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Rotating-Top Approximation in Reduced-Dimensionality Quantum Calculations of Rate
Constants: Application to Complex-Forming Nucleophilic Substitution’
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Within the framework of reduced-dimensionality quantum scattering theory, we employ Bowman'’s adiabatic
rotation approximation to describe reactive systems that have symmetric-top geometries during the entire
collision process. The results are compared with the approach of shifting the total energy by a characteristic
rotational energy. Initial state-selected and total thermal rate constants have been computed for the complex-
forming gas-phase reaction CH CH;ClI' — CICH; + CI'~. At room temperature, we find a significant
contribution from energetically high vibrational modes. The dependence of the cross-sections on the different
angular momenta is analyzed in detail, and high total angular momenta are found to be of considerable
importance. The influence of adiabatic azimuthal rotation on the rate constants turns out to be small compared
to other effects. In addition, we use a new model to account for the asymmetric modes not explicitly contained
in the scattering calculations. The difference to the only available experimental value confirms our conclusion
that the C+C—CI' bending modes are of major importance for this reaction.

I. Introduction reduced models, because they have turned out to be very
For reactions involving polyatomic molecules, the calculation SENSitive with respect to shifting procedures. Prototypes for this
of converged quantum-mechanical reaction probabilities and ¢/ass _©f reactions are gai-lehase nucleophilic bimolecular
cross-sections is a formidable task. Usually, only a selection of substitution (&2) rgacﬂopé ln, particular, the halogen
the internal degrees of freedom of the system can be considered®Xchange Walden inversion reactions
By employing simple energy-shifting procedute&the calcula-
tion of thermal rate constants is possible by including the degrees X+ CHY = XCH; + Y 1)
of freedom which are not explicitly taken into account quantum-
mechanically. Moreover, the overall rotational motion is usually where X and Y are halogen atoms have been investigated in
considered by shifting the reaction probability for total angular detail both from the experimental and the theoretical side (see
momentumJ = O by the rotational energies of the transition refs 15-47 and references cited in refs 114). Because of
state complex. This procedure could be applied quite successthe long-range electrostatic attraction between the collision
fully for reactions proceeding over a simple barrier, while for partners, the depths of the entrance and exit channel wells on
complex-forming systems, where the reaction probability is the potential energy surface (PES) are considerable (ca. 0.5
governed by sharp resonance featurgshifting is highly eV).11-16.23Detailed quantum dynamical studi&3®41.434have
questionable. given evidence that very sharp resonance structures dominate
With a more sophisticated approach in reduced-dimensionality the dynamics of gas-phaseyXS systems. The widths of
guantum scattering calculations, approximate probabilities for neighboring resonances cover a range of more than 4 orders of
J = 0 can be obtained by applying the rotating-line approxima- magnitude. These resonances are of Feshbach type and, in
tion (RLA)” that has been widely used in the past. This method exothermic systems, e.g., Ck CH3Br, are also of shape type.
is suitable for collinear reactions with a linear transition state They are connected with the long-lived intermediates 3CHzY
complex and thus a single rotational constant. However, most and XCHs++Y ~ that are formed in the entrance and exit channels
reactions involving polyatomic molecules do not proceed via of the reaction.
transition states with collinear alignment of all nuclei. For Experiments on the detailed, state-selected dynamics of gas-
example, for symmetric tops, the projection a8f on the phase {2 reactions are scarce. Ervin et?&lstudied the
molecular axis of symmetry has to be taken into account. In promotion of the symmetric reaction
this work, we modify the adiabatic rotation approximation
(ARA) advocated by Bowma&n'® to a simplified version, the Cl™ + CH,CI' — CICH, + CI'- 2
rotating (symmetric) top approximation (RTA), which can be
applied in the calculation of rate constants from reduced-
dimensionality quantum scattering data for true symmetric-top
geometries during the entire collision process (not only at the
transition state).
Complex-forming bimolecular reactions are particularly chal-
lenging for studying the applicability of such dimensionality-

by kinetic energy, employing guided ion beam tandem mass
spectrometry. Making use of the tandem flowing afterglow-SIFT
technique, Bierbaum and co-work&rscould determine the
thermal rate coefficient for this reaction at 300 K to be=
(35+1.8)x 10 cmis ™t

Computationally, Hase and co-work&r£2.26.27.29.3ginted
T Part of the special issue “William Hase Festschrift”. out in their work on the classical dynamics of gas-phag2 S
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modes of the collision complexes is only weak, causing
inefficient energy transfer.
Total guantum mechanical cross-sectiofis) can be obtained

It has to be emphasized that this Hamiltonian can be derived
equivalently from the more general adiabatic rotation ap-
proximation (ARA) of Bowmar? 10 In this method, the
as weighted sums over reactions probabilifé) for all total rotational energy of the collision system is calculated at a given
angular momentd at given energ¥. In a recent paper, Hennig  configuration, and the resulting (adiabatic) rotational energy is
and Schmat? reported four-mode quantum scattering calcula- then added to the potential energy, forming an effective
tions on initial state-selected total cross-sections and the ratepotential. Bowman’s method in turn relates to the optimum
constant for the aboven8 reaction (2). After reducing the helicity conserving approximation of McCurdy and Milf&rEor
dimensionality, the system was studied under the restriction thatthe complex-forming system @3) + HCI, the ARA has been
Cs, symmetry is maintained throughout the course of reaction. used to determine the rotational barriét$loreover, the ARA
It turned out that rotational effects must play a crucial role in has been successfully applied to triatomic reactive scattering
the dynamics. by other groups, both within the time-independent (for-€l

It is now important to see how the results change when the H, and F 4+ Hy)%C and time-dependent (for N+ Hy)5!
rotating-top approximation is employed instead of the rotating- approaches. Note that in ref 50 a hyperspherical coordinate
line approximation. Furthermore, the rate constant calculation coordinate system was also used. In the present approach, the
can be extended by a more accurate inclusion of the high- diagonalization of the inertia tensor is not necessary because in
frequency modes not yet explicitly incorporated in the model. the given reduced-dimensionality model, the system is always
Moreover, a thorough analysis of the convergence of rate atrue symmetric top. In this sense, our approach is also closely
constants with respect to total angular momentum quantum linked to the centrifugal sudden approximation (CSA)3
numberJ in the J-shifting and RTA approximations is very B. Hamiltonian. Within the dimensionality-reduced 4D
useful to understand the limitations of the models. Finally, a model described in detail in refs 43 and 44, we empldy:a
detailed analysis of the contributions of the various initial symmetric approach and hence study the reaction
vibrational states to the rate constants at different temperatures
should shed more light on the underlying dynamics.

The paper is organized as follows: In section Il, we introduce
the RTA and briefly describe the Hamiltonian and the reactive In eq 7,2 andu' (i = 1, 2, 3) denote the quantum numbers of
scattering formalism as well as the reduced-dimensionality the symmetric &H stretching ¢1, v1'), the umbrella bending
theory to recover the full-dimensional thermal rate constant; (u,, »'), and the G-Hal stretching ¢, v3') vibrational modes
furthermore, numerical details of our computations are given. in reactant and product methyl halides, respectively.

Section Il presents the results and their discussion. Finally, We describe the totally symmetric dynamics of the methyl
section IV contains our conclusions. Throughout this work, group by orthogonal coordinatgsandz (see ref 43 for details);
energies are quoted in wavenumber units. employing Jacobi coordinates for the-Blal stretching degrees

of freedom completely decouples the kinetic energy. After mass-
scaling and transformation to hyperspherical coordinatesd
0,475 the completely orthogonal Hamiltonian

X"+ CH;Y (vy, v,, v5) = XCH4(vy', ), v3) + Y . (7)

Il. Theory
A. Rotating-Top Approximation. Within the rotating-line

approximation (RLAJ for collinear reactions formulated in ol o s - 5
hyperspherical coodinates, a centrifugal term is added to theyy — _ h°fd” , 1) A" 8 A" &° A" 3"
scattering Hamiltonian fod = 0, A0, 2u\pp®  4p?  2up?30° U207 23 aqf

(o A2+ 1)
2up’

so that reaction cross-sections can be calculated. Hésghe

=

®)

V(p, 0,2 0) (8)

is obtained. The latter four terms including the potential define
the three-dimensional (3D) so-called surface Hamiltorigm:
that only parametrically depends on the hyperradgiushe

total angular momentum quantum number. For true symmetric- reduced masses are givendy= [mxmcp,my/(mx + Mcpy )],
top systems, this model can be extended to a rotating-topuz, = 3mumc/(3my + mc) and uz = 3my, whereme and my

approximation, where we add the term

AP = AP0 4 B ()[JQ + 1) — K + A(K>  (4)

with —J < K < J. Here, A and Beyt denote the two rotational
constants of a prolate symmetric top,

2
Be(0) =Zuh—p2 (5)
and
hZ
Alp)=—" (6)
23 ma’(o)

denote the masses of the isotopés andH. In the present
casemy = my = nesc;. For the {2 reaction, we obtain thA
rotational constant to be

h2

A —_
) 6M.a (o)

©)

whereq = rcy sin 0. Here, 6 is the H-C—Y angle andrcy is
the C-H distance of all three €H bonds.

C. Reactive Scattering Formalism. For given angular
momentum quantum numbedsandK and total energy, the
Schralinger equatiotH WX, 0, z, q) = EP(p, 9, z, q) is
solved in two steps to obtain the partial wawE3X. In every
sector, we expand the partial wa¥i€ for initial staten’ in
close-coupling forrff

N
where theg values are the perpendicular distances of the nuclei W) (o; p; 0,z @) = p > gs(o; p) P9, 2 G; p) (10)

of massm; from the molecular axis of symmetry.

n=
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with N denoting the total number of channels. As described in Here,E’¥is the symmetric-top enerd§'J(J + 1) + (A™-B")K?
detail in ref 44,Hgyy is diagonalized in a suitable potential with AT and BT being the rotational constants of the prolate

optimized (PO) sinc-DVR basf8:61 The R-matrix metho? is symmetric-top saddle point species. Employing this approxima-

employed for the propagation of the radial functiogl. tion, one obtains

Overlap matrices between eigenfunctions of adjacent sectors

are computed only once and are then used in the subsequent Q:redQ;rot g Adlkel) .

R-matrix propagations for all values & J andK. Boundary kT =———— ﬁ) e_B(kBDZ Pﬂf:O(E) de (17)

conditions in the asymptotic region of the potential are applied hQQurans B

according to ref 45. Th&matrix propagation is repeated for

all values ofJ andK possible for total energg. Wherleed denotes the partition function of the four degener-
The K-dependent reactive scattering cross-sections are thenate internal modes in the transition state, whg, is the

given by corresponding rotational partition functioQyans is the 3D

translational partition function, an@i,: denotes the partition
K a2 K function for all internal degrees of freedom of the reactants,
oi{(E) = _2;(23 + 1PF(E) (11) i.e., for all vibrational modes and rotations of gG&.
K= The quantity Ao denotes the difference of the zero-point
energies between the saddle point structure and the reactant with

with P/f(E) = |S{(E)|2 Note that the summation starts K respect to the foue modes. ThusAo recovers the vibrationally
not zero. The collective quantum numbers (v, v», v3) and adiabatic ground-state barrier height of the full-dimensional PES.
f=(v1, v2, v3) denote the initial and final states, respectively, In the RLA, reaction probabilities are calculated for eakh
of CHsCl. Here k. is given by individually by using the Hamiltoniaf’. Usually,K is set to
zero in this calculation, and probabilities fidr> 0 are obtained
kmz _ 2:—21(E —e) (12) by an analogous energy-shifting procedufeshifting)
P(E) ~ PY(E — E) (18)

with e, the asymptotic energy of chanma) andE — € = Egans ‘ ] K ex ;
D. Reduced-Dimensionality Calculations of the Thermal ~ for K= —J, ..., J. E® is the azimuthal part o™, E = (A" —

Rate Constant.By employing the full-dimensional cumulative ~ B)K? This results in th&< summation still being included in
reaction probability the energy integration when computing the rate constant, cf. eq

13 in ref 45.
® In the RTA, we instead calculate reaction probabilities for
Pchﬂ'm(E) = ZZO(ZJ + 1)Pif(E) (13) each energetically allowed combinationJaindK by employing
T I= HIK, proceeding by

the thermal rate constant can be calculated exactly by S J

- P(E)=5@+1) 3 PIE

KD =ggfo €7 Pain(®) CE (14) - = ;
=2 @41 5 @0Pi(E) (19)

where h and ks are Planck’s and Boltzmann’s constants, = =

respectively, whileQ; = QiniQransis the partition function per o

unit volume for the reactants. and thus obtaining for the rate constant

The dimensionally reduced (RD) theory for the calculation QT AT
e
red

of thermal rate constants is based on energy-shifting procedures © _ElkeT) >
for the modes that are not treated explicitty.Our Cs, model k(T) = oo f; e ;(23 +1) x
for halogen-exchangend reactions considers the four modes QniQurans =
of &g symmetry explicitly, while the influence of the other modes J K
is taken into account by energy shifting }ZO(Z — Oxo) prf (B) dE. (20)
= e
full 4D
PE(E) ~ ZP (E- ED (15) Each of these models also allows one to compute state-

selective rate constants by specifying an initial statend

where the indes collectively denotes the quantum numbers Summing only over the final statds » ,

of the four doubly degenerate $ymmetry) vibrational modes It should by no';ed that, in _a_d_d|t|on to eq 18, it is also possible

of the transition state complex that are not explicitly included 0 compute reaction probabilities fér> 0 from those foK =

in the 4D RD model. The vibrational energy levels of the O Py shifting to the corresponding translational energy

transition state<E], are measured relative to zero-point energy -

and are calculatezl for an ensemble of eight harmonic oscillators. PK(E) ~ PX O(E - Etljang (21)
In the J-shifting/K-shifting approximatiort® only the reaction

probability P*=%(E) = ¥;P/;°, summed over all initial and

final states, is determined fér = 0 and shifted by the rotational

energies of the transition state according to

wherePX=0 is obtained by summing over @i’k=0, andE},
= B(pendK + A(pendK? is the energy difference betwe&n=
0 and an arbitrar for J = K at the final hyperspherical radius
pend (the first term in this expression becomes vanishingly small
J for p — ). The first approach as described in eq 18 refers to
PYE) = z PE - EX). (16) the transition state and is thus appropriate for the numerator in
K==J the expression used to compute rate constants, whereas the
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latter procedure aims at the asymptotic configuration. It is forn =0, 1, 2, ..., we finally obtain for the rate constant
therefore used in the comparison of cross-sections for different

K values at the same translational energy. Both will be called sze) e AdlkeD
K-shifting with the distinction given by the context. k) =—— x
E. Asymmetric Mapping. All of the above models hQ, Qirans

essentially map the degrees of freedom not explicitly considered o

onto the \)//ibratFi)onaI grgund state; see eq 15. IF:)or tr):ose degrees J, Ee BleD z P(E)g, (e al/(an)gvzﬂ(e aallal),

of freedom which are expected to actively take part in the i=(viva,va)

reaction, this is quite a poor approximation and used mainly (25)

because of the absence of a suitable alternative. However, for ) ) )

the two doubly degenerate vibrations of the methyl group, a Pependence od and K including the summation has been

reference to the corresponding explicitly treated totally sym- Suppressed in eq 25 for clarity and must be included in

metric modes is feasible. While a mapping to the ground state a?cordance with each of the models presented in section 2.4.

will underestimate the reactivity, using the symmetric modes Q(—¢) IS the partition function for the degrees of freedom at the

yields an upper bound for the influence of these degrees of transition state appropriate for the selected model excluding the

freedom. two doubly degenerate asymmetric internal modes of the methyl
In extension of eq 15, we need to specify state-selective group. In our RTA modelQ[_, contains the partition function

probabilitiesP;(E) for an initial statei, summed over all final ~ of the two remaining doubly degenerate modes at the transition

states, by the ansatz state, i.e., the GtC—Cl bending and the Ctirocking modes.
F. Numerical Details. The 4D PES from ref 43 with classical
P.(E) ~ pi‘!D(E —Ay— E'— q) (22) barrier height of 984 cm' is employed with the asymptotic

energy set to zero. Unless stated otherwise, all energies in the
dynamics calculations are counted from the asymptotic vibra-
tional ground state of C}Cl.

All parameters used in the quantum scattering calculations
reported in this work are collected in Table 1 of ref 45. In the
propagation of the partial waves, the number of channels actually
taken into account (all open channels and ten additional closed
channels) depended on the segiprin the potential wells, a
'lower number of channels was chosen for higher energies,
because the energetically highest computed state in this region
lies at ca. 3250 crrt. With this restriction, all channels below
an energy of 3220 cmi were additionally included in each
sector in computations with an energy below that limit. The
Smatrices and thus reaction probabilities have been computed
for total energiesE,; up to 6000 cmt above the asymptotic
vibrational ground state of GJ&I.

The energetic resolutioAE was at least 10 crm with a much
finer grid in the low-energy regimeAE = 1071 cm? for Ey
< 250 cmmt and AE = 1 cm! for 250 cn! < By < 1600
cm~1. Convergence especially in the low-temperature regime
has been checked by comparison with rate constants obtained
from a refinement fok = 0: AE = 1072 cm™1 for Eio; < 100
cmtandAE = 1 cnt ! up toEy < 1720 cnT?. This refinement

for the degeneracy. The same consideration holds forshe results in an increase of the rate constant by a factor of at most

guanta in the umbrella mode, which can be can be created by2'5 for very low temperatures and hardly any change for

originally storingl = 0, ..., v» quanta in the doubly degenerate ter;p;ar?turels alz_(t)_ve f100 t}'(. lculated in the riaid rot
asymmetric counterpart; here, the energy shift amounteto otational partition functions were caicuiated in the rgid rotor

with o, = —400 cnt?! being the difference of the symmetric model by explicit summation. For a given V(9, z, g; pi) was

umbrella mode to the asymmetricH#C—H bending vibration minimized to obtain the _optlmaj(p) value for A(p).
at the transition state. For the highest energies considered, total angular momenta

By summing ovek andl, we conclude that the probability Ep to ;a"] - 1209[ ";nd atf]imuthal atrllgular. momerh(ajfs:é%
P,(E) for each initial staté = (v1, v», v3) Will be weighted by ave been computed; in the energetic region URJo=
a factor cm ! relevant at room temperature, partial waves up tdlea.

500 andK = 16 still have to be considered. The computational
" vy effort thus rises by a factor of B0 in the RTA model
—kou/(ksT) —lagl(ksT) compared td-shifting in the RLA model; the RLA model itself
kzo(k tle ;(l tle ' (23) requires about 2001000 more partial waves than the simple
J-shifting model. The total increase in CPU and storage
Using requirements of the RTA model comparedJtshifting is thus
about 4 orders of magnitude. This is the reason for the much
_ qn+2 —(n+ 2)qn+1(1 -9 coarser grid compared to our previous calculations: Fer
0,* a computationally demanding energy grid AE = 1073
(1-q)?° cm! down toAE = 10712 cm™! was necessary to resolve all
(24) the narrow resonances. From the above considerations, it is not

wherei’ is the explicitly treated state correspondingita.e.,
all quanta that do not correspond to an explicitly treated mode
are removed and each quantum in one of the two doubly
degenerate asymmetric internal modes of thes @rbup is
replaced by one in the corresponding totally symmetric mode.
As in eq 15,E' denotes the vibrational energy levels of the
transition states of all modes mapped onto the ground state
while o incorporates the energy difference between the asym-
metric and symmetric modes at the transition state. Both
energetic quantities are evaluated in the harmonic approximation.
As a < 0, this will effectively reduce the probabilities in the
asymmetric modes compared to the symmetric ones, which is
consistent with their expected behavior.

As a consequence for every initial state (v, v2, v3), K=
0, ..., v1 of the v; quanta in the symmetric €H stretching
vibration can be created by originally storing them in its doubly
degenerate counterpart mode. For a gikethis will result in
a factor kK + 1)e*/tsh) where oy = —192 cmr! is the
difference between the harmonic wavenumbers of the symmetric
and asymmetric €H stretching modes at the transition state;
the exponential term stems from the energy shiftobywhen
integrating over energy in eq 22, while the fadtet 1 accounts

n 1
@ =S (k+ D)=
On+1(Q) kZo( )
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19— of the hyperradiug, the geometries were optimized with respect
T 240 to energy. The formation of the complex results in a slight
238 shortening of the €H bond distance and consequentlypf
whereas at even shorter distances, the H-atoms are pushed away
F2,36 > by the energetically unfavorably close Cl-atoms. The resulting
3 p-dependent variation oA influences the final reaction cross-
L2,34 @ : . . N .
p sections via the changes of the available kinetic energy during
l232 the propagation.
The cumulative reaction cross-sections summed over all final
N [230 states and all possible values of the azimuthal quantum number
"8 10 12 14 16 18 20 22 24 26 28 30 32 34 K, zfzKoi'ff(E), are shown in Figure 2. The small cross-section
pla, for the reaction out of the vibrational ground state and those

Figure 1. Changes of the orthogonal coordingtand the symmetric-  for initial excitation of the C-Cl and C-H stretching modes
top rotational constanA during the reaction (as a function of the  [(0, 0, 1) and (1, 0, 0)], as well the combination mode (1, 0, 1),
hyperradiusp). are displayed as a function of translational energy on a
logarithmic scale in Figure 2a. Figure 2b shows reaction cross-

possible to use the same energy resolution in the RLA/RTA section sums as a function of total energy when the vibration
model, resulting in a not fully converged resonance structure of the broken G-Cl bond is excited by one to eight quanta,
of the individual partial waves. However, summation leads to while Figure 2c displaysfor the same range of total energy
an averaging and broadening of the resonances. As demonstrateghe cross-section sums for initial excitation of the umbrella
by the analySiS of the contributions of individual angular bending mode with one to four quanta_ Fina”y, some Cross-
momenta (see below, Figure 9), the rate constants, which aresection sums for initially excited combination modes cfCl
additionally energy-averaged quantities, are correct in the orderstretch and umbrella bend are shown. The data can be compared
of magnitude for low temperatures; for room temperature and g thek = 0 cross-sections from ref 45. Some of the differences
above, the obtained values are converged with respect to theare simply caused by the different setting: In contrast to ref
energetic resolution. 45, the data in Figure 2 has been averaged over intervals of 80
cm~1, resulting in less structure and acuteness. As we show
cumulative cross-sections summed overikalthe scale of the

A. K-Dependent Reaction Cross-Sectiongigure 1 graphi- ordinates changes by several orders of magnitude. However,
cally displays the variations of the two most important structural some of the features in Figure 2 could not be so easily predicted
parameters of th€s, symmetric methyl group, the rotational from our previous calculations: The envelope of the maxima
constantA(p) and g(p), the distance between one hydrogen becomes smoother; in Figure 2b, the increase of the maxima
nucleus, and the molecular axis of symmetry. For each value has become much more monotonic (dips @t = 3, 5,

I1l. Results and Discussion

(0,0,0,)
v,=1...8
(b)
T T T T T 0 T a T T T T
0 1000 2000 3000 4000 5000 6000 4000 5000 6000 7000 8000
translational energy / cm™ total energy / cm”
2000
(0,v,,0) 12000 0,2,2) (0,2,3
1] v=1.4 d
1600 | Vs o000l (@ ©013)
o c N _
'© 1200 () e 80001 (012
o o, 6000
W 800+ w
4000+
J 0,1,1)
400 2000
. . . . . ol —, A N —
4000 5000 6000 7000 8000 5000 6000 7000 8000
total energy / cm’™ total energy / cm’

Figure 2. Initial state-selected total reaction cross-sections for the reactiofr-@HzCl' (v1, v2, v3) — CICH; + CI'~, summed over all accessible
product channels and all values of the quantum nunkbeFhe data are averaged over intervals of 80tnfa) As a function of translational
energy, (b-d) as a function of total energy, counted from the classical asymptotic limit. (a) Reaction out of the reactant vibrational ground state
and excited states (0, 0, 1), (0, 1, 0), (1, 0, 0) and (1, O, 1). (b) Excitation of t@ €tretching mode’s with up to eight quanta. (c) Excitation

of the umbrella bending mode with with up to four quanta. (d) Excitation of selected combination modes.
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Figure 3. Relative deviatiord(E) of the state-selected cross-section Figure 4. Same as Figure 3 for initial vibrational state (0, 1, 0).

for initial state (0, 0, 0) for azimuthal quantum numlefrom the one ; ; ; ;
for K — 1, weiéhted b)y the differencg of the squares of the azimuthal converge to_ eK-lndepe_ndent Va'“‘? which rses S|0W|y_ with
quantum numbers (see the text). Each cross-section is evaluated at th&€9Y- At high translational energie (Sge Flgure 3b), this value
same translational enerdy The data are averaged over 600¢m is on the order of 0.20.1%. A similar situation is found for
initial excitation of the umbrella bending mode with one
and 7 are missing). Also in Figure 2d, some curves change orderquantum (Figure 4). Here, however, the deviations are much
with respect to their maxima [e. g., (0, 2, 2) and (0, 2, 3)]. For smaller (at most up to 10% with fast convergence down to
large values of the total energy, nearly all curves show a values below 1% foEyans> 1000 cn7t). Note that these values
deviation from the &2 behavior, which is explained by the are very similar to those found for the ground state. Analogous
presence of several of these prefactors due to the summatiorpbservations can be made for other initial states and higher
over different initial states (differeri€). Finally, in Figure 2a, values ofK, indicating a universal behavior especially for larger
the C—H-stretching mode does not reach the spectator mode K and higher translational energies.
regime valid for higher translational energies in contrast to ref ~ The difference between the cross-sections summed over all
45, where such a spectator-mode behavior can be observedK values from the rotating-top approximation and frda
within the displayed energy range. We attribute this to the shifting are shown in Figure 5. In the latter model, the cross-
contribution of cross-sections with high& and thus lower section from ref 45050, is shifted byE},,, omitting the

translational energy. contributions fromJ < K, and the resulting curves are summed
To assess the influence of different value¥adn the cross- up. While the results are very similar qualitatively, in particular
sections, we use the quantity for vibrational state (0, 0, 0), the differences are on the order
of a factor of 2 [for (0, 1, 1)] or even larger [for (1, O, 0)].
; of(E) — “YE) Consistent with Figure 4, the-shifting cross-sections are larger
d'(E) = ] (26) (they would yield a relative difference of zero instead of a
(2K = 1)o; (B) negative value), and the difference rises with energy, i.e., the

available values foK. We note that the pronounced structure
that gives the relative difference of these state-selected cross-of the K-shifting cross-sections is due to interpolation effects.
sections forK andK — 1, weighted by the difference of the B. Rate Constants.The rate constants calculated according
squares of the azimuthal quantum numbers. In Figure 3, thisto the theory presented above are shown in Figure 6 for the
relative difference is plotted for the reactants in their vibrational temperature range 16< T < 1000 K, together will two
ground states. The difference is large for low translational enlargements (from 50 and 285 K, respectively, to 1000 K). In
energies and decreases with both energy and quantum numbeaddition to our reduced-dimensionality quantum treatment, we
K. Particularly large differences can be observed between also present results obtained with thandK shifting models,
0 andK = 1 (more than 75% deviation betwe&ga,s = 400 with all CH3Cl rotations excluded and from transition state
and 1000 cm?). For Egans> 1400 cntl, the differences rapidly  theory (TST) with two different potential surfaces. Except for
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Figure 5. Comparison of cumulative state-selected cross-sections, 1000 300 20! %(I)( 50
summed over all final states and all energetically accessible states with g .
azimuthal rotation labeled bi. The dotted curves represent the data 10779 § m  experiment (Bierbaum et al.)
obtained by the rotating-top approximation [cf. eq 11], while the solid To 109 ——RD quantum
ones are computed from the cross-sectionior 0 by adding this § 1o N T.T.‘.i'.i"h?i;gg,|ower resolution
curve to itself for everyK with the appropriate energy shift, omitting = o .= K-shifting, higher resolution
the contributions frond < K. The oscillations are due to interpolation IS 107 -
effects. All curves are averaged over 80 ¢m g 10774 A\ S
the RD quantum curve, the results in Figure 6a have already é 1078 Sl TSsSma
been presented in ref 45. Note that the “red. dim. quantum” S 0 Tl TR
curve from this reference is labeled here I§shifting, lower 2] (b) Tl
resolution”. Despite the extreme computational effort of the 10 Tl
calculations (see section Il. E), we now have further increased 107 a & 2 T ;0
the energetic resolution down to 0cm™. All curves show a K/10°T
linear Arrhenius behavior in both the high- and low-temperature
regimes with a slope greater in magnitude in the first limit, T/K
which is characteristic for a reaction with tunneling through a 1000800700 600 500 400 300
Single barrieﬁ3 m  experiment (Bierbaum et al.)
In Figure 6b, the influence of-shifting andK-shifting is 101N T aeymeti mapping
shown. While increasing the resolution has quite a strong effect e TN | shitng
on the rate constant below room temperature, inclusioK of §
via the RTA has only a small effect, yielding a very slight § 10™
decrease of the rate constant, i.e., farther away from the 5
experimental value. Thus, the azimuthal rotation is of minor fij
influence in this system, in accordance with the expectation from g 107
the overall small decrease of the cross-sections in the RTA
model (cf. Figure 5).J-shifting, on the contrary, leads to 107
significantly lower rate constants in all temperature ranges. 1.0 15 20 25 3.0 35
These findings strongly support our conclusions drawn in ref K/10°T

45 that (a)J-shifting is not appropriate for complex-forming
reactions and (b) rotationgrptations of the reactant and product

symmetric tops) play a crucial role in the system. For chemically description see the text).

relevant temperatures starting from 250 K, the results from

Figure 6. Thermal rate constant for the gas-phag2 &action Ct +
CHsCl' — CICH; + CI'~. Eight different models are applied (for a

K-shifting and RTA are almost indistinguishable on the given others. Wang and Bowman found the symmetric stretch of the
scale, and resolution effects become negligible. H>O molecule in the OH+ H, — H + H,O reaction to be

It remains to study the influence of the asymmetric modes more populated than the corresponding antisymmetric rftbde,
(higher-frequency doubly degenerate—B stretching and whereas in the H+ CyH, — H, + C,H reaction, the
H—C—H bending modes) on the rate constants (see Figure 6c¢).antisymmetric C-H stretch showed a higher effectivity to
We only present the combination with the RTA model and promote the reactioff In the O+ CH, — OH + CHs reaction,
observe a slight increase &T) where this effect becomes which is the most comparable one to our investigations,
somewhat more pronounced for higher temperatures. The effectcalculations by Clary and Palffaesulted in a smaller reaction
is significantly smaller than that going frodashifting to RTA. probability for the antisymmetric €H stretch, but of compa-
Consequently, the asymmetric modes will have only a slight rable magnitude. Experiments on the-€ICH, — HCI + CHj3
effect on the rate constants within this temperature range, asreactio” show almost indistinguishable state-selected dif-
they are already expected to be largely overestimated in theferential cross-sections and rovibrational distributions when the
asymmetric mapping model, and thus, their explicit inclusion reactants are excited either in the symmetric or antisymmetric
cannot explain the discrepancy to the experimental value. Note C—H streching vibration. However, in all of these reactions,
that, in addition, the symmetric modes do not yield the dominant the antisymmetric mode is intrinsically coupled to the reaction
contribution to the rate constant (cf. Figure 7). coordinate, which is not the case for our reaction.

The influence of asymmetric modes compared to their In Figure 7, the contributions of the various initial vibrational
symmetric counterparts has been studied explicitly by several states to the total rate constant are analyzed in detail. The various
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(0,0,0) (b) temperature, the graph shows the ra¢T)/ke, . (T), wherekg(T) is
obtained by cutting the integral in eq 20 at translational en&rgyd

Emax is the highest translational energy for which cross-sections have

- been computed. Opening of the first three stretching modes (0, 0, 1),

Vo (0, 1, 0) and (0, 0O, 2) is indicated by the vertical lines.

304
254

204/

% K(T)

15-"";{{' 1.2)N, '}". 01,00 \\\ are relevant for this reaction as the corresponding modes are
10k I XS / \‘ N much more effective in promoting the reaction than the low-
N S lying ones.
54 N "~:‘.\ N To shed more light on the contribution of different transla-
ok R R tional energies on the rate constants, we evaluate thekediiy/
1 > 3 4 5 6 7 8 ke,..(T) by computing the integral in eq 20 at translational energy

E. The quantityEnax denotes the highest energy for which cross-
. _ L I sections have been computed in the present work. Results are
Figure 7. Contribution of the individual reactant vibrational states to

the thermal rate constant in the reduced-dimensionality quantum model,Shown in Figure 8 for three different temperf’:ltures (150’. 300,
i.e., summed over allandK. (a) Absolute state-selected rate constants. and 1000 K). For each temperature, the major contribution to
(b) Percentage contribution of the reactant vibrational states. the rate constant stems from an energetic region far above the
average thermal energy. At room temperature, about 80% can
curves show a linear Arrhenius behavior within the selected be traced back to the translational energy above 1400 cm
temperature range and a lot of crossings; the ground state itselwhere the (0, 1, 0) and (0, 0, 2) modes open up, which is
shows two different slopes, as does the total rate constant (withconsistent with Figure 7. FoF = 1000 K, we conclude that
a different bridging region, however), cf. ref 63. This is very the value for the rate constant is not fully converged, as the
different compared to non-complex-forming bimolecular reac- Slope of the displayed curve does not approach zer&far=
tions. A comparable system (however with light atoms only), 6000 cn* which is still nine times as large as the average
the abstraction reaction between a hydrogen atom and methanefhermal energy at this temperature. The negative curvature above
methanol, was recently studied by Kerkeni and Clary with a E= 5000 cn1*implies convergence on the order of magnitude,
state-selective analysis of the rate const&ht8.A direct however, which justifies the inclusion of these high temperatures
comparison of the overall behavior is difficult, because the in our plots.
higher barriers in these reactions cause the relevant interesting In Figure 9, the cumulative contributions of angular
features to appear at higher, rarely investigated temperaturesmomenta to the rate constant are given as a function f 1/
and the smaller number of degrees of freedom considered yieldsThe unusual scaling of the ordinate results from plotting 100%
less curves. — con alogarithmic scale in order to demonstrate the deviation
The relative contributions of the different initially excited of the RTA/RLA model (c,d) frond-shifting (a,b); in the latter
vibrational states are shown in Figure 7b. The individual curves model, the resulting curves are straight lines as inferred by the
show a strikingly similar shape. Under thermal conditions, the rotational partition function. For each model, two different
state with two quanta in the-&ClI stretching mode (0, 0, 2) of  temperature regimes are shown. The ordinates are labeled by
the reactant molecule contributes most (35%), followed by the the values ot itself. If curves are not labeled, the maximum
umbrella bend (0, 1, 0) and one or three quanta in theCC value ofJ increases by 10 for each curve from the first to the
stretch (0, 0, 1)/(0, 0, 3) (15% each). The combination mode last corresponding label. For temperatures starting &t 10
(0, 1, 1) and the vibrational ground state (0, 0, 0) contribute K, we observe a very irregular pattern and several jumps with
with 10% each. In general, excitations with quanta in the respect to the individual contributions of the total angular
umbrella mode contribute less than pure excitations of th€IC momenta. These features cannot be attributed to a physical
bond, which is one of the reasons for the low influence of the origin, but are consequences of the limited energy grid size:
asymmetric modes (cf. Figure 6c). Note that the (0, 0, 2) mode The individual probabilities?’(E) do not have a fully resolved
opens at a total energy of 1432 chabove the ground state of resonance structure, resulting in under/overweighing of the
CHsClI, which is about seven times as large as the averageindividual contributions. However, summation of these yields
thermal energy at room temperature. Similar observations hold results that are also reliable for low temperatures in the order
for other temperatures, which infers that fairly high energies of magnitude: Even for the most striking irregularity o=

K/10°T
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Figure 9. Cumulative contributiorc of angular momenta to the rate constant as a function D{sée the text).

50 K where the large gap betwedr—= 140 andJ = 150 is
clearly due to the energy resolution, the contributionJaf

140 is still 50%. The increasing importance of higher angular
momenta shows a clear deviation from the linear behavior in
the J-shifting, which for values fromT = 100 K up to room

temperature is due to the dominant contributions of energetically

0 J< 10~ .
J<40 y<30

90

-
N
w
N
(9]
(o]

K/10°T

the methyl group are included in the model, &y symmetry

is conserved throughout the reaction. By making use of the
rotating-top approximation, converged state-to-state selected
total reaction cross-sections, summed oveKalbtor contribu-
tions, could be calculated.

(3) The thermal rate constant has been calculated and

higher modes; the smaller amount of kinetic energy left in these compared with the ones obtained from more approximate models
modes favors smaller angular momenta. From a starting point j.ghittingK-shifting quantum and transition state theory). While
atT = 250 K, the distances of the curves become increasingly TsT rate constants show fortuitous good agreement with

regular, indicating less importance of the energy resolution in
this temperature region, consistent with Figure 6. Abdve
400 K, the curves become straight lines as in Jkghifting
model with the only difference that more angular momenta
contribute to the final value. This observation, which is also
valid for the low-temperature regime, explains the overall lower
rate constants obtained Byshifting.

IV. Conclusions

(1) On the basis of Bowman'’s adiabatic rotation approxima-
tion in quantum reactive scattering, the rotating-top approxima-
tion is introduced that allows for explicit consideration of the
rotational quantum numbé in reduced-dimensionality calcula-
tions for reactions with true symmetric-top geometries during
the entire collision process.

experiment, the physically more sound reduced-dimensionality
quantum calculations show large deviations from the only
available experimental data point.

(4) Contributions of the individuakK quantum numbers in
the rotating-top approximation have been analyzed and found
to decrease the cross-sections in an overall small amount
compared toK-shifting. The resulting differences of the rate
constants are negligible with respect to the order of magnitude.

(5) A new model has been proposed to estimate the influence
of asymmetric modes when quantum results for the symmetric
counterpart are available, indicating a negligible influence on
the rate constant at room temperature.

(6) State-selected and energy-dependent rate constants have
been analyzed. The results underline the importance of certain

(2) Time-independent quantum scattering calculations have €nergetically high modes even at low temperatures, especially

been carried out for they@ reaction Ct + CH3Cl' — CICH3

+ CI'~ using hyperspherical coordinates describing the bonds

being broken and formed. The two totally symmetric modes of

those with excitations in the -©Cl-bond.

(7) An analysis of the contribution of the different total
angular momenta showed the convergence for small tempera-
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tures to occur only via summation. The lower rate constants of
J-shifting could be traced back to contributions of higher angular

momenta.
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