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Abstract. In this contribution, we present a preliminary account of
our recent work on the Cl + H and Cl + D5 reactions, which includes a new
potential energy surface, variational transition state theory and
semiclassical tunneling calculations for both reactions and for other
isotopomeric cases, and accurate quantum dynamical calculations of rate
constants and state-to-state integral and differential cross sections.

1. Introduction

Halogen atom-hydrogen molecule reactions and their reverse
hydrogen atom-hydrogen halide reactions have played a major role in the
development of chemical kinetics. The work of Bodenstein and Lind [1] on
the Hz-Br reaction led to the development of the chain mechanism [2-4]
for free radical reactions and ultimately, with the steady-state
assumption, to a value for the rate constant of the Br + Hj reaction [5-10].
The work of Bodenstein and Dux [11-13] on the Clp-Hj reaction also led to
a chain mechanism for that case, with Cl eventually established as the
chain carrier {7,14]. The BrH3 and CIH} triatomic systems were the
subjects of historical papers [15-17] in the development of the London-
Eyring-Polanyi-Sato (LEPS) semiempirical valence bond treatment [18] for
potential energy surfaces of atom transfer reactions. The F + Hj reaction
also has a long history and has been labeled the “bellwether” elementary
reaction for showing the power and limitations of the methods of chemical
dynamics [19]. The I + H reaction is highly endothermic and hence slow;
like the other halogen-hydrogen reactions it has been the subject of
considerable controversy [10,20].

The Cl1 + Hp == HCI + H reaction has a particularly long and
interesting history, including thermal and photochemical studies of the
Hj - Cl system, molecular beam experiments, measurements of perhaps
the largest number of kinetic isotope effects known for any system, and a
host of theoretical treatments. We will mention only a few particularly
relevant studies. Early experimental studies of this reaction were often
initiated by photodissociation of Clp, and some of the papers are entitled
“Photosynthesis of Hydrogen Chloride” (a translation of die
Photochemischen Bildung des Chlorwasserstoffs). These experimental
studies of the hydrogen-chlorine photochemical reaction were
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complicated by the existence of an induction period. The induction period
was discovered by Draper in 1843 and studied further in 1857 by Bunsen and
Roscoe, who believed it to be inherent in the mechanism; however, it was
later shown by van’t Hoff to be an experimental artifact. In 1906, Burgess
and Chapman furthered clarified the effect as due to impurities.
Chapman and McMahon suggested NCl3 as the culprit a few years later,
and the mechanism was only completely established in 1934 [21].
Additional controversy, in this case started by Bodenstein and Dux [11] and
Chapman and Underhill [22], concerned the inhibiting effect of hydrogen,
and this was resolved in 1933 [23].

At the same time that the mechanistic issues were being sorted out a
rough estimate of the rate constant emerged. Bodenstein [24], based on
earlier work on chain reactions by himself and others, estimated the
probability P of the reaction H + Cl; to be of the order of magnitude of 10~
2, that for H + HCl to be of the order of 104, and the equilibrium constant
for C1 + Hy == HCl + H to be of order unity (a more accurate modern value
at 298 K is 0.047 [26]); and hence his estimates yielded P(Cl + Hp) to be
~10~4. With a room-T collision rate coefficient of 4 x 10~10 cm3molecule~
1571, this yields k = 4 x 10714 cm3molecule-1s1. In 1933, Ritchie and
Norrish obtained additional experimental evidence for P(Cl + Hy)/P(H +
Clp) = 10-2 and repeated the estimate P(Cl + Hp) = 104.

The first “direct” measurement of the rate was carried out by
Rodebush and Klingenhoefer [27] in 1933. They produced Cl by an
electrodeless discharge, passed Cl and Hj through a flow tube, quenched
the reaction, and took samples after about 5-10 minutes (kilosecond
chemistry). They titrated the products with KOH and methyl orange
indicator and obtained k(Cl + Hp) = 1.5 x 10-14 cm3molecule~!s~! at room
temperature, a factor of 3 lower than Bodenstein’s estimate. The best
value available at present is 1.50 x 10-14 ecm3molecule~1s-1 [28], which is
(fortuitously, but amazingly) identical to the 1933 value! (At 273 K, the
best modern value is about 30% higher than the 1933 value.)

In 1932, Semenoff suggested that the activation energy E, be
estimated by equating the rate constant to the collision rate constant times
a Boltzmann factor; he obtained E, = 5.5-6.6 kcal [29]. In 1933 Ritchie and
Norrish [25] estimated E, more directly from experiment. Using previous
work [30-32] on the temperature coefficient (i.e., the amount by which the
reaction rate goes up for a 10 deg increase in T) of the overall H - Clp
chain reaction, which they took as 1.14 (with a large uncertainty), they
estimated E; = 2.3 keal. In contrast, by the less reasonable assumption that
two-body recombination of Cl occurs via CI(2Py /2) + CI(3P3/2) — Clp + hv,
they obtained E, = 3.6 kcal. However a more recent (1932) measurement
[33] of the temperature coefficient in an oxygen-free mixture (that they did
not use) gave 1.37, which yields E; = 5.8 — 6.0 kcal [6,10]. The direct
measurement of Rodebush and Klingenhoefer in 1933 yields E, = 5.6 kcal
(obtained by fitting their data to standard Arrhenius form rather than the
collision theory form they used). The best modern value is E,; = 4.4 kcal,
which would correspond to a temperature coefficient of 1.27 at 298 K [28).

The first kinetic isotope effect (KIE) measurement was reported in
1934, and it yielded kH,/kp, =~ 10 at room T [34]. Bigeleisen et al. obtained
the same result in 1959 [35], and Chiltz et al. obtained 9 in 1963. The most
recent values are 9.1 [95] and 7.5 [28]. By 1973, kinetic isotope effects were
available for quite a few isotopomeric versions of the reaction [34-38].




The reverse abstraction reactions H + HCl - Hz + Cl, D + DCl — D3
+Cl, H+ DCl - HD + Cl, and D + HCl — HD + Cl as well as the exchange
reactions, H + DCl > HCI + D, which compete with the back reactions,
have also been studied experimentally, with the early work being quite
controversial (even contradictory), as summarized elsewhere [26,39-42].
Two issues are involved: (i) Does detailed balance hold, i.e., does the
forward rate constant divided by the backward abstraction rate constant
equal the equilibrium constant? Some evidence pointed to possible
deviations as great as a factor of two or three, which would raise interest-
ing questions regarding nonequilibrium internal state distributions [43,44]
during reaction. (ii) What is the relative rate of exchange compared to
abstraction in the forward reaction? Issue (i) was settled by Miller and
Gordon [26], who measured the reaction in both directions, and found that
detailed balance holds quite well, as usually assumed. The best results for
issue (ii) are also due to Miller and Gordon [41]. They placed an upper
limit of 2 X 1073 on kexch/kabs for D + HCl at 325 K. This implies a barrier
height greater than about 7 kcal for exchange, whereas the molecular
beam and infrared fluorescence experiments of McDonald and Herschbach
[45] and Wight et al. [46] yield an upper bound in the range 20-22 kcal.

In 1991, Barclay et al. [47] reported single-collision studies of the
competitive pathways of the D + HCl reaction for collision energies 27 and
43 kcal. The ratio of exchange to abstraction cross sections, Gexch/Gabs, Was
found to be about 2-3 at these high energies.

Returning to the forward reaction, we note that, due primarily to its
small probability and nearly thermoneutral character, detailed
dynamical studies (i.e., state-sensitive results or cross sections rather than
thermal rate constants) have become available only very recently, in the
crossed molecular beam (CMB) experiments of Casavecchia and coworkers
[48]. Ata collision energy of 6.4 kcal, they found that the DCl produced in
the Cl1 + D3 reaction is mainly scattered more than 80° backwards from the
incident D direction (in the center-of-mass frame) and that about 80% of
the total available energy is disposed into relative translation of the
products.

Theoretical work, as always, must begin with a potential energy
surface. Early work on the potential energy surface was quantitatively
and sometimes qualitatively unreliable and is reviewed elsewhere [18]. In
1973, Stern, Persky, and Klein [49] created three semiempirical potential
energy surfaces of the extended-LEPS type for comparison to kinetic isotope
effects on the Cl + Hy reaction. Although realistic for CI-H-H type
geometries, these surfaces are not globally satisfactory because they are
quite unrealistic for H-CI-H type geometries. The first globally realistic
potential energy surface was due to Baer and Last, whose surface has a
barrier height of 8.1 kcal for Cl + Hp, 5.1 kcal for the reverse abstraction
reaction, and 12.5 kcal for the exchange reaction [50]. Unfortunately this
surface predicts somewhat inaccurate rate constants and KIEs [51]. A more
successful surface, based in part on electronic structure calculations with
scaled [52] electron correlation for H-CI-H type geometries, was published
in 1989 [53]. This surface, called GQQ, has a barrier height of 7.7 kcal for
the forward reaction, 4.7 kcal for the reverse abstraction, and 18.1 kcal for
the exchange reaction. Barclay et al. [47] concluded from trajectory studies
that the GQQ surface is adequate for the abstraction reaction and for the
exchange reaction at 27 kcal but not for the exchange reaction at 36 kcal
and higher.




It was noted in the concluding remarks of the paper presenting the
GQQ surface [53] that this surface could be improved by incorporating ab
initio calculations on the CI-H-H bend potential. A surface incorporating
this improvement has now been created [54] and is called G3. The barrier
heights on the G3 surface are 7.9 kcal for Cl + Hp and 4.9 and 18.1 kcal for
the H + HCI abstraction and exchange reactions.

Returning for a moment to the general theme of halogen-Hp
reactions, we note that the methods used to obtain the GQQ and G3
surfaces for CIH2 have also been used to obtain the most accurate currently
available surfaces for FH» [55] and BrHj [56].

Dynamics calculations on the CIH) reactions also have a long
history. Early work was based on conventional transition state theory
(TST), without tunneling or with one-dimensional tunneling [16,47,57].
Later work included trajectory calculations [45,58-64], reduced-
dimensionality studies [65-67], variational transition state theory (VTST)
with multidimensional tunneling (MT) [68,69] or optimized
multidimensional tunneling (OMT) [51,53,54], and approximate quantum
scattering calculations [70]. In 1991 and 1993, Launay and coworkers
presented converged quantum scattering calculations for the Cl + Hp
reaction on the GQQ surface [71,72], and Takada et al. [73] calculated
accurate quantal reaction probabilities. The present account summarizes
some of our recent dynamics calculations based on the G3 surface.

2. G3 potential energy surface

Ab initio electronic structure calculations were carried out for 63 Cl—
H-H geometries by Moller-Plesset 4th order perturbation theory (MP4)
[74] using valence triple zeta basis sets on Cl [75] and H [76] augmented by a
set of five d functions on Cl and a set of p functions on H. The correlation
energies were scaled by the MP4-SAC method [77] with scale factor 1/0.82.
The geometries consisted of 21 sets of nearest-neighbor bond distances, each
with ClI-H-H bond angle equal to 180, 170, and 160 deg.

The GQQ surface was modified by making the H-Cl triplet interac-
tion in the LEPS function be an explicit function of all three internuclear
distances. This allowed us to fit the ab initio CI-H-H bending potentials
with an RMS error of 0.08 kcal, while retaining the general shape of the
GQQ potential for H-CI-H and collinear CI-H-H geometries.

3. Rate constants for C1 + Hp

Quantum mechanical rate constants were calculated for the Cl + Hp
reaction in three steps. First, we calculated converged cumulative reaction
probabilities [78-80] for total angular momenta ] = 0-6. The calculations
were performed using the outgoing wave variational principle [81,82] and
techniques presented elsewhere [83,84]. Second, we used the separable
rotation approximation (SRA) [85,86] to generate from a single ] the
cumulative reaction probability up to as high a ] as is required for
convergence. Third, we integrated these cumulative reaction probabilities,
weighted by a Boltzmann factor and the appropriate kinematical and
electronic partition function factors, to obtain thermal reaction rates.

Before presenting the results we comment on the validation of the
SRA and the accuracy attainable with accurate quantum dynamical
calculations by considering recent results for the D + Hy — HD + H reaction
[85,86]. The SRA is a shortcut allowing us to generate quantum dynamical
rate constants, fully summed over ], from calculations at only one or a few




low J. In our initial studies of the method [85,86], we found that it is much
more accurate if it is based on | 2 Kcony where Keony is the highest value of
the vibrational angular momentum quantum number [87] of the transition
state that makes a significant contribution to the reaction rate. We would
expect Keony < 6 for reactions like D + Hp and Cl + Hy at temperatures of
interest here, and rate constants for D + Hj calculated from either J=3 or |
= 5 agree with full calculations with an average absolute error of only 3%
over the range 200-1000 K [85,86]. Furthermore, full rate calculations agree
with experiment [88] with an average absolute deviation of only 8% over
this range of T. For D + H) accurate ab initio kinetics agree so well with
experiment because the potential energy surfaces [89,90] are apparently
very accurate. For Cl + Hj, then, comparison to experiment provides a
check on the potential energy surface.

Table 1 shows SRA results for Cl + Hp based on ] =3 and ] = 5, and for
this reaction the two sets of calculations agree with an average absolute
deviation of only 1% over the 200-1000 K range. In contrast the average
absolute deviation of the SRA results based on | = 0 (not shown) from those
based on J=3 or [=5 is 23%.

Table 1 also shows a comparison to the values recommended [28] in
the most recent evaluation of experimental data. On average the
experimental rate constants are 42% lower than the quantal ones; the
deviation could be accounted for by the barrier being too thin and the
barrier height being about a half kcal (or more) too low on the G3 surface.

Table 1 also shows VTST/OMT results, in particular calculations
carried out by improved canonical variational theory [91] with tunneling
contributions included by the least-action ground-state approximation [92].
Anharmonicity is included by the WKB method [93] for stretches and by a
semiclassical centrifugal oscillator method [94,95] for the bend. The
average absolute deviation of the VIST/OMT calculations from the
quantum scattering calculations is only 10%. This excellent agreement for
the most quantum mechanical of the isotopes validates the use of the very
inexpensive VTST/OMT method. Thus it is meaningful to use the
VTST/OMT method for calculating KIEs.

Table 2 compares the present results to experiment for the KIEs. In
this table, AB denotes Cl + AB — ACI + B, and BA denotes Cl + BA — BCl
+ A. Three sets of experimental data are shown: the collection of results
from Stern, Persky, and Klein [49] and two sets of kHz/ kp, ratios: the
results of Miller and Gordon [96] and the recommendation of Michael and
coworkers [28]. The present results are given in the VIST/OMT column,
followed by two sets of calculations based on conventional TST without
tunneling. All the calculated results are based on the G3 surface; two of the
calculations include anharmonicity as described above, and the final
column shows conventional TST with no tunneling and harmonic partition
functions, just to provide an old-fashioned point of reference. First of all
we see that anharmonicity tends to decrease the predicted KIEs while
more accurate inclusion of dynamics tends to increase them. The overall
conclusion is that the present results may overestimate the tunneling,
especially if we accept the most recent experimental results. This may be
caused by the barrier being too thin, which is quite possibly a remnant of
using the LEPS form as part of the fitting function, since the LEPS form
seems to give barriers that are too thin, as discussed elsewhere [97].

The HD/DH results in Table 2 are especially worth emphasizing
since this KIE is a very sensitive test of potential energy surfaces. In a




previous survey [51] of eleven potential energy surfaces the calculated
values for kgyp/kpH at 300 K were, in chronological order of the develop-
ment of the surfaces, 0.2, 0.2,2.2, 1.8, 3.6, 2.6, 3.0, 0.3, 44, 3.1, and 1.9. Only
three of these are within 40% of the experimental 1.8. Thus attaining a
value within 40% of experiment can serve as a criterion of good quality.

Figure 1 shows the quantum scattering theory calculations of the
cumulative reaction probability (CRP), NO(E), for Cl + para Hj for total
angular momentum zero. The CRP is the sum of all state-to-state reaction
probabilities at a given total energy [78-80], and it is directly related to
the rate constant k0(E) for a microcanonical ensemble with zero total
angular momentum at the total energy E. In particular

K(E) = [hpR(E)I-INO(E) (1)
where h is Planck’s constant, and pR(E) is the reactant density of states,
which carries no dynamical information. One advantage of modern
quantum scattering theory as compared to experiment is that we can look at
KO(E) and NO(E) which are impractical to measure for bimolecular
reactions. The advantage of being able to do this is that NO(E) is more
directly related to the structure and dynamical properties of the transition
state than is the usual canonical-ensemble rate constant k(T). In fact the
step structure faintly observable in Fig. 1 is a direct consequence of the
quantized nature of the transition state [80,98,99]. This structure is brought
out more clearly in the derivative curve p%(E) = dNO/dE; pO(E) is called
the density of reactive states [80,98,99] and may be considered to represent
the Holy Grail of chemistry—the spectrum of the transition state. The
density of reactive states for Cl + para Hj is shown in Fig. 2, and it shows
several quantized states clearly. The assignment of these states is most
easily made by studying the vibrationally adiabatic potential energy
curves defined by [91}:

Va(v1,v2,K,8) = VMEP(s) + e(v1,v2,K,5) (2)
where VMEP(s) is the Born-Oppenheimer potential energy along the
minimum energy path (MEP) as a function of the reaction coordinate s,
€(v1,v2,5) are the vibrational energies of the generalized transition states,
v1 is the stretching quantum number for the mode that adiabatically
transforms from an H-H stretch to a quasisymmetric stretch of the CI-H-H
transition state to an H-Cl stretch, and v is the bending quantum number of
the transition state. As usual [87], the quantum numbers are displayed as
v102K. The relation of the adiabatic energies to transition state theory
has a long history, dating back to Hirschfelder and Wigner [100], and it
was eventually clarified in 1979 by the proof that the adiabatic theory of
reactions [101] is identical to microcanonical variational transition state
theory [102]. Thus the maxima of the vibrationally adiabatic curves are
identified with dynamical bottlenecks.

The density of reactive states was fit to a sum of contributions with
line shapes [80,98] corresponding to parabolic effective barriers. The
individual terms in the fit are shown in Fig. 2, and the area under each
term corresponds to the transmission coefficient for an individual
quantized level of the transition state [80,98]. To interpret the fit, we
calculated the vibrationally adiabatic curves and scaled the vibrational
energies so that the energies of the maxima agree with the energy levels
obtained from the fits; these curves are shown in Fig. 3. The interpretation
of the CRP is now very clear: The reaction threshold at 11 kcal corresponds
to the ground state of the transition state (TS), which is a nearly ideal
bottleneck since x = 1. (The tail extending to lower energy is due to




tunneling as are the low-energy sides of all the peaks.) At 15.3 kcal, the
first excited state of the TS is accessed, which allows more flux to pass.
However, although motion is locally vibrationally adiabatic near the TS,
the curvature of the reaction path causes some transitions to v1 = 1, and
reflection occurs when the systems hits the local maximum in V4(1,0,0,s) at
s=0.6 ag. At17.4 kcal, this local bottleneck is surmounted, and the
reflection mechanism closes down, but the CRP can only rise to 2 because
the state count of 2 at the variational transition state near s = 0 is still
globally limiting the flux. At about 19.6 kcal one encounters both the 040
state and the global maximum of the 100 curve. The latter is the 10°
variational transition state, and the lower-energy 100 feature is a
supernumerary transition state of the first kind, in the classification
presented elsewhere [103]. The lifetimes of the dynamical bottlenecks in a
quantum mechanical world (calculated from their widths in the energy
domain) are consistent with the shapes of the vibrationally adiabatic
curves: 14, 9, and 7 fs for peaks 1, 2, and 4, respectively, as the bending
excitation makes the effective barriers thinner, and 26-29 fs for peaks 3
and 5 associated with broader barriers.

4. Cross sections

Another valuable use of accurate quantum dynamics calculations is
testing the validity of classical simulations for predicting product-state
distributions, and reduced-dimensionality studies of this issue are
available for both C1 + Hz [67] and H + Cl3 [104]. In the present case
extensive quasiclassical trajectory (QCT) calculations have been carried
out for the full-dimensional Cl + Dy reaction by Aoiz and Banares [105]. An
example of how the QCT results compare to the accurate quantum ones is
given in Fig. 4, which shows differential cross sections for Cl + Dy(v=0,j=1)
— DCl(v") + D, where v and v” are initial and final vibrational quantum
number, respectively, j is initial rotational quantum number, and the results
are summed over final rotational quantum number j". The comparison in Fig.
4 is for an initial relative translational energy of 10.1 kcal. The agreement
is quite good. Notice, however, that the QCT method overestimates the
amount of vibrationally excited product.

Finally, we also note that preliminary comparison to Cl + Hp
molecular beam results [48] at low energy (6 kcal) shows good agreement for
both angular and time-of-flight distributions of the products [106].
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Table 1. Rate constants (cm3molecule~1s-1) for Cl + Hp
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SRA
T(K) J=3 J=5 VTST/OMT Experiment[28]
200 8.49(-16) 8.66(-16) 8.96(-16) 3.92(-16)
300 2.48(-14) 2.50(-14) 2.31(-14) 1.57(-14)
400 1.50(-13) 1.51(-13) 1.31(-13) 9.89(-14)
600 1.00(-12) 1.01(-12) 8.68(-13) 7.19(-13)
800 2.79(-12) 2.80(-12) 2.52(-12) 2.24(-12)
1000 5.41(-12) 5.46(-12) 4.92(-12) 4.85(-12)

Table 2. Kinetic isotope effects kAB/kcD

Experiment VTIST/OMT TST  TST
AB/CD T(K) '73[49] ’83[95] ‘94[28] anhar anhar har
Hy/D3 245 14.6 15.0 8.7 12.3
255 12.9 94 13.9 8.3 114
298 9.1 7.5 10.6 6.7 8.7
345 75 6.9 6.1 83 5.6 7.0
500 4.0 36 4.9 3.8 4.3
600 3.0 3.9 3.2 35
1000 2.1 2.3 2.2 2.3
Hy/Ty 275 34.2 50.7 20.4 30.0
345 183 26.5 13.1 17.4
HD/DH 300 1.76 2.1 1.29 1.41
445 1.37 1.79 1.25 1.31
H,/(HD+DH) 245 3.4 4.4 2.5 2.9
345 25 3.1 2.1 23
Hy/(HT+TH) 245 6.5 10.8 34 4.2
345 4.1 6.0 2.7 3.2
Hy/(DT+TD) 275 20.7 25.7 11.8 16.6
345 12.1 15.3 8.3 10.7
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Figure captions

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Accurate quantal cumulative reaction probability NO(E) for Cl +
para Hz - HCI + H on the G3 surface.

Density of reactive states, pO(E), for Cl + para Hy with ] =0 on
the G3 surface. Heavy solid curve: accurate quantal; heavy
dashed curve: fit; light dashed curve: components of the fit. The
energies, state assignments, and transmission coefficients of the
quantized transition state energy levels are indicated next to
arrows at the energies of the peaks in the components of the fit.

VMEP(s) and V,(v1,02,K,s) for Cl + para H2 - HCI + H on the
G3 surface vs. reaction coordinate s.

Differential cross section vs. scattering angle for Cl + D2(v=0,j=1)
— DCl(@") + D as a function of scattering angle. The results from
quantum scattering theory are compared to those from
quasiclassical trajectories for a collision energy of 10.1 kcal.
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