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A variational multifaceted dividing surface generalization of the variable reaction coordinate (VRC) approach
is described. This approach involves the incorporation and optimization of multiple pivot points for each
fragment. lllustrative applications to a variety of barrierless reactions with multiple addition channels are
presented. For the addition of H atoms to propargy! radical a high level ab initio potential is employed and
comparisons are made with trajectory simulations and with prior implementations of VRC-TST. The
multifaceted VRC-TST results agree with the trajectory results to withid@% as do prior approximate
multifaceted VRC-TST results, obtained via the neglect of the flux through certain connecting surfaces. In
contrast, results based on the sums of properly variational single faced results differ significantlyy b&ing

20% greater. Notably, the optimal multifaceted transition state dividing surfaces are again in qualitative accord
with contours of the radical molecular orbital. Applications to the;GHCH; and GHs; + O, reactions
further illustrate the dependence of the results on the use of multiple pivot points, while also illustrating the
implementation of directly determined density functional interaction energies. Interestingly, these a priori
results are in reasonable agreement with experiment for both these reactions.

I. Introduction multiple binding sites is fairly commonplace. For example, they
arise in addition reactions of resonantly stabilized radicals such

The variable reaction coordinate (VRC) transition state theory as GHs, Oy, and NG, in radical additions where the attack

(TST) approach? has proven to be of considerable utility in .
estimating the kinetics of barrierless additions. Within this may come from more than one side, such as f0.r3’CGiH3’
approach, the transition state dividing surface is defined by a CsHs, and GHy additions, and in iormolecule reactions where
fixed distance between two pivot points, one for each fragment. the molecule has multiple electrostatic binding sites.
The position of each pivot point in the molecular frame of the ~ Prior applications of the VRC-TST formalism to such
corresponding fragment effectively determines the shape of thereactions have treated the sites separately and simply summed
dividing surface. The optimization of the pivot point locations, the individual fluxes to obtain the total flué° This has been
in addition to the distance between them, often yields a done in both a properly variational manner, where each dividing
significant reduction relative to optimizations constrained to a surface completely enclosed the relevant binding%ited in a
single type of dividing surface, such as that provided by a fixed more approximate manner, where a division of binding sites is
center-of-mass separatiér. obtained by effectively incorporating an infinite potential barrier
Although the family of dividing surfaces considered in the between each of the binding siteAlthough the latter approach
VRC-TST approach are widely appropriate, there are some yields significant reductions, it introduces a nonvariational
instances where further flexibility seems desirable. For instance, character to the calculation, and corresponding uncertainties in
consider the addition of an H atom to the radical p-orbital in a its predictions. Furthermore, its implementation is different for
radical such as OH. The optimal dividing surface for the H each new reaction and requires detailed consideration of the
moation in such reactions might be expected to have a toroidal potential energy surface to properly locate the effective barrier.
shape with cylindrical symmetry about the OH axis. However,  |n this work, we describe and implement a properly varia-
the symmetry requirements in the present VRC-TST formalism tjona| multifaceted dividing surface approach which allows for
restrict the OH fixed point to lie along its linear axis, with the  the incorporation and optimization of different dividing surface
resulting dividing surface having a spherical shape. ~ ghapes for each separate binding site. As described in section
Addition reactions where there are multiple binding sites || tnjs variational approach is a simple generalization of the
provide another example of a situation where it is desirable t0 \yRc-TST formalism to include multiple pivot points for each
have increased flexibility in the shape of the dividing surface. reacting fragment. The formal details of the present implemen-
In particular, for such reactions a dividing surface whose shape (a4jon of such multifaceted VRC dividing surfaces are provided
can be separately optimized in the regions about each of thej, saction 111, lllustrative calculations for the H CsHs, CHs
_blndlng sites would _b_e_ expected to provide a S|gn|f|ce_mt + CHs, and GH3 + O, reactions are presented and discussed
Improvement oyeraqllwdlng surfacg _vvhos_e shape is determlnedin section IV. For the HH+ CgHs reaction comparisons with
by global considerations of all addition sites. The presence of trajectory simulations and with prior variational and nonvaria-

* Corresnonding author tional methodologies are included. For the latter two reactions
TE-maiI:pygeor%i@sandia.gov. the results are also briefly compared with experiment. Some
*E-mail: sjklipp@sandia.gov. concluding remarks are then made in section V.
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Figure 1. Two ways the hydrogen atom may approach the methyl
radical in the CH + H reaction. The plane of the radical is
perpendicular to the plane of the picture and the third hydrogen atom
is hidden behind the carbon atom.

Figure 2. Composite d|V|d|ng surface for the GH- H reaction.

II. Multifaceted Dividing Surfaces

As a simple but illuminating example one can consider the

reaction of a methyl radical with a hydrogen atom,
CH;+H—CH, Q)

This reaction may proceed in two (indistinguishable) ways,

depending on from which side of the Gldlane the hydrogen
approaches, Figure 1. In accord with the VRC ideology it would
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Figure 3. Way the reactants may approach each other in the -€H
CHjs reaction.

wherer;, i = 1, 2 is the distance between the hydrogen atom
and pivot pointi ands is the reaction coordinate value. It is
important to note that this composite dividing surface is
continuousand, therefore, provides a rigorous upper bound for
the reaction rate constant.

Now, let us consider a bit more complicated example, namely,
the reaction between two methyl radicals,

CH; + CH; — C,Hq 3)

This reaction may proceed in four different (and indistinguish-
able) ways, depending on the orientation of the;Catlicals
with respect to each other, Figure 3. Once again, according to
the VRC approach, one should try to position pivot points shifted
in the direction of the reaction product. However, one faces the
same difficulty as for the Ci-+H reaction that a single pair of
the pivot points, one point for each fragment, does not allow
one to optimize the flux for all four channels. Intuitively, it is
clear that the vector connecting a fragment's center of mass
with its pivot point should point in the direction of the other
fragment, cf. Figure 3. However, we have not been able to
express this condition in terms of restrictions imposed on the

be reasonable to assume that shifting the pivot point along theangles between appropriate vectors in such a way that the

Cs, symmetry axis of the Ckl from its center of mass position

in the direction of the approaching hydrogen, will decrease the
flux and improve the rate constant estim&ddowever, the
resulting dividing surface would not be symmetric with respect

resulting dividing surface is continuous, without holes. Neglect-
ing the flux through these holes, as in our prior wétk,
corresponds to an assumption of an infinite potential barrier in
the region of the hole. On the other hand, eq 2 can be easily

to reflection over the molecular plane and any decrease in thegeneralized to the present case,

reactive flux through the front part of the surface (i.e., the part
of the surface on the side of the gidlane corresponding to
the pivot-point displacement) will be more than balanced by
an increase in the reactive flux through the back part of the
dividing surface. In prior work, we avoided this difficulty by
restricting the angle between the €83, symmetry axis (in
the direction of the pivot point) and the direction of the vector
connecting the Cklcenter of mass with the reactive hydrogen
atom to 90 or less!® The resulting flux for the front side is
then doubled to obtain the total flux.

It is instructive to consider a different perspective to this
angle-restricted approach to flux optimization. Namely, the
dividing surfaces used for the optimization can be viewed as

composite surfaces, consisting of the outer surface of the union
of two symmetrically related spheres, Figure 2. One sphere is
centered about the fixed point on one side, and the other, which

may be obtained by reflection over the €plane, is centered
about an equivalent fixed point on the other side. The two
spheres intersect in the Ghlane along the circle. With this

view there are two pivot points (sphere centers) associated with

the methyl radical, one on each side of the GH#ane. In the

flux calculation, one integrates over only that part of each sphere

which is on the same side as its corresponding pivot point. This
composite surface can be defined by the following simple
condition,

)

minr,=s
i=1,2

m|n N =g

i=1j= 1! (4)

wherer;j, i =1, 2,j = 1, 2 is the distance between titk and
jth pivot points, associated with the first and second fragment,
respectively (each methyl radical having two pivot points, as
before). It is easy to see that eq 4 satisfies the qualitative
requirement on the fragments orientation described above. The
resulting composite surface consists of four standard VRC
surface facets, one per each pair of pivot points. Importantly,
the constructed surface is continuous.

Itis easy to generalize the above considerations to a situation
when each fragment has an arbitrary number of pivot points.
In this general situation the distances between the pivot points
for different pairs of the pivot points need not be the same. As
a result, the dividing surface that is characterizedhbyivot
points associated with the first fragment amgivot points for
the second fragment, as well as by x n, distancess;
between the pivot points for different pairs of the pivot pomts
can be defined as

Ng,Nz

Inl}nlr”/qJ =1

)
wherer;;, i =1, ...,ny, j = 1, ...,nz is the distance between the
ith pivot point associated with the first fragment and jtte
pivot point associated with the second fragment. The dividing
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surface so defined is quite general. It consists ofrthex n;
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tional adiabaticity for the conserved modes coupled with

elementary VRC surfaces, each of which is defined by the invariant conserved mode vibrational frequencies) to their

conditionrij = s;. Only that part of the jth elementary VRC
surface is exposed to the flux, for whicky > q,yj,, for all pairs
of i' andj’ where eithei'=i or j'=j. For this reason we call the

contribution to the reactant partition functiorg@, andQ,, and
thus cancel out®
Our recently described methodology for the calculation of

composite dividing surface defined by eq 5 the multifaceted the transitional mode contribution d(E,J) within the standard
dividing surface (MDS). Some pairs of the pivot points and the single surface VRC approa@provides the basis for the present
corresponding elementary VRC surfaces can be excluded if oneevaluations. The expression fbE,J), eq 7 can be rewritten

formally sets the correspondirgy distances to have negative

in the following form,

values. Importantly, the dividing surface defined by eq 5 is again
continuous and, therefore, provides a rigorous upper bound for
the classical rate constant.

The MDS allows one to treat reactions with multiple channels \ (g j Q) = is’zfd”P S(H(Q,P) — E)

. B . - - q thadt ] 3_ka L

for any combination of atomic, linear, and nonlinear fragments. T
In this aspect it is interesting to note that even though the
concept of the MDS was developed independently, it may serve

N(EJ) = IN(EJQT ®)

S(QP) — )09 (9)

as a natural generalization of the “snowman” dividing surface,

discussed recently by Robertson et’ab, the case when both
fragments participating in the reaction are polyatomic.

The implementation of a MDS-VRC approach is straightfor-
ward when the calculation of the flux through such a dividing
surface is performed with a Monte Carlo sampling meth&d.

whereld-[¢ = /...dQM dQ®@ dQ12) rdQ® dQ@ dQ(2 denotes

the homogeneous averaging over all possible orientations of the
fragments and of the vecta (of length ) connecting the
fragments pivot points and, = 0, 1 is the number of monatomic
fragments. The integration over the generalized momenta in eq
9 can be performed analytically, giving as a result a relatively

In particular, it simply requires a homogeneous sampling of each simple expression, which can be straightforwardly evalutéd.

i,jth elementary VRC surface belonging to the multifaceted

To perform the averaging in eq 8, the crude Monte Carlo

dividing surface with the same approach employed in the sampling method can be us&d,

standard single surface VRC approagkonly those samplings
are accepted for which - > s, for all pairs ofi’ andj" with
eitheri'=i or j'=j.

Ill. Methodology

The E,J-resolved variational TST expression for the high-
pressure recombination rate constlaf) at the temperaturé
can be written &8

k(T)

_ 1 0105 27 )3/2de dJ N'(E,J)e T o

T 20 T kT QM QM

wherege is the electronic degeneracy factor ang o, ando’

M
N(E,J) = M‘l_ N,(EJ.Q)

(10)

whereM is the total number of samplings. In the case of the
specific VRC surface being a part of the MDS, eq 8 should be
modified to take into account that only a part of the VRC surface
is exposed to the flux,

N(E,J) = FIN,(E,J,Q)[4, (12)
whereF is the fraction of the VRC surface exposed to the flux
and the average &, overQ is evaluated over only that portion
of the VRC surface exposed to the flux. Using the Monte Carlo

are the rotational symmetry numbers for the reactants andSampling method it can be written as

transition state, respectively. The quantity= mymy/(my + my)
is the reduced mass,;@nd Q are the partition functions of

F=M/M (12)

rotational degrees of freedoNf(E,J) is the E andJ resolved
number of statesN(E,J), of the reactive complex, which is
minimized over the dividing surface for each pair of values of
the energyE and the total angular momentulmHere and further
we use atomic units, in which = 1.

The classical expression fd{E,J) can be written d¢

N(EJ) = (27)"" [d'Qd'P 6((Q) — S) d(H(Q,P) — E)
0(Q(QP) — 9)%O(3) (7)

whereQ andP arev-dimensional generalized coordinates and
momenta, the dividing surface is defined in terms of a fixed
value s for the “reaction coordinate’yQ), the dynamical
variable for the total angular momentum is denoted, aghereas
its numerical value is denoted ds © is the Heaviside step
function, and the dot denotes the time derivatives dg/dt.

To simplify calculations, we consider only the contribution
to N(E,J) from the transitional modes, i.e., that from the rotations
and relative translations. The contribution NGE,J) from the

discussion after eq 5). As a result, the following operational
expression for the number of state€E,J) associated with any
one particular VRC surface facet in the MDS is obtained,

M
NEJ) =M1

Ny(E.J.Q) (13)

The use of additional pivot points within the MDS formalism
makes the dividing surface more flexible and, thereby, improves
the VTST estimate for the reaction rate constant. However, this
increased flexibility comes at the cost of increased calculation
time, because the flux must be evaluated for each individual
dividing surface. In particular, with the MDS approach one must
consider a range of dividing surfaces for each of the faces
(typically 10 or more surfaces spanning separations from 2 to
6 A for each face). If global surfaces are generated as the direct
product of the surfaces for each of the faces, then the
computational effort scales as the power of the number of faces
considered. When analytic potentials are available, the flux

fragment vibrational degrees of freedom can be shown to bethrough any one surface can be obtained with less than 1 min
equivalent under reasonable limiting assumptions (i.e., vibra- of CPU on a PC. Thus, in that case, the consideration of the



Multichannel Addition Reactions J. Phys. Chem. A, Vol. 107, No. 46, 2003779

direct product of multiple surfaces for each face is readily 8
feasible but can yield CPU times that are of the same order of I
magnitude as trajectory simulations. In contrast, when an
analytic form for the potential is not available, the direct
potential evaluation becomes the determining factor in the
computational efficiency. For the methyl radical recombination
the direct evaluation of the reactive flux through a single surface
at an accuracy of a few percent requires CPU times on the order
of 10 h on a 32-node Alpha cluster with ev56 processors.
Fortunately, the optimal dividing surfaces for the separate faces
are generally closely correlated and one can consider only a
limited portion of the direct product set. Furthermore, symmetry
implies that the optimal dividing surface for one face is
equivalent to that for any symmetrically related faces. In general,
we have found that reasonably optimized global dividing
surfaces can be obtained via the consideration of abedt 3
times as many dividing surfaces as are required for the single- Figure 4. Two-dimensional cut of the three-dimensional surface for
faced r.esults. .Neverthele.ss, th? optimal ”“r.”ber of pivot po"f'ts thg H+ CsHsreaction. The plotting plane is perpendicular to the plane
and pivot point separations is, necessarily, a cOMPromise of the GHj, radical and bisects the HCH angle. Solid contours are
between the required accuracy and the available computationalpositive, dashed contours negative, and the zero-energy contour (defined
resources. Various strategies were employed to reduce theto be the energy of H- CsHs) is shown with a heavy solid line. The
computational effort involved in obtaining the optimal dividing contour increment is 2 kcal/mol.
surfaces for the full range of energy and angular momentum.
In each instance, the flux minimization is performed on a finite the standard VRC surface was considered with a single pivot
set of dividing surfaces corresponding to a grid of pivot point point associated with the propargyl radical. Because of the
locations and separations. symmetry of the propargyl radical, this single pivot point lay
For comparison purposes, for thetHCsH3 reaction we have along the CC axis. The value for this pivot point, describing
also performed trajectory simulations of the capture processthe location relative to the central C atom (cf. Figure 4), was
employing Keck's method of initiating trajectories at an varied from O to 1 bohr with a 0.25 bohr step. The dividing
approximate transition state dividing surfaée brief descrip- surface radius was varied in the range from 4 to 13 bohr with
tion of our implementation of this methodology has been a step of 0.25 bohr. It was found that the optimal position of
provided in ref 10 and a more detailed exposition will be the pivot point is close ta= 0.5 for most values of the energy
provided in a forthcoming article. For now we simply note that and total angular momentum.
the trajectories were initiated at the canonically optimized VRC  |n the second set four pivot points were associated with the
dividing surface and were deemed to have reacted upon reachingyropargyl radical. The symmetry of the molecule dictates that
certain minimal distances, 3 or 3.5 bohr, between the hydrogenthe dividing surface should be symmetric relative to the
atom and the radical C atoms associated with the propargyl molecular plane and to the plane perpendicular to the molecular
radical, and to have returned to reactants upon reaching centerpjane and passing through the-C—C axis. Preliminary
of-mass separations of 13 bohr or greater. calculations showed that the optimal positions of the pivot points
are approximately energy and angular momentum independent.
Thus, to reduce the computational work in the final evaluations,
A. H + C3Ha. In this section we apply the multifaceted Wwe set the coordinates of these pivot pointxte +1.5,y =
dividing surface (MDS) approach to the addition of an H atom 0, andz = %2, which are close to their optimal values. These
to a propargyl radical. This addition can occur to either the CH pivot point locations provide dividing surfaces that correlate
or the CH side of the propargyl radical to yield either allene closely with the contours of the radical orbitdl3he radii of

X (au)

IV. Results and Discussion

or propyne: the primitive VRC surfaces were varied from 2.75 to 13 with a
step of 0.25.
CH,CCH, The results of the calculation of tligJ-resolved reaction rate
C;Hz +H (14) constant with these two sets of dividing surfaces are shown in
CHCCH; Figure 5. The results of the trajectory calculations are also shown

for reference purposes. One can see that the use of a multifaceted

The addition can also occur from either above or below the dividing surface yields a considerable improvemen8Q%)
plane of the propargyl radical (cf. Figure 4 from ref 8). Thus, ©Ver the standard smglg fz?lced VRC surface and agrees with
four separate pivot points are considered in the application of the trajectory result to within-510%.
the MDS approach to this reaction. The comparison of the MDS  In the third set four pivot points were again associated with
results with both trajectory simulations and standard single-facedthe propargyl radical. Now, however, the total flux is evaluated
VRC approaches for this reaction serves to illustrate the utility as the sum of the individual fluxes through each of the dividing
of the MDS approach as well as any limitations in the standard surfaces; i.e., the overlapping nature of the dividing surfaces is
approaches. The analytic potential from ref 8, which is based ignored as in the work of Robertson etalhis result is again
on multireference configuration interaction calculations was truly variational, but as can be seen from Figure 5, provides
employed in each of these calculations. less improvement over the single surface result, especially at
Three sets of dividing surfaces were considered. For eachlow temperatures. In these calculations, the pivot points on either
set, a single pivot point associated with the H fragment was side of the propargyl radical were positioned relative to the
always taken to coincide with its center of mass. In the first set nearest carbon atom. The vectbconnecting the pivot point P
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Figure 5. E, J-resolved VTST high-pressure rate constant for the
reaction GH;z + H — C3H,4 is shown as a function of temperature.
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Figure 6. E, J-resolved VTST high-pressure rate constant for thg CH

+ CHz; recombination reaction is shown as a function of temperature
for a variety of pivot point locations. A variety of related theoretical
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The results are presented for the standard single pivot point optimization,and experimental results are also plotted.

for the four pivot point optimization, for the cumulative flux through
four individual dividing surfaces, for the infinite barrier approximation,
and for trajectory simulations.

function whereas the other emplogsess=mix. A maximum
of 1000 configurations were sampled for each dividing surface,
which yielded Monte Carlo integration error bars of about 7

and the corresponding carbon atom was represented in termgor the canonical partition functions. The error bars E-

of its lengthd and the angley with the C-C axis (the plane

P—C—C was perpendicular to the propargyl plane). The length

d was varied in the range 0-% bohr with a 0.5 bohr step, and
the anglep, from 9C° to 150 with a 15 step. The radius of

resolved calculations are likely even lower.

The results of the presefJ-resolved MDS direct VTST
calculations are provided in Figure 6. The resultsdor 0.5
are seen to be significantly lower (as much as-30%) than

each surface was varied from 2.5 to 13 bohr with a variable those for eithed = 0 ord = 1.0. This optimum value fod of

step (0.5 at smalt, up to 2 bohr at large). 0.5 bohr again provides a good correlation between the shape

For comparison purposes the results of the calculations from of the dividing surface and the contours of the radical orbftals.
ref 8 are also provided in Figure 5. These calculations effectively Interestingly, the results are also in fairly reasonable agreement
assumed infinite potential barriers between the,@Hd CH with both the high-pressure limit experimental resit®® and
addition channels, which introduces some nonvariational char-the previous direct statistical treatment of ref 11, which was
acter to the calculation. This assumption, coupled with the based on much higher level multireference configuration
symmetry with respect to the plane of the radical, allows the interaction ab initio estimates. The flexible TST results from
four channels to be treated separately. The good agreementvagner and Wardla®, which are based on an empirical
between these calculations and the four pivot point MDS results potential, are also plotted, because they represent a reasonable
indicate that the flux through the assumed barrier is indeed extrapolation to the high-pressure limit of a variety of experi-
negligible. In fact, the minor deviations between the two results mental results obtained at higher temperatures.
may simply be indicative of minor differences in the details of C. CoH3 + Os. For the GH3 + O, reaction we are interested
the two calculations, such as the numbers of pivot points and in considering whether the optimum pivot point for thegdoup
pivot point separations considered, and the convergence of themoves away from its center-of-mass, because the addition is
Monte Carlo evaluations. ultimately localized to one particular O atom. Thus, forvae

B. CH3 + CHas. As discussed in section I, the GH CH3 consider two pivot points with these pivot points symmetrically
reaction provides another interesting test case for the use ofdisplaced from the center-of-mass by a distadcalong the
MDS'’s. For this reaction four pivot points are again considered; linear axis. For simplicity only one pivot point is considered
one on either side of each GHadical, with each pivot point  for the GHs radical, and this pivot point is located at the C
directed along the&Cs, axis. We consider the variation in the atom on the CH side. However, we should note that our prior
MDS predictions with the separatiarbetween the pivot points  work for the GH3 + H reaction suggests that some further
and their reference C atom. For eativalue, a grid of pivot variational reduction would be obtained by including two
point to pivot point separatiorss were considered, with a grid ~ separate pivot points for the,8; radical as well, to account
spacing of 0.4 bohr in each instance. Fbvalues of 0, 0.5, for the addition from either side of the CH portion of the

and 1.0 bohr the grids of covered the range from 4.4 to 7.2
bohr, from 3.0 to 6.2 bohr, and from 2.0 to 5.2 bohr,
respectively.

radical’'2 We again consider the variation in the MDS
predictions with the value al. Ford values of 0 and 0.5 bohr,
pivot point to pivot point separatiorssranging from 4.0 to 6.8

In the absence of a highly accurate analytic potential, we bohr were considered, with a grid spacing of 0.2 bohr below
evaluate the potential directly from density functional simula- 5.2 and 0.4 bohr above. Fdr= 1.0 bohr, an additional grid

tions. We employ the 6-311G** basis $&and the B3LYP
functional® using the Gaussian98 quantum chemistry softwfare.

point at 3.8 bohr is included.
Once again there is no analytic potential for this reaction and

Interaction energies are obtained as the minimum of two separatst is interesting to consider how accurate direct density functional
calculations. One employs the standard initial guess for the wavebased estimates are. We employ the same B3LYP/6-311G**
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Finally, we note that in each instance the optimized multifaceted
dividing surfaces appear to be closely correlated to the contours
of the radical molecular orbitals.
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