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Quantum Dynamics of the CH; + H — CH3 + H» Reaction: Full-Dimensional and Reduced
Dimensionality Rate Constant Calculations
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Quantum mechanical calculations for the thermal rate constant of the combustion related reactientiCH

— CH; + Hy, are reported. Benchmark full-dimensional results are given and compared to those derived
from classical transition state theory as well as to some published reduced dimensionality results. The role
played by some of the different degrees of freedom in the reactive process is investigated by comparing
additional reduced dimensionality results to the exact ones. This proves valuable for the development of
possible strategies to study involved reactive processes.

I. Introduction in 19542 and several studies have been carried out afterward,
most recently reviewed by Baulch et®aAfter this review, new

of Q}rgi?]ng;r?g tﬁg?g%?; i:(i:llr:rgtitlle(szletg(?rrigif tr;ﬁ;risigaﬂeizgg:{sexperimental rate constant results have been published for both
9 y 9 the title reactiof® and its reversé Most recently, Momose et

-tl;gteh Otlﬁgpae:érl]?a![g t:ti dChiT'rgzlcﬁgﬁesasnﬁﬁge d:esv;%hla\/eeni té’)}’al? have published their experiments on the reverse title reaction
. udy ot /elop at 5 K insolid parahydrogen in which they found an interesting
approximate strategies which allow the undertaking of more isotope effect. In contrast to such an abundant experimental

involved _(and realistic) systems. Therefore, the de_velopmept background, not until the 1980s were the first theoretical works
of approximate approaches for the quantum mechanical descr'p'published by Walchand Schatz, Wagner and Dunnihgrior
tion of elementary processes involving small systems in the gas i

phase is of great importance. On the other hand. it is also to this, semiempirical surfaces had been published in the 1970s

necessary to have at hand accurate quantum mechanical resultby Bunker and co-workef$2 and Raff* In a later work,
; ryton q X . Fruhlar and co-worke#4 analyzed the two potential energy
which will validate or not these approximate strategies on

. . - surfaces employing ab initio calculations and reaction-path
systems of moderate complexity. In this sense, while the accurate ploying P

e . methods and concluded that Raff's potential surface was
description of three and four-atomic processes at a full quantum

mechanical level seems nowadays feasible, the ste towaro‘ohysicaIIy more reasonable, although not accurate enough to
. ys | ' P towarty 5w quantitative dynamics studies. Resulting from this study
bigger systems has only been achieved through simplified

models. No accurate full-dimensional study had been yet a new fit> was developed, on the basis of Raff's functional
) . Yy Y€l hut calibrated to kinetic data and ab initio results by Duchovic,

reported for a system containing more than four atoms. In a Hase, and Schlegé!.On this surface, the authdbgperformed
recent communicatiohwe presented, for the_flrst time, f‘%”y variational transition state theory and semiclassical tunneling
conv_erged re.sults for the quantum rr.lechanlcallcalcul_atlon of calculations. However, the surface developed by Joseph, Steck-
the title reaction’s rate constant considering all its 12 internal ler and Truhlais not,only specified in terms of the incorﬁing
degrees (.)f freedo_m. In this paper, we intend to extend_ the hydrogen atom but also in terms of the abstracted atom and
presentation of said r_esults as well as some Othef approx'matetherefore it is not symmetric concerning the four methane
results, obtalneq treating accurately only some particular qegreesnydrogen atoms. To run trajectory calculations, Jordan and
of.freedom, which will help to dgepen in the understanding of Gilbert!” used the Josephpotential as a basis for constructing
th'é ch%mlc_al prolcessé chara_cterlstlcs. ded famil fa new potential energy function which would be symmetric for

ombustion related reactions are regarded as a family of o ¢4, methane hydrogen atoms. This has been the potential

processes of high technological int.erest. Among them,' the energy functional used in this work and other previous reduced
hydrogen abstraction from methane is seen lately as a Su'tabledimensionality studies published by TakayanHglu, and

prototype for the theoretical study of bimolecular reactions due NymanZ® and Wang, Li, Zhang, and ZhaA§We have recently
to its relatively small size, which enables fairly accurate ab initio present’eH our first results on this surface. Here we intend to
calculations. Thus, several theoretical and experimental studiesdeepen in the study of the reactive systerﬁ including the results

can be found in the literature for the family of reactions given : : : ; :
. i obtained by carrying out several reduced dimensionality calcula-
by CH, + X = CHs + HX, where X is Cl, O, or H. In this 0o and comparing them to the full-dimensional ones in order

work we will be cor)c.erned with the hydrogen abstrqction fm”.‘ to estimate the role that the different internal degrees of freedom
methane by a colliding hydrogen atom. An extensive experi- play in the reaction

mental background on this process can be found in the literature.
The first experimental rate coefficients were published already || Theory

T . “.. ) - Probably the main intrinsic feature characterizing any reactive
Part of the special issue “William H. Miller Festschrift”. 7 .

* To whom correspondence should be addressed. E-mail: uwe.manthe@PrOCeSS is its rate constant. Whenever a process occurs via a
ch.tum.de. potential energy barrier, it is well-known that its rate constant
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is determined by the dynamics occurring in the vicinity of this
barrier, while dynamics in the outer regions simply determines
the specific state to state transitions. Flux correlation functions
have proven to be a powerful theoretical tool for the direct
calculation of reaction rate constants by examining the dynamics
only in the strong interaction region of the potential energy
surface. Unlike full scattering calculations, this approach must
not examine the whole configurational space until the very
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and only the time propagation of the thermal flux eigenstates
remains prior to the evaluation of the above integral and the
cumulative reaction probability is obtained.

The multiconfigurational time dependent Hartree (MCTDH)
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asymptotic region. This feature shows up as a crucial advantageapproack*"has been employed in the present calculations for
to undertake large systems, such as the title system, whenthe time propagation of the wave function. This scheme proves

compared to full scattering calculations. Theory for the method
employed in this work has been extensively detailed else-
where?1-29 and therefore, only its general ideas will be given
here.

The rate constant of a chemical reaction can be calculated
directly, as shown by Mille?! as a time integral of the flux
flux correlation functionCs(t),

1 o
KD =5m Jo dtC @

C(t) = tr(Igeiﬁt/h—H/szlge—iFn/h—H/sz) )
where Q(T) is the reactant’s partition functiory is the full
Hamiltonian,F = i/A[H,h] is the symmetrized flux operator,
and h is a Heaviside function discriminating products from
reactants. In another work, Miller, Schwartz, and Tréfp
showed that eq 1 can be rewritten in an energy-dependent form
as

k(T) = dee ¥KIN(E) ()

1 ©
27rQr(T)f‘lfO

where the cumulative reaction probabiltiyE) can be expressed
as

N(E) = 27%h%r(FO(H — E)FS(H — E)) (4)

Introducing a reference temperature to regularize the flux
operator, the so-called thermal flux operator is obtained (see
ref 23),

_ _—F2kT,

Fr, = @ AT AT )
and egs 3 and 4 can then be written as
_ 1 o E(LKT-1KTo)
K(T)=—=—/ dE N, (E 6
M= 50 o €€ B 6
N; () = 27°h°tr (For 6(H — E)Fr 0(H —E))  (7)

Employing the spectral decomposition of the thermal flux
operator, eq 7 can be written in terms of the thermal flux
eigenstates:

N; (E) = ZnZhZZf. ol 0(H - B, (8

Heref, and|fyOdenote the eigenvalues and eigenstates of the t

thermal flux operator, respectively. These thermal flux eigen-

states can be seen as vibrational states of the activated

complex2425The thermal flux operator has only few nonvan-
ishing eigenvalues and these can therefore be quite efficiently

to be efficient for short time multidimensional problems. Let
us recall the particular expression of the wave function in the
MCTDH approach for a system withdegrees of freedom:

n

A 0600604 (1) (10)
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where A, j; are the expansion coefficients and th)f@(xf,t)
denote the so-called time-dependent single-particle functions.
In words, the wave function is expanded on a direct product
basis set of single variable time-dependent functions, called
single particle functions. The equations of motion which
guarantee the optimal choice of these single particle functions
are derived from the Dirac-Frenkel variational principle. To
make the MCTDH scheme suitable to the above approach for
the calculation of the rate constants, some specific modifications
of the Lanczos diagonalization schetheand the CDVR
schemé® for the evaluation of the potential energy matrix
representation elements are required.

I1l. Numerical Calculation

The potential energy surface employed in this work has been
the one developed by Jordan and Gildérthis surface shows
a Cg, transition state geometry with the abstracting hydrogen
atom, the abstracted hydrogen atom, and the carbon atom lying
on theCz symmetry axis. The process, on this surface, is 0.12
eV endoergic (0.001 eV exoergic if zero point energy is
included) and the barrier to reaction rises 0.474 eV above the
reactants asymptote (0.437 eV, vibrationally adiabatic).

As described in the Introduction, the potential energy
functional was developed starting from a surface fit by Joseph,
Steckler, and Truhl&? who, employed a functional originally
developed by Raff® The motivation for Jordan and Gilbert to
develop a new fit was essentially to symmetrize the surface
which, as formulated in ref 15, was not symmetric with respect
to all methane hydrogen atoms. Obviously, for a system such
as the title one, a 5-fold symmetric functional would be desirable
but, taking into account that this would complicate remarkably
the form of the functional and that one is usually considering
energies well below the exchange process, a 4-fold symmetric
potential energy ought to be sufficient to describe the reaction.
This task was performed by Jordan and Gildéitlowever, as
it has been pointed out by Espinosa-Garand Gara-
BernddeZ° and ourselvesthe functional is, as published, not
completely symmetric with respect to the permutation of the
methane hydrogens. In particular, the asymmetry arises from
the expression of the force constant in the out of plane bending
erm (for a better understanding of the term see ref 17):

A=) x (=) T
= CO0Ss c—

A =) x (=l Inl)

(C)

ij — ij (1 1)

calculated by means of a Lanczos-type diagonalization schemewhere suffixes label the different methane hydrogen atoms,

Upon Fourier transforming eq 8, one obtains

stands for the corresponding € H,, internuclear vector, and
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TABLE 1: Calculated Transition State normal Mode TABLE 2: Converged Parameters for the Calculatior?
Frequencies - : -
coordinate ni scheme basis grid range [au]
—1
wlem Q 6 FFT 48 —100,140
Q 1094i Q2,Qs 3 DVR 15
Q23 587 Qs 3 FFT 32 —100,100
Qs 1204 Qs,Qs 3 DVR 10
Qss 1245 Q7.Qs 2 DVR 6
Qs 1439 Qs 5 FFT 48 —155,85
Qo 1601 Qo 2 DVR 8
Quo 2963 Q11,Q12 2 DVR 8
Qir12 3097

an; stands for single particle function, “scheme” stands for the
© is a reference angle (for further detail see ref 17). In their _particul_ar approach to ca_lcula_te tir_ne-dependent ba_sis set, and “basis”
work,17 the authors indicate that attention should be paid so 'S the size of the underlying time-independent basis set.

that the sefrj, ry, r} is right-handed. This, however, as pointed 1.4
out in ref 30, is sensitive to the order in which the hydrogen
atoms are labeled and, therefore, not fully symmetric. After
thorough inspection of the functional, we came to the conclusion
that it should the sefr;, rj, ri} to be right-handed.

Transition state normal coordinates were chosen for the
description of the system during the calculation. Such coordi-
nates should minimize correlation effects in the transition state
region and, thus, facilitate the efficient performance of the
MCTDH approach. Normal modes and normal coordinates were
calculated at the transition state geometry and the corresponding
linear transformation matrix was used throughout the calculation
to convert the working coordinates into Cartesian coordinates.
Mixed derivatives in the kinetic energy resulting from vibrational
angular momentum have been considered to be irrelevant since
the moments of inertia proved not to change significantly within
the range of relevant geometries on the time scale investigated.
From the normal coordinate analysis, the following 12 normal
vibrational modes were obtained: the imaginary mo@e) (

—-— n;=ln=1

which was employed as reaction coordinate, a doubly degenerate e

low-frequency bending mod&) 3), an umbrella modeQ,), a 0.6 2 S \

doubly degenerate high-frequency be §, another doubly 200 300 400 500
degenerate bending mode essentially involving the motion of T/K

the hydrogens which are not being abstrac@gk), a symmetric Figure 1. Convergence in the number of single particle functions used
stretch along th€; symmetry axisQg) concerning the collinear  to describe the wave function i@,,Qs and Q4,Qs.

internal motion of the HH—CHs; fragments, and a symmetric

and doubly degenerate asymmetric stretches concerning, again(either fast Fourier transform or discrete variable representation
mainly the methyl fragment(o and Q11,19). Corresponding on a Hermite basis), the time-independent basis (or grid) on
frequencies can be found in Table 1. To find out which were which these are calculated and, when the fast Fourier method
the normal modes mostly involved in the reactive process, the is employed, the grid edges. From the table, we notice that most
potential energy surface was mapped onto several two- effort is put on the description of wave function in t@ and
dimensional contour plots. From them, it was seen that the Qg coordinates. It is quite clear that it should be so@rsince
coordinates mainly participating in the reactive event were those it is the reaction coordinate, but in the case@fthis points
corresponding to the imaginary frequency, the umbrella mode out its tight relation with the reaction coordinate.

and the symmetric stretch, name, Q4, and Qy, although Since it would be tedious to describe all the details of the
the role played by the other modes is by no means negligible, convergence procedure, we restrict ourselves to some illustrative
as it will be seen later in the article. The use of a MCTDH examples. Similar tests have been carried out for all degrees of
scheme for expressing the wave function in the method requiresfreedom. The particular case of the time dependent basis
the dividing surface, where the flux is calculated, to be a single concerning the low and high-frequency bending mod@ss(
variable function. Although in principle, the numerically andQsg) is presented. These modes are especially interesting
converged result will be independent of the choice for the since they seem to effect the dynamics of the system. In Figure
dividing surface, from inspection of the potential energy contour 1, convergence in the number of single particle functions used
plots, and some test calculations it was found that the beston the two doubly degenerate bending modes is shown, by

dividing surface would be obtained by linearly combiniQg representing the ratio between the rate coefficient for a given
andQqg. Thus, transformed coordinat€4 = sina Q; + cosa time-dependent basis size and the rate constant using four single
Qo and Qg = cos o Q1 — sin a Qg with oo = 55° were particle functions irQ,, Qs, Qs, andQg. From the figure, it can
employed and the dividing surface was locate@at= 0. be seen that three single particle functions for each coordinate

Convergence parameters for the representation of the waveought to be sufficient for the rate to be converged within the
function are shown in Table 2. In this table, the time-dependent temperature range of this work. For this choice there is only a
basis size (i.e., number of single particle functiamsgmployed 4% deviation at the lowest temperature with respect to the result
for each coordinate can be found, together with the method using four single particle functions in each mode. The two
through which these time-dependent functions are generateddoubly degenerate bending modes do not seem tdybhami-
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Figure 2. Flux correlation function for several calculations employing
a different number of single particle functions used to describe the wave
function in Q,,Qs and Q4,Qs.

Total Energy / eV

Figure 3. Cumulative reaction probability foF = 0 (solid line) and
the different flux-eigenstates contributions as a function of energy.

cally differentsince the curves with, 3 = 4, nsg = 2 andn, 3 in_ an approx_imate way. Thus, in the following sec_tion reduced
= 2, ns¢ = 4 are quite similar, just a slight difference at ’high dimensionality results will be presented for a series of models

temperature indicates maybe a greater relevance of the lowercOnSidering accurately just three, four, seven, or eight degrees

frequency bending mode due to an excited flux eigenstate whose®! reedom. In the three-dimensional model (3D), the corre-

function shows a node on this coordinate, as it will be shown SPonding degrees of freedom are the reaction coordinate, the
later umbrella mode, and tha; stretching mode mainly involving

It is interesting to notice that by employing only one single the Vvibration of the HH-CHs fragments which we have
time-dependent basis function (this would correspond to a already seen to be strongly related to the reaction coordinate

straightforward Hartree product) one obtains significantly higher (i-e., Q;, Q4 andQy). In the four-dimensional model (4D), the

results than the converged ones. Introducing a second singlei9n frequencygy C—H symmetric stretch essentially conceming

particle function, the values of the rate coefficient decrease "€ Ctt methyl fragmentQ.) has been added. The seven- (7D)
noticeably. This can be rationalized by observing Figure 2, @nd eight-dimensional (8D) models have been developed from

where the flux-position correlation function is shown for the 3D and 4D ones, respect|ve!y, by gddlng the modes
different sizes of the time-dependent basis employed on theseS0responding to the HH—CHs bending motion, namelyQz 3
coordinates. In the figure it can be seen howthg = 1, ns and Qs 6 For each of these models, two strategies have been
= 1 correlation function increases monotonically while the followed concerning the degrees of freedom not accurgtely
inclusion of an additional basis function lowers the plateau of included. One has been foeezethem completely at their

the curve at long propagation times and introduces Sometrgnsition state valu&) = 0. This has given four models which
recrossing probably due a greater flexibility of the wave will be referred to as 3DF, 4DF, 7DF, and 8DF models. Another

function. strategy has been to invoke the time-dependent Hartree ap-

Using the described parameters for the representation of theProximation, i.e., to use just one single particle function for those
MCTDH wave function, the cumulative reaction probability has dedrees of freedom not accurately treated (3DH, 4DH, 7DH,
been calculated for zero total angular momentdns 0, as and 8D_H models_). Concerning thfeozen mode_ls, we find .
described in section 2. A reference temperature of 300K has convenient to point out tha? the corrt_aspondmg zero point
been employed. A propagation time of 40 fs ensures conver- €N€rgies and harmonic vibrational pa'rtmon funcﬂons for tho;e
gence of the flux correlation function. Fourteen iterations in degrees of freedom not treated were included in the calculation
the Lanczos scheme yield 10 converdedeigenstates. This ~ Of the respective rate constants.
number is sufficient to converge the cumulative reaction
probability for energies up to 1.7 eV. These 14 iterations also
yield converged rate constant values for temperatures up to 500 The converged cumulative reaction probability as a function
K. It should be noted that the calculation of these rate constantsof total energy (with respect to the #f CH, asymptote) and
includesN(E) values up to 1.85 eV. Th¥(E) results for energies  the corresponding contributions of the different thermal flux
between 1.7 and 1.85 eV are not converged as accurately agigenstates (a univocal procedure to define such contributions
for energies below 1.7 eV. Since these energies yield only a has been detailed in ref 31) can be seen in Figure 3. Although
small contribution tdk(T), their lesser accuracy has no relevant the ground statefd in Figure 3) accounts for most of the
effect on the accuracy d{T). reactivity at temperatures within our working range, the

Once we considered our results converged, we performed ascontribution of the two degenerate first excited stateandf,,
well a series of calculations in which only certain degrees of to the system'’s reactivity is significant at high energy values.
freedom were accurately treated while others were consideredThese states can be considered first excitations of the low-

IV. Results and Discussion
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Figure 5. Arrhenius plot for the thermal rate constant. Solid line labels
our full-dimensional result, dotted stands for ref 19 (4D-RBU), dashed
Figure 4. Contour plots of the ground statk,(upper part), and first for ref 18 (3D), and dotdashed for ref 20 (4D-SVRT) results. Symbols
two excited degeneratd;( middle, andf,, lower part) wave packets  are used for experiment.
mapped on th&); and Q, coordinates in the corresponding left-hand
parts and on th®, andQs coordinates in the right-hand ones. Vertical  relatively recent reduced dimensionality stuéfe?’ on the title

lines indicate theQ; = 0 dividing surface. system are shown. One approach is Takayanagi's three-
dimensional modéf where CH methyl group is considered as
frequency doubly degenerate bending normal mode of the a CX pseudo-diatomic molecule and the £# H — CHs +
transition state @.,3). To check this extent, the ground state H, reaction is treated as a collinear XCHH — XC + H,
and first two excited wave functions have been mapped onto process. Another reduced dimensionality approach applied to
the two-dimensionalQ;,Q, and Q;,Q, spaces. The corre- the title system has been the four-dimensional rotating bond
sponding contour plots are shown in Figure 4 where it can be umbrella (RBU) model developed by Nyman and co-workers.
seen how, while the ground state shows no nodes, the degenerati the RBU calculation for H CHy, the methyl group was again
first two excited states show a node in one of the coordinates, substituted by a CX pseudo-diatom but, unlike the previous
f1 on Qz andf, on Q.. When projecting these states onto the model, it is the center of mass of CX and the two hydrogens
rest of coordinates no additional nodes were found for any of that lie on a line and, therefore, rotation of the pseudo-diatom
them. The fourth contribution to the cumulative reaction is allowed. From observation of the figure, one can see that
probability in Figure 3fs, is somewhat different in nature. The  both reduced dimensionality models do not quite reproduce the
thermal flux eigenstate cannot be associated with a separatefull-dimensional curve. The RBU model proves to give signifi-
vibrational state of the activated complex. It shows the same cantly better results than the three-dimensional approach of
nodal pattern af but has a different structure along the reaction Takayanagi, certainly due to the inclusion of this rotating motion
coordinate. Thusdz can be viewed as an additional contribution  which correlates with the bending normal modes of the transition
arising from the ground vibrational state. state that have proven to be relevant in our calculations. Most
From the above cumulative reaction probability result for total recently, Wang, Zhang, and Zhang have applied the SVRT
angular momentum equal zerd € 0) thermal rate constant  modef? to this system. While this method has given very good
values were calculated for temperature values between 200 ancagreement with exact quantum results for the-H,O reaction,
500 K employing the J-shifting approximatiéhThe J-shifting their results seem to be significantly lower than the full-
scheme can be expected to yield accurate results for the presendimensional ones and other approximate approaches for the
reaction, since the transition state geometry is well defined and present case. A number of reasons could explain this deviation
the moments of inertia proved not to change significantly within of the SVRT rates compared to the accurate ones on the Gilbert-
the range of relevant geometries. Thus, we straightforwardly Jordan surface. First, Wang et al. calculate the rate constant
used the moments of inertia at the transition state (21423, 57370,0nly for the rotational and vibrational ground state of methane.
and 57370 au) in the J-shifting scheme. The corresponding They then assume the thermal rate constant to be equal to this
Arrhenius plot is shown in Figure 5 together with experimental state selected rate constant. Second, they freeze the umbrella
results. Theoretical results prove to be much larger than angle at its transition state value of 10724%his modifies the
experiment thus suggesting that further improvement on the effective reaction barrier on their reduced dimensional surface.
potential energy surface would be desirable to achieve a betterThe present work indicates that the dynamics in the umbrella
agreement with the experimental points. angle significantly contributes to the reaction process, so freezing
As said before, the test of simplified models on complex this angle could result in an inadequate description of the whole
systems is, to our understanding, a key step in order to get aprocess.
better feeling of their possible extension to systems of chemical  Although it was already presented in our first communication,
interest. Under this scope, in the same figure, the results of threefor the sake of completeness we include in Table 3 the full-
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TABLE 3: Calculated Thermal Rate Constants kom, Cm? a 1
s1) for the Title Reaction?

TIK kom(T) krst(T)

200 3.00(-20) 9.05(-22)

250 1.45(-18) 1.36(19)

300 2.19¢-17) 3.89(-18)

400 7.35(-16) 2.69(16)

500 6.19¢-15) 3.62(-15)

a1n the third column transition state theory resukg)(are added
to estimate the relevance of quantum effects in the system

dimensional quantum mechanical results together with the
corresponding classical transition state theory ones. Comparison
of the numbers given in this table, points out the magnitude of
the quantum effects in this system, confirming previous
observationd®20 As expected, this effect is most noticeable
at low temperature where it accounts for almost two orders of
magnitude in the rate constant and even at high temperatures
where it raises the rate value about a 100%.

As said in the previous section, besides the full-dimensional
calculation, a series of reduced dimensionality studies have been 0 : :
carried out considering three, four, seven, and eight degrees of 200 300 400 500
freedom and treating the obviated coordinates either by one T/K
single particle function (hereinafter referred to Hsartree
models) or freezing them at the transition state value (see end
of section IIl). Comparison of these approximate calculations
to the exact ones is expected to provide information about the
relevance of the different degrees of freedom. In Figures 6a,b
the performance of the different reduced dimensionality models,
Hartree and frozen, can be found. To make the figures more
explicit, we show the deviation of the respective calculated rate
constants with respect to the converged 12-dimensional result,
kiop. From observation of Figure 6a, comparing the curves
corresponding to the three- and seven-dimensional models it
can be seen how including the modes corresponding to the
H—H—CHjz bending Q2,3 and Qs g) modifies significantly the
system’s reactivity. In the plots, one can see how reactivity is
not only increased but also the shape of the curve is altered
when going from the 3DH model to the 7DH model, or from
the 3DF to the 7DF one, this is, when the bending modes are
included. The models including the bending motions show a
greater reactivity at both low temperature values, probably due
to tunneling contributions, and high temperature values, probably
due to the contribution of the first two excited thermal flux states

12D e

- - ) 0= ; : ‘
which, as seen in Figures 3 and 4 are degenerate and their wave 200 300 400 500
function has a node on the coordinates corresponding to these T/K
bending modes. The same comment applies for the four- andgigyre 6. (a) Comparison between three- and seven-dimensional
eight-dimensional models in Figure 6b. models, both using one single-particle function (3DH, 7DH) and

Another interesting fact can be observed in the same figuresfreezing the coordinate (3DF, 7DF). (b) Same as in (a) for four- and
when comparing Hartree and frozen models of the same eight-dimensional models.
dimensionality. It can (_:Iearly be noticed how, just by using a TABLE 4: CPU Time Employed by the Different Reduced
Hartree product function for those degrees of freedom not Dimensionality Models
accurately treated instead dfeezing them, one obtains a

significant improvement of the results. This is even clearer for frozen(F) hartree (H)
the more reduced dimensionality models where, treating the 3D 5 min 15 min
bending modes with a single time-dependent function instead ‘7‘8 152’ ’r‘]"” % fg“n
of freezing them, makes a big difference (compare 3DF, 3DH 8D 26 h 38h

in Figure 6a, and 4DF, 4DH in Figure 6b). Moreover, the use 12D 548 h

of a Hartree model instead of a frozen one does not imply any

critical increase of numerical effort. The CPU-time consumed more degrees of freedom but freezes the remaining ones, like
by each model on a single 500 MHz COMPAQ alpha EV6 the 7DF model (see Figure 6a).

processor is shown in Table 4. Comparing results in Figure 6a  Figure 6a,b can be used as well to investigate the role played
and computation times in Table 4, it turns out that using an by the normal modes which can be essentially assigned to the
inexpensive Hartree-type model as a 3DH, one can get methyl fragment, namely the aymmetric CG-H stretch Q10),
comparable, if not better, results than using a model that includesthe doubly degenerate bendir@;() and the asymmetric doubly
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0.8 \ \ evolution is the same, only the initial state is better described.
! On the other hand, observing the variation in the curve
corresponding to the 3DH model in Figure 7, mostly between
0 and 1000 au of time, the qualitatively important role played
e in the dynamics by the HH—CHs bending modes can be

07 + e 1 further proven.

V. Conclusions

In brief, full-dimensional quantum mechanical results have
been reported for the hexa-atomic £ H — CH; + H;
reactive process. Under this frame, the system shows a remark-
able quantum effect confirming previous reports. However, full-
dimensional quantum mechanical results for the rate constant
fail to reproduced the experiment, for which further improve-
ment of the potential energy surface ought to be accomplished.
Comparison to previously published approximate results on the
title system reveals an underestimation of reactivity by these
approaches probably attributable to their dimension restrictions.

A series of simple reduced dimensionality calculations have
0 500 1000 1500 2000 been employed in this work to investigate the role played by
/A the different degrees of freedom in the dynamics of the process.

Figure 7. Ratio between the converged flux-position correlation From this study, it has been seen that the three degrees of

function and those corresponding to the different (Hartree) reduced freédom mainly involved in the reaction are the reaction
approximations. coordinate, the umbrella mode and thesgmmetric stretch of

the H-H—CHjz fragments. Besides these, the degrees of freedom
degenerate €H stretch Qi11,Q12). The three- and four-  corresponding to the HH—CHz bending normal modes in the
dimensional models, like the seven- and eight-dimensional, transition state (and asymptotically correlating to4Zetation,
differ in the inclusion of the asymmetric C-H stretch of the ~ CH, bending and rotation) have a nonnegligible relevance in
methyl fragment Qo). If one compares the performance of the the system’s dynamics. On the other hand, it has been seen how
three-dimensional models (Figure 6a) with the four-dimensional those degrees of freedom corresponding to normal modes of
ones (Figure 6b), one sees that the 4D curve is shifted upwardthe transition state essentially associated with the methyl
with respect to the 3D one but it has the same shape. Accordingfragment vibration do influence the value of the rate constant
to this, one could come to the conclusion that this mode does but do not qualitatively alter the underlying dynamics.

Culd/Cr (V)
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not qualitatively change t_he dynamics C_)f the process. Last, it has been proven how fairly good results can be
To build up a more solid basis for this statement, the flux- achieved at a low computational cost using a time-dependent
position correlation function Hartree approximation for the less important degrees of freedom.
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