; Baer, MJ. Chem. Phys1984 80, 3246.

(16) Connor, J. N. L.; Jakubetz, W.; Manz,Ghem. Phys. Let1978
9, 75.

(17) Connor, J. N. L.; Jakubetz, W.; Manz,GQhem. Phys1978 28,
219.

reaction because of disagreement in the rate constants measured (18) Jakubetz, WChem. Phys197§ 35, 141.

by two groups of researchets.

It has been found that the van der Waals attractive force in
the asymptotic region of the entrance channel of potential surface

(19) Connor, J. N. L.; Jakubetz, W.; Lagara J. Phys. Chem1979
83, 73.

(20) Connor, J. N. L.; Lagana. Mol. Phys.1979 38, 657.

(21) Connor, J. N. L.; Lagand.; Turfa, A. F.; Whitehead, J. Cl.

plays an essential role in determining the low-temperature Chem. Phys1981, 75, 3301.

behavior of the rate constants for the MuF, reaction. This

is because the van der Waals potential reduces the width of the
tunneling barrier significantly. The present work implies that

(22) Jakubetz, WJ. Am. Chem. Sod.979 101, 298.

(23) Clary, D. C.; Connor, J. N. LChem. Phys. Lettl979 66, 493.
(24) Clary, D. C.; Connor, J. N. L1. Chem. Phys1981, 75, 3329.
(25) Gimaez, X.; Lucas, J. M.; Aguilar, A.; LagapA. J. Phys. Chem.

otherwise the use of the LEPS type potential function would 1993 97, 8578.

underestimate the contribution of quantum mechanical tunneling,

(26) Ponalyi, J. C.; Sloan, J. J. Chem. Physl1972 57, 4988.
(27) Jonathan, N.; Melliar-Smith, C. M.; Slater, D. Bl.Chem. Phys.

especially at low temperatures, because the LEPS potential is;g7q 53 4306

generally repulsive in the asymptotic region. Although a further

improvement of the potential energy surface for thetH,

reaction is necessary for more quantitative comparisons to
experimental data, it should be emphasized that the conclusions

(28) sung, J. P.; Malins, R. J.; Setzer, D. WPhys. Cheml979 83,
1007.
(29) Dzelzkans, L. S.; Kaufman, B. Chem. Phys1982 77, 3508.
(30) Tardy, D. C.; Feezel, L. LChem. Phys1988 119 89.
(31) (a) Garrett, B. C.; Steckler, R.; Truhlar, D. Byperfine Interact.

derived from the present theoretical work are quite general in 1986 32, 779. (b) Steckler, R.; Truhlar, D. G.; Garrett, B. (t, J. Quantum

the field of chemical kinetics.
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