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Calculations of the microcanonical isomerization rates for vibrationally excited ketene are
presented. The calculations utilize the quantum reactive scattering methodology of absorbing
boundary conditions with a discrete variable representation to obtain the cumulative reaction
probability for one form of ketene to isomerize via the oxirene intermediate, and were carried out
with model 1-, 2-, and 3-degree-of-freedom potential energy surfaces constructedabsimito

data. Significant differences are seen in the energy dependent features of the microcanonical rate for
the single mode and multi-mode potentials; e.g., the single mode potential exhibits tunneling
resonances with widths of around 1 ¢hmwhile the calculations involving more than one degree of
freedom have additional resonant features that have widths around 10 amd also exhibit
non-Breit—Wigner resonant line shapes. This suggests that many of the resonance features are best
described as Feshbaébnergy transfer, or dynamigalesonances that result because of a strongly
bent region on the multi-mode potential energy surfaces. The calculated rates show reasonable
gualitative agreement with the experimental results of Lovejoy and Mdoehem. Phy<98, 7846

(1993]. © 1995 American Institute of Physics.

I. INTRODUCTION kiso(E), however, shows much more structure in its energy
) dependence, structure which Lovejoy and Moore attribute to

Lovejoy and Mooré recently reported some remarkable eiastablresonancestates of oxirene. Resonance tunnel-
experimental results on the photodissociation and phot0||-ng through a one-dimensional double barrier is a well-

somerization of ketene. Figure 1 showsgnauch simplified | own phenomenon, but it has nevéo our knowledgg
picture describing the situatio; andC’ denote the isotopes been observed in a molecular proceédnder less well-

carbon-12 and carbon-13, respectively. Very cold ketema  efined experimental conditions, it would be easily averaged
supersonic bean, 4 K) is laser-excited to a well-defined ;1) Because of the novelty of this process, we therefore

. . 71 . . .
energyE (energy resolution is~1 cm ) and dissociation ngertook a more detailed theoretical treatment, first to see if
products(carbon monoxide and methylenare observed. If o theoretical methodology is capable of handling this com-

the reactant molecule is BC’O, then the major product is ey reaction dynamics accurately for a polyatomic molecule

CH, and CO, but 10%-20% of the product has the isotopesyt s size, and also to lend suppéor nob to Lovejoy and

of carbon switched, i.e., ‘®, and CO, indicating that the \15ore's interpretation of their observed structure. This ar-

Isomerization, ticle describes these calculations and reports their results.
H,C=C'=0—0=C=C'H,, (1.1) The microcanonical isomerization rate can be expressed

has taken place prior to dissociation, presumably passing

through the oxirene intermediatef. Fig. 1). (This isomer- N(E)

ization or exchange process was also deduced from much Kiso E) = 27ahp(E)’

earlier “hot atom” experiments by Rowlaret al)? From the

branching ratio between normal and exchanged productsyherep(E) is the density of reactartketeng states per unit

Lovejoy and Moore used a simple kinetic model to extractenergy—which is a smooth,almost constant function of en-

separately the unimolecular rate constants for direct dissoci®@rgy over the relevant region—am(E) is the cumulative

tion (i.e., HLC=C'=0—H,C+C'=0 without isomerization ~ reaction(here isomerizationprobability (CRP, which con-

and for isomerizationky(E) andkis(E), respectively. In a tains all the aspects of the isomerization process and whose

series of article$,Moore et al. have reported on many other calculation is the central task. The development of theoreti-

interesting aspects of ketene photodissociation that are néal methods for calculating CRPs has been a major focus of

the subject of the present article. our research group in the last few years, so the present ap-
The energy dependencelgf(E) shows some interesting plication is an excellent test of this methodology. Seideman

step structure due to quantization of the transition state, biand Miller’s> expression for the CRP is

is otherwise a very typical unimolecul&(E) for which - oA

standard microcanonical transition state theofie., N(E)=4tr[G(E)" ,G(E) €], 13

RRKM?* is an excellent description. The isomerization rate

1.2

whereé(E) is the Greens function,

3 Author to whom correspondence should be addressed. G(E)=(E+ie—H) 1, (1.9
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CH,+ CO CO +CH,

HZC'=C=O 0O=C'=CH 5

FIG. 1. A sketch of the relevant structures and energies involved in the photodissociation and photoisomerization of ketene.

H being the total Hamiltonian for the ketene molecule and This is the idea of “dimensionality reduced”
an absorbing potential to enforce outgoing wave boundarmpproximation$;” and forf=1 is the standard expression for
conditions.%,(e ) is the part of the absorbing potential in the one-dimensional tunneling corrections to microcanonical
reactant(produc) region, e.g., the leftright) dotted curves transition state theofy.

in Fig. 1; e= %r+%p. One may think of this quantum me- Section Il first gives a more detailed description of the
chanical expression for the CRP as analogous to a classictileoretical methodology and its implementation, and Sec. llI
trajectory calculation in which one starts trajectories in thedescribes the results of the calculation forl, 2, and 3
left ketene well(cf. Fig. 1), with initial conditions sampled coupled degrees of freedom. Section IV concludes.

from a microcanonical distribution, and runs them to deter-

mine the fraction that reach the right hand ketene well, ter-

minating them as soon as they exit the double barrier regloH SUMMARY OF THEORETICAL AND

into the product well. In this quantum calculation we are thus COMPUTATIONAL SPECIFICS

by-passing the problem of describing the dynamics of highlya, The potential energy surface

vibrationally excited ketene itself and only calculating the
microcanonical reactive flugwhich is the CRIP.

Even with this limited treatment of the dynamics, how-
ever, it is not possible to carry out the calculation in its full
dimensionality ofF=3N—-6=9 degrees of freedortwith
total angular momentund=0). We thus carry out a CRP
calculation including degrees of freedom, obtainimd(E),
and then fold in the other uncoupled degrees of freedom b
microcanonical convolution,

The stability of the oxirene intermediate has been the
subject of a great deal of controversy in the quantum chem-
istry community. Scotet al® have performed the most de-
tailed calculation of the reaction path to date. At the
CCSOT)/6-311Gdf,p) level of theory, they find a broad,
corrugated well between the transition states that separate the
two ketene structures, as shown in Fig. 2. The oxirene well,

owever, is only slightly stable and lies at an energy above
the energy for formylmethylene. Frequencies for the oxirene
structure have been obtained at the CCBEc/TZ2P(f,d)
level of theory by Vacelet all® This level of theory also
shows oxirene to be a stable point on the potential energy
surface.

Other levels of theory, including density functional
theory, have given an imaginary frequency for the ring-
opening mode of oxiren¥. Most of these calculations also
give a fairly broad central well with transition states between
F the formylmethylene structures and the associated ketene
2 f;(n; + (1.6) structures. The fact that the region between the two outer

T+1 transition states is not a single minimua@s indicated in the

N<E>=n§0 N(E—ef "), (1.5

where{s } are the energy levels—approximated as har-
monic oscnlators—for thé=—f uncoupled degrees of free-
dom, i.e.,n=n¢,4,...,ng, and

i=
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FIG. 2. A plot along the reaction coordinate showing the one-dimensional potential energy $solaténe) and the absorbing potentiadotted ling. The
critical points are labeled with the names of the structures along the reaction coordinate that were calculated in Ref. 9.

simplified Fig. 2 does not change the discussion in the in-mode. This corresponds to the out-of-plane motion gf H
troduction about resonance tunneling, but it does suggest thatlative to the CCO plane, a motion which has a frequency of
the dynamics of the resonance intermediate may be quitapproximately 514 cr.
complex. The third degree of freedom is a linear combination of
We have used normal coordinates referenced to the oxhe b, CH asymmetric rock and the; CH symmetric rock.
irene geometry, This combination corresponds to the in-plane swing gf H
towards the middle of the CC bond, and has a frequency of
} approximately 873 cit.
\ , We make some simplifying assumptions in calculating
c=2¢C ' 2.1 the frequencies of these local modes. The first assumption is
/ \ that the asymmetric and symmetric normal modes are the
Ha Hy normal modes for a system with two local modes which have
. . . . identical frequencies. Next, we assume that the coupling be-
to construct a potential energy surface in the region of Fig. 2 . o )
. ) . : . AT tween these local modes is positive. With these two assump-
incorporating all information available fromb initio® " cal- . o : :

; . . tions, it is easily shown that the frequency of the symmetric
culations as well as possible. From these calculations, Wﬁormal mode is the same as the frequency of the constituent
identify at least three degrees of freedom that play activ? . 9 y .

; i o ocal modes. This is the lower of the two frequencies for
roles in the isomerization proces3he carbon—carbon and . .

each pair of normal modes listed above.
one of the carbon—hydrogen bond lengths are largely un1—_ .
) . he form of the potential energy surface that we have used to

changed throughout the isomerization. erform this calculation is aiven b

The first important normal mode coordinate—the one we’ 9 y
identify as the reaction coordinate—involves mainly oxygen s f(s) 2
and hydrogen atom motion. Displacement along this normal ~ V(s,£)=V4(s)+ 22 kj( i+ k_> :
mode describes most of the structural differences between = !
Ez;;ennee and the intermediates that lie between oxirene and Vld(s)=a252+a4s4+a656+csze’d52, 2.3

We have identified the other two quantum degrees ofind
freedom in terms of two of théocal modes of oxirene. The f(s)=d;s* 2.4
second degree of freedom that we include in the quantum ' = ’
calculation is a linear combination of tlee CH asymmetric The parameters for the d-potential V,4(S) were obtained
out-of-plane mode and thb; CH symmetric out-of-plane by fitting to the energies and structures in Ref. 9. A plot of

(2.2
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TABLE |. Energies and frequencies for the critical points along the reaction coordinate. Energies are relative to
the oxirene structure.

Inner Outer
Oxirene TS Formylmethylene TS
Energy(kJ/mo) Best fit V4 0 1.8 -2.4 23.9
Ref. ¢ 0 1.9 -2.0 23.9
o (cm™) Best fit V4 134 141 152 271
Refs. ¢ and 10 168 133 328 409

dGeometries are optimized at the COZP6-311Qdf,p) level, and energies are calculated using a mean of
CCSDOT)/cc-pVTZ(f) and CCSIT)/cc-pVTZ(g) values.

bCalculated at the CCSD)/6-31Qd) level.

‘Calculated at the CCSD)-fc/TZ2P(f,d) level.

this fit is given in Fig. 2. A comparison of the energies andB. The basis set
frequencies of the calculated fit to tlad initio calculations

is given in Table . i.e., a basis set of grid points, to represent the operators in

Frequt_anues for the two cogpled degrees of fre,edon?iq.(l.B), specifically the sinc-function DVR of Colbert and
were obtained from the frequencies for the asymmetric hy'lvliller. 12 The operators:l < G. etc.. all become matrices in

dlrogen rogk(in pl?nel) ::méj gs;ll?mfmit(;icThhydroger;.Wz{igut oft tsgrid point spaceH, e, G(E) = (E+ie—H) L.
pdane)f mtc;] ©s ct\?vcua% n ~e .bt : debcoup.lngtﬁons an We used a rectangular cartesian grid as the raw DVR
(d;) for those two modes are obtained by using the geomgrid for this problem. Points were removed from the grid if

etries calculated in Ref. 9. A contour plot of the potenUaIV(S’@ was greater than 2 timds, the energy for which we

energy surface as a function _sfand @2ls §hown in Fig. 5 were calculatindN(E). Additionally, points that were outside
and all the parameters used in constructing the potential ey givenr wherer is defined in Eq.(2.6), were also
ergy surface are given in Table II. fhax s

. . _ removed from the grid. The number of points per deBroglie
The. abs‘?rb'F‘g potentiak(s,, 3), that we use in our wavelength,Ng, was set to 3.7 for all calculations. The
calculations is given by

shortest possible deBroglie wavelength, which determines
the grid spacing together witNg, was obtained by taking

We have used a discrete variable representdd/R),

_ 4
€(s,0,,003)=a fo ) h(r—ry), (2.5 the difference betweek and the lowest point on the poten-
Fmax— o tial energy surface. Typical values fo,,,, and for the con-
stants in Egs(2.5 and(2.6) are presented in Table Ill. For
where the 1-, 2-, and 3-degree-of-freedom calculations at the high-
est energy of interest, the number of remaining grid points in
t= e S+ e Gl Cal P (2.6 o 35 res

the truncated grids were 191, 4270, and 47836, respectively.

We place the beginning of the absorbing potentigl, just )
after the final barriers to isomerization. The absorbing poten®: Evaluation of the trace
tial needs to rise fast enough to absorb the flux resulting from  Manthe and Millet® have shown that an efficient way to

the rapid drop-off of the potential energy, so a polynomial ofevaluate the trace in Eq1.3) is to introduce the reaction
at least degree 3 is required for the formeofThe end of the  probability operatoP(E), defined by
absorbing potentialt ., is placed at the edge of the grid.

O _ Anl2A ~ A ~1/2
This edge is located just far enough outside the barrier to P(E)=4€&"G(E)" €G(E)& ™, 27
isomerization to assure convergence. so that Eq(1.3) for N(E) becomes

N(E)=tr[P(E)]. (2.8

TABLE Il. Parameters of the best-fit potential energy surface.

TABLE Ill. Parameters of the absorbing potential.

Parameter Value

Parameter Value
a, —2.3597x 102 (Hartree Bohr?)
a, 1.0408<10°3 (Hartree Bohr?) ro 2.7 (Bohn
ag —7.5496x107° (Hartree Bohr®) Ce 1
c 7.7569<10°2 (Hartree Bohr?) c, 0.9
d 1.9769(Bohr ?) Cy 1
K, 1.0074<10 2 (Hartree Bohr?) a 0.01 (Hartree Bohr?
d, —2.4518% 10 * (Hartree Bohr®) I max (1d) 3.45 (Bohn)
Kq 2.9044x1072 (Hartree Bohr?) (2d) 4.3 (Bohr)
ds —8.54360<10 * (Hartree Bohr®) (3d) 5.6 (Bohn)
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[Since the absorbing potential matrices are diagonal, théhogonaliz¢ all the Krylov vectors. QMR is not as efficient
square roots in Eq2.7) cause no problemkThe trace ofP as GMRES on the basis of number of iterations, but since it
in Eq. (2.8 is then evaluated using the Lanczos requires the storage of only a few Krylov vectors, its cost
algorithm#~1%j.e., one begins with some starting vecigr  (i.e., computational timeper iteration is much less. QMR
and a sequence of Krylov vectors is generated by finds the inverse by a quasi-minimization of the residual at
N each iteration. It is based on the look-ahead Lanczos algo-
vn+1=P(E)- % +S.0., 2.9 rithm which is used to find approximate eigenvalues of large

whereS.O. denotes Schmidt orthogonalization to all preced-non-Hermitian matrices. We stop the QMR iterations when

ing vectors. The matrix elements Bfin this basis, the residual for the Green’s function has dropped below
104
Pon =20 P(E)- 2 (2.10 We have found that a diagonal preconditioner gives the
are obtained in the process of generating the vectors, and tiixest performance with QMR, i.e.,
trace carried out in this representation, (Ao j=(A): ;6 (2.1
NE)=> P, .. 2.11) in Eq. (2.14 above. Other preconditioners, notably the sym-
wo metric successive over relaxatiGBSOR preconditioner re-

This procedure is efficient because the rank of the matriic'.UIted in a smaller number of iterations, but the costs asso-

P(E) is low, typically orders of magnitude lower than the ciated with flndmg the INVerses. of upper and Iowc_ar
~. . Hessenberg matrices made it a less attractive
size of the DVR basis itself, and the number of Lanczos tionet? ) . o
iterations required—i.e., the number of Krylov vectors which preconditioner.” For the particular matrices used in this cal-

must be generated via E@.9—is essentially the rank d?. culation, SSOR was often more expensive than having no

We explicitly re-orthogonalize the Lanczos vectors toprecondltloner at all
avoid compounding numerical errors and iterate UN(E)
is converged to 10°. For the highest energies reported this
required 5-10 iterations, and for the lowest energies onlyA. Isomerization rate using one degree of freedom
about 3. L .
. . . The best-fit single mode potential energy surféeg
Every operation of the matri®P onto a vector in Eq. 9 P 9y e

. . ) . ._is shown in Fig. 2, and the calculated cumulative reaction
(2.9 requires two operations of the Green’s function mamxprobabilitled(E) for this PES is shown in Fig. 3,4(E)

%mé _jgl,zéeCEtoL [(léellz’ glfg‘em I:'/alr 'OL;Z Q?g:fesfmrén was used to calculate the isomerization rate using the other
(B)=4¢ “G(E)" G(E) & uttiply sequentially eight vibrational modes at the outer transition states as un-

the ”gthﬂ' Tfrf]e (ta_pelranon of thtf] (freens funtctlor: me;thrlx ontto ioupled harmonic oscillators. The isomerization rate is
a vector efiectively means that one must Solve e Sel 0Ly, \vn as a solid line in Fig. 4. In all calculations, the experi-

linear equations, mentally measuréd® density of states (4.5x10%
A-x=Db, (2.12  states/cm?) for a reactant ketene molecule with 28 000
cm ! of vibrational energy was used.

Where_ the vectob is g_iven andA=(E+ie—H), and this is With a single quantum degree of freedom, the rate shows
the primary computational task. Use of the Lanczos metho‘fjesonant features with widths 6f1—5 cm * that are spaced
above with theP-operator/matrix greatly reduces the number~70_80 cr® apart. From theN(E) calculation in Fig. 3

of Green’s function operations that are required and is why this spacing corresponds to a progression of tunneling reso-

was such an important step forward. nances within the one-dimensional oxirene well. Agreement

There is, of course, an enormous literature on the solu-, . ; : - o .
. . ’ . with the experimental rate is surprisingly good, giving quali-
tion of the linear algebra problem in E(.12. Our present b b gv 9 gving g

) : . tative matches between the number of observed features and
matrix A is complex symmetric, large, but very sparse. Wethe absolute magnitudes of the rates

have made most use of the generalized minimum residual
(GMRES?" and more recently the quasi-minimum residual
(QMR) algorithms'® These are both Krylov-based algo-

lll. RESULTS

B. Isomerization rate using two degrees of freedom

rithms, and they allow one to use preconditioners, i.e4\if Using the two-mode potential energy surface displayed
is an approximation t@\ that itself is easily invertible, then in Fig. 5 to calculate the microcanonical isomerization rate,
one writes Eq(2.12 as two additional and striking aspects of the energy dependence
, , of the rate are observed. Figure 6 shows the rate calculated
Al-x=b", (213 using the reaction coordinate and thet-of-planehydrogen
where mode as the two coupled degrees of freedom, and treating
L the other 7 modes as uncoupled harmonic oscillators. Reso-
A'=A,"-A (2.14 nant line shapes appear in the two-dimensional rates that
b’ :Aal_ b, (2.19 resemble Fano line shapes instead of the pure Breit—Wigner

peaks observable in the dl+ates. This indicates that the
and then generates a Krylov basis usihg GMRES is the background phase at those energies is nonzero, which we
most efficient procedure on the basis of the number of suchelieve to be a signature of overlapping resonant contribu-
iterations, but it requires that one stof@nd explicitly or-  tions to the cumulative reaction probabilfty.

J. Chem. Phys., Vol. 103, No. 18, 8 November 1995



J. D. Gezelter and W. H. Miller: Ketene isomerization 7873

1.5

1.0

N, (E)

05

AU

1000.0 _2000.0 3000.0
Energy (cm ) above oxirene

FIG. 3. The calculated cumulative reaction probabi(i§(E)) for the potential shown in Fig. 2.
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FIG. 4. The calculated isomerization rate for the one-dimensional surface shown in Fig. 2. The dotted line is the experimentally obtained reaction rate from
Ref. 1.
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between the two outer transition stat@$. Fig. 5, which
acts as a dynamical bottleneck even at total energies above
the outer transition state energies.

Figure 7 shows the two-dimensional rate calculated us-
ing the reaction coordinate and threplane hydrogen mode
as the two coupled degrees of freedom, and treating the other
seven modes as uncoupled harmonic oscillators. As in the
other two-dimensional calculation, resonance widths are
wider (10 cni %) than in the one-dimensional calculation and
the spacings between the wide resonant features are on the
order of 70-80 cm'. Most of the peaks are pure Breit—
Wigner-type peaks, which indicates that there are very few
overlapping resonances when the in-plane mode is used as
the second coupled degree of freedom. This is due in large
: . part to the higher vibrational frequency of the in-plane mode

0 1 ‘ relative to the out-of-plane mode’s vibrational frequency.

reaction coordinate (bohr)

FIG. 5. A contour plot showing the two-dimensional potential energy sur—c' Isomerization rate using three degrees of freedom

face(solid contoursand the absorbing potenti@ashed contouysThe two We have also calculatekt (E) for three coupled de-
degrees of freedom represented in this plot are the reaction coordinate, SO

and the hydrogen out-of-plane local mod@,. grees of freedonti.e., the reaction coordinate, the in-plane,
and the out-of-plane hydrogen local modes are coupled ac-
cording to the parameters for the potential energy surface
The other striking feature is that there are resonant feagiven in Table I). The isomerization rate for the three-
tures that are widef~10 cm %) than those observed in the dimensional calculation is shown in Fig. 8. It exhibits broad
one-degree of freedom rate. We believe that these featurés0 cm Y) features similar to the ones that were observed in
correspond to Feshbach, energy-transfer, or dynamical resthe two-dimensional rates, as well as a few overlapping reso-
nances that occur at energies above the barrier to isomerizaances similar in character to the ones present in Fig. 7.
tion. These dynamical resonances appear because the multi- We attribute the narrowl cm ?) features that are simi-
mode potential energy surface has a strongly bent regiolar to the ones observed in the one-dimensional calculations

6e+06 : — . . . .

5e+06

4e+06

3e+06

k. (E)( sec”)

2e+06

1e+06

0e+00 : — ' - :
8500.0 8750.0 9000.0 9250.0 9500.0

Energy ( em” ) above oxirene

FIG. 6. The calculated isomerization rate for the two-dimensional surface shown in Fig. 5. The dotted line is the experimentally obtained reaction rate from
Ref. 1.
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FIG. 7. The calculated isomerization rate for a two-dimensional surface using the reaction coosdaradethe hydrogen in-plane local modeg,. The dotted
line is the experimentally obtained reaction rate from Ref. 1.
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FIG. 8. The calculated isomerization rate for a three-dimensional surface using the reaction coardamatéoth the hydrogen out-of-plane local modsg,
and the in-plane local modey/;. The dotted line is the experimentally obtained reaction rate from Ref. 1.
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to tunneling resonances. These features are observed at drem purely tunneling resonances. Tunneling is the only de-
ergies below the barriers to isomerizati@ ~8100 cm'in  cay mechanism of a metastable oxirene state in one dimen-
Figs. 4, and 6—B The narrow features can also be observedsion, but the widths of the resonant features in the one-
at higher energies because of repetitions due to the urdimensional calculation are much narrower than the structure
coupled harmonic modes. At energies well above the barrieseen experimentally. Multidimensional models allow also for
to isomerization, we again see the broad features that wEeshbach, or energy-transfé@ynamical resonances: here
attribute to Feshbach resonances that were observed in thige metastable state has enough total energy to dissociate

two-dimensional isomerization rates. (without tunneling but not enough energy in the reaction
coordinate; the decay rateesonance widthis determined in
IV. DISCUSSION this case by the rate of energy transfer from a “bath” mode

into the reaction coordinate. Both tunneling and multimode
coupling are of course included in the multidimensional cal-
(éulations, and the significantly broader resonance features
indicate that Feshbach-type resonances make a very signifi-

the labeled carbon atom in the dissociation of ketene into CG2t contribution to the ketene isomerization._This s ea;ily
and CH, they cannot measure the isomerization rate beIO\/\W]der.StOOd from _the strong curvature seen in the multidi-
this dissociation threshold. The barrier to dissociation ”esmensmnal potential energy surfaces.
slightly above the barrier for the isomerization, and the rela-
tive energies of tblese two barrlers_are only known to WlthmACKNOWLEDGMENTS
a few hundred cm-, so we have adjusted the zero of energy
for the experimental rate to illustrate the kind of agreement  The authors would like to thank Ned Lovejoy, George
that our calculations can give with the experimental ratesVacek, and Professors C. B. Moore, H. F. Schaefer 1, and
The energy that we have assumed as the barrier to dissocif: C. Handy for many helpful discussions. This work was
tion is marked with an arrow along the energy axis in each okupported by the Director, Office of Energy Research, Office
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threshold, for this would confirm or deny the existence of76SD00098.
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isomerization.
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