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Features of the ground-state potential energy surface of formaldehyde relevant to its dissociation to H2 and
CO were analyzed by means of ab initio calculations. The multiconfigurational self-consistent field (MCSCF)
calculation gave a critical energy of 83.22 kcal/mol. Accurate structures are presented for H2CO(X1A1) and
the saddle point. The reaction path was determined and the coupling between reaction coordinate and normal
modes was analyzed along it, with two different levels of calculation (Hartree-Fock and MCSCF). Using
these data, the transition state was located and the rate constants were calculated for the temperature range
200-4500 K using the generalized transition state theory.

Introduction

The formaldehyde molecule has been the focus of many
experimental and theoretical studies since the seventies1,2 due
to its importance in the atmosphere, interestellar space, and
combustion chemistry. Also its small size allows ab initio
calculations at a high level of theory as well as trajectory and
variational transition state studies. Presently, the mechanism of
photodissociation is well-known due largely to the work of
Moore and co-workers.1-6 The electronically excited H2CO-
(S1) internally converts to highly vibrationally excited levels
of the ground electronic state (S0) which then undergoes
unimolecular reaction by two different pathways: one producing
molecular products (H2 + CO) and the other producing radical
products (HCO+ H). This last channel has been recently studied
by Terentis and Kable.7

As previously discussed,7-8 ab initio theoretical calculations
show that the S0 state correlates with both molecular and ground-
state radical products while the S1 state correlates with excited-
state HCO. Several calculations have been conducted for both
the radical and molecular dissociation of S0, S1, and T1

formaldehyde,8-13 in particular the activation energy for dis-
sociation to H2 + CO on the ground S0 potential energy surface.
Some theoretical studies8,9 gave an estimated activation energy
of 87 kcal/mol. This means that quantum mechanical tunneling
must probably be invoked in order to account for dissociation
products observed at energies near the S1 origin at 3.495 eV
(80.6 kcal/mol). More recent calculations10,11gave values near
the origin, which implies that low-energy dissociation may occur
without tunneling.

Theoretical studies of this reaction have been basically
concerned with the determination of the properties of stationary
points (i.e., the equilibrium state and the saddle point) and also
on investigating the possibility of an intermediate state.8-14

Classical trajectory calculations have been carried out by Chang,
Minichino, and Miller15 using a global potential energy surface
constructed using the empirical valence-bond approach. Specific
rate constants using RRKM theory with tunneling corrections
were calculated by Miller17 and later by Troe,18 who also

analyzed the rotational contributions to the rate constants.
Despite the extensive work done on this reaction, to our
knowledge the complete reaction path has not been calculated
and the generalized transition state theory19 has not been applied
in order to get thermal rate constants.

In this work, the stationary points of the potential energy
surface were determined at a high level of calculation and the
reaction path connecting the stable and saddle points was
calculated using the “intrinsic reaction coordinate” (IRC)
approach.19 Then, using the direct dynamics approach, the ab
initio electronic structure information for the region of config-
uration space along the reaction path was used to calculate the
variational transition state theory (VTST) rate constants, includ-
ing tunneling effects.19-21

Unfortunately, these calculations are not suitable for com-
parison with photochemical experimental data and previous
microcanonical calculations since they were obtained for a
different energy distribution. Nevertheless, since the electronic
structure data may be obtained at a high level of theory, this
system is a good test for the electronic input methodology in
the calculation of thermal rate constants. Furthermore, the
complete reaction path calculated at a high level of theory and
the conclusions obtained by the variational optimization of the
location of the generalized transition state theory dividing
surface are extremely important information for the variational
calculation of the microcanonical rate constants.22 Also, since
this reaction path presents a well-defined barrier, in contrast to
the HCO + H channel on the S0 surface, which presents a
barrierless pathway, a further test of the direct dynamics
approach may be done.22

Methods and Computational Details

The MCSCF Wave Function.Although the Hartree-Fock
(HF) wave function alone provides a good approximation to
the absolute energy of a molecule, it does not work for
correlation effects. Thus, for an adequate description of bond
breaking and bond formation, as well as the barrier height
involved in these processes, it is necessary to use high-quality
wave functions beyond the HF approximation. Let us consider* Author to whom correspondence should be addressed.
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the planarC2V structure of the ground state and dissociation
products of formaldehyde:12

Now we consider the correlation between the electronic states
of the reactant and the products. As can be seen, four electrons,
the ones involved in the two C-H bonds of H2CO, are active
in the dissociation process. During the dissociation process, two
electrons, one for each C-H bond, pair up to form the H-H
bond, while the other two form a lone pair on C in CO.

The formaldehyde molecule has a doubly occupiedσ (in-
plane) lone pair orbital on O. During dissociation to H2 + CO,
this orbital delocalizes toward C and finally becomes the third
component of the triple bond in ground state CO. Correlation
effects associated with this orbital should change significantly
during dissociation.

During dissociation, the CO bond shortens as it acquires more
triple-bond character. A proper description of this bond shorten-
ing requires proper consideration of the (σ-π) correlation
effects.

Therefore, an accurate description of the potential energy
surface near this barrier requires a balanced treatment of both
diabatic states, which cannot be achieved within the HF model.
However, MCSCF calculations based on a HF reference can
yield results of high accuracy, provided the right choice of the
active space has been made, leading to the correct behavior of
the molecule under dissociation. Further (dynamic) correlation
can be recovered in more extensive CI calculations.

Basis Sets and Geometry Optimization.The basis set used
in our calculations consists of the Huzinaga-Dunning double-ú
[(9s5p/4s)/(6s3p/3s)]23 basis, augmented with a set of d polariza-
tion functions on each carbon and oxygen atom, with exponents
RO ) 0.8 andRC ) 0.75, and a set of p functions on hydrogen
with Rp ) 1.0. This DZP basis set comprises forty-two functions.

The geometries of the reactant, the products, and the transition
state were optimized at the restricted Hartree-Fock (RHF),
generalized valence bond (GVB), and multiconfigurational self-
consistent field (MCSCF) levels, using the gradient capability
of the GAMESS package.24 In the GVB calculations we have
included all but the lone-pair valence electron on the oxygen
atom (GVB4PP). In the MCSCF calculations, we have consid-
ered four, six, and 10 active electrons; these calculations will
be denoted by MCSCF4, MCSCF6, and MCSCF10, respec-
tively.

Ab Initio Reaction Path and Direct Dynamics Calcula-
tions. The thermal rate constants were calculated on the basis
of an ab initio reaction path (Figure 1), its curvature, and an
harmonic approximation to the potential orthogonal to it, without
the intermediate step of fitting the potential energy surface. The
geometries of the stationary points were optimized both at
Hartree-Fock (HF) and multiconfiguration self-consistent field
(MCSCF) levels. The calculated saddle-point geometries were
used as starting points to evaluate the IRC by going downhill
to both the asymptotic reactant and products channels in mass-
weighted coordinates. The details of the approach used to obtain
a minimum energy path (MEP), well-enough converged to
calculate accurate thermal rate constants within the framework
of the generalized transition state, are fully described by Truhlar
and co-workers20 and are briefly presented below.

The canonical rate constants,k(T), were calculated using the
generalized transition state theory (GTST) as implemented in

the POLYRATE program,25 which assumes that the net rate of
forward reaction at equilibrium is given by the flux of
trajectories across a critical dividing surface in the phase space
in the product direction. Within the variational approach, the
position of this dividing surface, designated bysT, may be treated
as a variable to be determined by the variational principle of
minimizing the calculatedk(T), which is referred to the
maximum free energy criterion. The location of the canonical
variational transition state is temperature-dependent and the
calculated rate constant gives the best canonical average at each
temperature.26 Some details of the calculation are given below.

Method of Locating the Saddle Point.To locate the saddle
point, an initial guess of the position of the transition state must
be provided.27 For this purpose, an approximated three-
dimensional surface for the ground-state dissociation pathway
(H2CO f H2 + CO) was calculated, assuming aC2V geometry.
By changing ther(CH) distance and theθ(HCH) angle, the gray
scale map shown in Figure 2 was obtained at Hartree-Fock
level.

The geometry (C2V) obtained for the initial guess wasr(CH)
) 1.3904 Å andθ(HCH) ) 158.9°, with the other distances
and angles equal to those of the formaldehyde molecule (Table
1). Starting from this geometry, the energy gradients were
evaluated using the algorithm of Cerjean and Miller.28 This
method uses the second derivative matrix (i.e., the force
constants) of the potential surface to walk uphill to the saddle
point.

After obtaining the right number of negative eigenvalues for
the Hessian at this level of calculation, we determined the saddle
point at the other levels using the Hartree-Fock saddle point
as an initial guess. The saddle point hasCs symmetry at all the
calculated levels.

The Minimum Energy Path. The path beginning in the
direction of negative curvature away from the transition state
and following the gradient of the potential energy surface to
the reactant and products is called the reaction path or the
intrinsic reaction coordinate (IRC).

Starting from the saddle point geometry and going downhill
to both the asymptotic reactant and product channels, the
intrinsic reaction coordinate was constructed. Several step sizes,
between 0.2a0 and 0.001a0 were tested in order to ensure

Figure 1. Calculated energy along the reaction path for the reaction
H2CO f H2 + CO. The curve was obtained at MCSCF level using a
0.001a0 step size.
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convergence. Along this minimum energy path (MEP), the
reaction coordinate is defined as the signed distance from the
saddle point, withs > 0 referring to the product side. In this
work the reduced mass was set equal to 1µ (µ ) 1 12C atomic
mass unit) and, then, the distances along the mass-scaled
coordinates in a0 are equivalent to distances through mass-
weighted coordinates in units of bohr amu1/2. These calculations
were performed both at HF and MCSCF levels using the
GAMESS program.

The matrix of force constants, at the HF and MCSCF levels,
were then computed for seven selected points on each side of
the reaction path and the three stationary points (reactant, saddle
point, and products). Finally, a generalized normal-mode
analysis was performed by projecting out the frequencies at each
point.29 The variational partition function along the MEP and
the vibrationally adiabatic ground-state potential curve were then
calculated using the POLYRATE program. This potential is
defined as:

whereVMEP(s) is the classical energy along the MEP with its
zero energy at the bottom of the vibrational well for the reactant
andεint

G (s) is the total vibrational zero-point energy ats.
Rate Constants Calculations.Within the framework of the

generalized transition state theory (GTST), for a canonical
ensemble of a reacting classical system, characterized by a
temperatureT, the conventional transition state rate constant is
the equilibrium one-way flux coefficient of phase-space

trajetories through the dividing surface ats ) 0 in the product
direction. The classical generalized transition rate constant,
kc

GT(T,s) at temperatureT, is defined as

whereâ is, as usual, (kBT)-1, kB is Boltzmann’s constant,h is
the Planck constant, QcGT(T,s) is the classical partition function
for the generalized transition state (GTS) dividing surface with
its zero of energy at VMEP(s) and with all rotational symmetry
numbers set to unity, VMEP(s) is the classical potential energy
at point s on the MEP relative to the overall zero of energy,
Φc

R is the reactant classical partition function per unit volume,
andσ is the symmetry factor.

For a fixed temperature the lowest upper bound on the true
classical rate constant for the assumed set of GTS dividing
surfaces is found by varing the location of the GTS in order to
minimize kc

GT(T,s). Thus the classical CVT(Canonical Varia-
tional Theory) rate constant [kc

CVT(T)] is given by

wheresc
CVT(T) is the location of the CVT transition state for

temperatureT.
In this work quantal effects on the partition functions for the

bound degrees of freedom were incorporated and, thus, a
“hybrid” generalized canonical TST rate constantkCVT(T) was
calculated. The dividing surface for this constant is denoted by
sCVT(T).

When calculatingkCVT(T) the motion along the reaction
coordinate is treated classically. This result may underestimate
the true quantal rate constant, mainly at low temperatures. The
usual way of including the quantum effects on reaction-
coordinate motion is by using a multiplicative transmission
coefficientκ(T):

The simplest way of evaluatingκCVT/Y is by using the
semiclassical Wigner correction which gives reasonable results
only at high temperatures, where the transmission coefficient
is near unity and the potential along the reaction path is well
approximated as an inverse parabola with a small reaction-path
curvature.

A more accurate correction for systems with small reaction-
path curvatures is obtained by assuming that the dominant
quantal correction to reaction-coordinate motion comes from
tunneling through the saddle point region. If the barrier is

TABLE 1: Ab Initio Geometric Parameters of Reactant and Saddle Point

calculated values

parametersa
experimental

values HF MC4 MC6 GVB4 MC10

H2CO r (CO) 1.203( 0.003 1.189 1.188 1.186 1.188 1.224
r (CH) 1.099( 0.009 1.096 1.118 1.120 1.118 1.122
θ (OCH) 121.75( 0.6 121.85 122.12 122.24 122.12 122.14

saddle point r (CO) 1.147 1.160 1.158 1.184 1.188
r (CH1) 1.099 1.098 1.098 1.082 1.096
r (H1H2) 1.224 1.350 1.371 1.337 1.383
θ (H1CO) 162.60 162.25 163.80 162.05 164.19
θ (CH1H2) 87.53 86.97 87.27 85.25 87.65

a In angstroms and degrees.

Figure 2. Approximated potential energy surface for the decomposition
of a formaldehyde molecule as a function of the C-H distance and
the HCH angle.

Va
G(s) ) VMEP(s) + εint

G (s)

kc
GT(T,s) )

σ Qc
GT(T,s)

âh Φc
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kc
CVT(T) ) min

s
kc

GT(T,s)

) kc
GT(T,sc

CVT(T))

kCVT/W(T) ) κ
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assumed to be parabolic in the region of the maximum, the
semiclassical transmission coefficient may be described by the
zero-curvature (ZCT) or MEPSAG coefficient.19 While in the
canonical variational theory a single generalized transition state
is optimized for a canonical ensemble, in the improved canonical
variational theory (ICVT) the generalized transition state is
optimized microcanonically for energies up to the microcanoni-
cal variational threshold energy (i.e., a separate generalized
transition state is optimized for each total energy). For higher
energy contributions, the generalized transition state is optimized
canonically.

In this work the following levels of calculation of the
canonical rate constants were considered: conventional transi-
tion state theory (TST), canonical variational transition state
theory (CVT), and improved canonical variational theory
(ICVT). For both TST and CVT rate constants, the classical

transmission coefficients (CAG) for correcting the classical
threshold were evaluated. Finally, quantum effects on the
reaction coordinate motion were included by calculating the
transmission coefficients considering small reaction-path cur-
vature, i.e., assuming that the dominant quantal correction comes
from tunneling through the saddle point region. Two approaches
were used: semiclassical Wigner corrections10 and tunneling
along MEP with zero curvature (ZCT).30-35

Results and Discussion

Transition State and Activation Energy. The geometric
parameters and calculated energies for formaldehyde and the
saddle point are shown in Tables 1 and 2, respectively. In Tables
1, 2, and 3, the MCSCF wave functions including all configura-
tions generated by distributing four, six, and 10 electrons in an
equal number of orbitals are denoted MC4, MC6, and MC10,
respectively.

The correlation effects on the barrier height are shown in
Table 3. All the results were obtained with the DZP basis set.
Table 4 shows the harmonic vibrational frequencies of the
reactant and saddle point calculated at HF and MCSCF levels.

The calculated geometries for the formaldehyde molecule are
in good agreement with the experimental values while the
frequencies are slightly overestimated. Similar trends may be
expected for the calculated saddle point properties. The calcu-
lated barrier heights are in excellent agreement with previously

TABLE 2: Energies of Formaldehyde and Saddle Point

method energy (h) energy (h)a

formaldehyde HF -113.894 -113.894
SDHF -114.223 -114.195
GVB4(CdO, C-H) -113.962
MC4 -113.937 -113.929
MC6 -113.940 -113.940
MC10 -114.044 -114.045

saddle point HF -113.727 -113.726
SDHF -114.065 -114.039
GVB4(CdO,C-H) -113.818
MC4 -113.779 -113.779
MC6 -113.793 -113.793
MC10 -113.902 -113.902

a These values were taken from ref 10.

TABLE 3: Correlation Effects on the Barrier Height a

methods ∆E (kcal/mol) E0 (kcal/mol) E0
b (kcal/mol)

HF 105.3 99.7 99.4
SDHF 99.2 92.8
GVB4 90.7
MC4 94.1 88.5 88.7
MC6 91.8 86.4
MC10 89.0 83.2 84.4

a E0 critical energy for decomposition reaction.b These values were
taken from ref 10.

Figure 3. Classical potential energy curve(VMEP), and vibrationally
adiabatic potential energy curveVa

G as a function of the distance along
the MEP calculated using POLYRATE. The ab initio MEP is also
shown.

TABLE 4: Harmonic Vibrational Frequencies (cm-1) of the
Reactant and Saddle Point Calculated at HF and MCSFT
Levels

formaldehyde

normal mode expta HF MCSCF

ν1(a1) CH + CH stretch 2944 3183 3120
ν2(a1) CO stretch 1764 1925 1886
ν3(a1) CH2 sym. bend 1563 1647 1537
ν4(b1) CH2 out-of-plane 1191 1370 1255
ν5(b2) CH-CH stretch 3009 3103 3054
ν6(b2) CH2 sym. bend 1287 1351 1141

saddle point

normal mode HF MCSCF

ν1(a′) 3252 3127
ν2(a′) 2102 1817
ν3(a′) 1473 1238
ν4(b′) 800 845
ν5(b′) 2269i 1735i
ν6(b′′) 1029 796

TABLE 5: Bottleneck Properties of the H2CO f H2 + CO
Reactiona

VMEP (kcal/mol)

T (K) sHF
b sMCSCF

b HF MCSCF

0.0 0.0
200 0.0121 0.1650 105.32 94.07
250 0.0122 0.1650 105.32 94.07
298.5 0.0122 0.1651 105.32 94.07
300 0.0122 0.1651 105.32 94.07
350 0.0122 0.1652 105.32 94.07
400 0.0122 0.1653 105.32 94.07
450 0.0122 0.1655 105.32 94.07
600 0.0120 0.1665 105.32 94.07
800 0.0155 0.1683 105.32 94.06

1000 0.0109 0.1704 105.32 94.05
2000 0.0094 -0.1115 105.32 92.25
4500 0.0103 -0.1318 105.62 91.98

a Based on the CVT method.b Units of bohr amu1/2.
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published data,10 and the MC10 value is also compatible with
experimental data.36

The discrepancy in the calculated vibrational frequencies of
the saddle point may cause an error in the description of the
potential around the barrier and the forces on the atoms. This
error will introduce a further inaccuracy in the variational
localization of the transition state and in the calculation of the
rate constants.

Reaction Path and Variational Transition State Rate
Constants.Figure 3 shows the minimum energy path,VMEP,
and the ground-state vibrationally adiabatic potential energy
surface,Va

G, as a function of the coordinates. The ab initio
calculated MCSCF points, used as input of the POLYRATE
program for the determination of the minimun energy path, are

also shown. Figure 4 shows the calculated reaction path at HF
and MCSCF levels. The barrier height is lowered drastically
(by 16.50 kcal/mol) by introducing correlation effects. Also,
the curvature of the reaction path is strongly affected.

The change in the zero-point energy along the reaction path
decreases the barrier height by 1.2 kcal/mol at MCSCF level,
and thus increases the rate constant by more than a factor of 7
at room temperature and by a factor of about 1.2 at 2500 K.

In Figure 5 the variation of the generalized normal-mode
frequencies along the reaction path is shown. In the negative
limit of s there are six frequencies corresponding to the reactant
molecule. In the positive limit there are only two frequencies
corresponding to the H2 + CO products. The harmonic
vibrational frequency of the CH-CH stretching, corresponding

TABLE 6: Forward Rate Constants (s-1) Using Hartree-Fock Level to Scale the PES

T (K) TST TST/CAG CVT CVT/CAG ICVT TST/W TST/ZCT CVT/ZCT ICVT/ZCT

200.00 9.5316E-97 9.3148E-97 9.3097E-97 9.3097E-97 9.4236E-97 1.1535E-95 2.5697E-43 2.5683E-43 2.5997E-43
250.00 7.4700E-75 7.3338E-75 7.3290E-75 7.3290E-75 7.3892E-75 6.0544E-74 1.4024E-39 1.4015E-39 1.4130E-39
298.50 1.3194E-60 1.2992E-60 1.2984E-60 1.2984E-60 1.3058E-60 7.8950E-60 4.0337E-37 4.0310E-37 4.0543E-37
300.00 3.0749E-60 3.0281E-60 3.0261E-60 3.0261E-60 3.0434E-60 1.8246E-59 4.6738E-37 4.6706E-37 4.6973E-37
350.00 8.7343E-50 8.6203E-50 8.6149E-50 8.6149E-50 8.6498E-50 4.0396E-49 3.2342E-35 3.2321E-35 3.2452E-35
400.00 6.2065E-42 6.1355E-42 6.1322E-42 6.1322E-42 6.1500E-42 2.3432E-41 8.7444E-34 8.7395E-34 8.7651E-34
450.00 8.1088E-36 8.0263E-36 8.0229E-36 8.0229E-36 8.0398E-36 2.5891E-35 2.1545E-32 2.1535E-32 2.1581E-32
600.00 1.5001E-23 1.4886E-23 1.4886E-23 1.4886E-23 1.4898E-23 3.3505E-23 8.8962E-23 8.8959E-23 8.9032E-23
800.00 2.6415E-14 2.6263E-14 2.6275E-14 2.6275E-14 2.6280E-14 4.4743E-14 5.9840E-14 5.9865E-14 5.9879E-14

1000.00 9.9264E-09 9.8808E-09 9.8879E-09 9.8879E-09 9.8885E-09 1.4334E-08 1.6183E-08 1.6194E-08 1.61196E-08
2000.00 1.7270E+03 1.7230E+03 1.7245E+03 1.7245E+03 1.7245E+03 1.9187E+03 1.9324E+03 1.9339E+03 1.9340E-03
2500.00 3.1911E+05 3.1853E+05 3.1875E+05 3.1875E+05 3.1875E+05 3.4178E+05 3.4259E+05 3.4280E+05 3.4283E+05
4500.00 3.5631E+09 3.5595E+09 3.5602E+09 3.5602E+09 3.5602E+09 3.6413E+09 3.6396E+09 3.6403E+09 3.6404E+09

TABLE 7: Forward Rate Constants (sec-1) Using MCSCF Level to Scale the PES

T (K) TST TST/CAG CVT CVT/CAG ICVT TST/W TST/ZCT CVT/ZCT ICVT/ZCT

200.00 3.1613E-83 3.2829E-84 3.2489E-84 3.2480E-84 3.4670E-84 2.3691E-82 1.1084E-23 1.0966E-23 1.1705E-23
250.00 5.0671E-64 8.2770E-65 8.1892E-65 8.1873E-65 8.5345E-65 2.6127E-63 1.5115E-23 1.4951E-23 1.5585E-23
298.50 1.6030E-51 3.5149E-52 3.4850E-52 3.4843E-52 3.5821E-52 6.2764E-51 1.9900E-23 1.9726E-23 2.0280E-23
300.00 3.3681E-51 7.4413E-52 7.3788E-52 7.3772E-52 7.5819E-52 1.3089E-50 2.0064E-23 1.9892E-23 2.0443E-23
350.00 5.0312E-42 1.3791E-42 1.3723E-42 1.3720E-42 1.3975E-42 1.5700E-41 2.6255E-23 2.6119E-23 2.6605E-23
400.00 3.9316E-35 1.2670E-35 1.2657E-35 1.2654E-35 1.2815E-35 1.0315E-34 3.4119E-23 3.4078E-23 3.4509E-23
450.00 9.2361E-30 3.3754E-30 3.3858E-30 3.3850E-30 3.4145E-30 2.1084E-29 4.4287E-23 4.4413E-23 4.4800E-23
600.00 5.5464E-19 2.6070E-19 2.6438E-19 2.6428E-19 2.6509E-19 9.5484E-19 5.8476E-19 5.9279E-19 5.9462E-19
800.00 7.5106E-11 4.2636E-11 4.3684E-11 4.3649E-11 4.3705E-11 1.0559E-10 6.3371E-11 6.4877E-11 6.4960E-11

1000.00 6.0791E-06 3.8647E-06 3.9833E-06 3.9778E-06 3.9833E-06 7.6582E-06 4.9261E-06 5.0703E-06 5.0773E-06
2000.00 4.9772E+04 3.9685E+04 3.8383E+04 3.9767E+04 3.8355E+04 5.3004E+04 4.2051E+04 3.1541E+04 4.0642E+04
2500.00 5.0066E+06 4.1769E+06 3.6913E+06 3.0069E+06 3.6906E+06 5.2147E+06 4.3339E+06 3.1199E+06 3.8293E+06
4500.00 1.9026E+10 1.7204E+10 1.2734E+10 1.1318E+10 1.2734E+10 1.9270E+10 1.7400E+10 1.1447E+10 1.2879E+10

Figure 4. Potential energy curves calculated at Hartree-Fock and
MCSCF levels.

Figure 5. Generalized normal-mode vibrational frequencies as a
function of the reaction coodinate,s.
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to the normal mode breaking during reaction, drops sharply near
the saddle point zone. The MSCF10 imaginary frequency is
1735i cm-1.

In Table 5 the bottleneck properties of the reaction, based
on the canonical variational transition state approach, are shown.
Note that both curves were optimized and the gradients and
Hessian matrixes were evaluated. The variational optimization
of the generalized transition state dividing surface does not have
a large effect on the calculatedVMEP at the HF level. As the
calculation level is raised, the maximum ofs is shifted froms
) 0. The change in the position of the bottleneck at the MCSCF
level between 1000 and 2000 K is very large and seems rather
unnusual. In maximizing the free energy of activation, there
are two opposing influences: the enthalpy change and the
entropy change. Both quantities are maximized at large separa-
tions of the fragments in the transition state. Since the entropy
term appears as a negative quantity in the free energy change,
this term favors a maximum in∆Gq at smaller separations of
the fragments. The contribution of the∆Sq term to the free
energy becomes more important as the temperature increases.
Hence, the position of the variational transition state should
move to smaller separations of the fragments with increasing
temperature. This is the general trend of the results in Table 5.
Nevertheless, the large effect observed at the MCSCF level may
be due to the high sensitivity of the results to the details of the
energy surface in the saddle point region, which is largely
affected by correlation effects.

In Tables 6 and 7 the calculated rate constants are listed for
the temperature range 200-4500 K, using the HF and MCSCF
levels to evaluate the MEP. As expected, the conventional TST
constants are higher at all temperatures and the zero-point energy
contribution increases all rate constants. Using the MCSCF level
to scale the PES, the CVT rate constant is 0.22 times the
conventional transition state theory at room temperature but the
difference is lower at higher temperatures (a factor of 0.59 at
4500 K).

The CVT and ICVT rate constants are quite similar. The
difference, mainly at low temperatures, is a consequence of the
treatment of the adiabatic potential curves in both methods.

Unpublished results from our laboratory22 show that a full
microcanonical variational treatment of this reaction gives results
which are identical to those with the ICVT method.

Tables 6 and 7 and Figures 6 and 7 also show large tunneling
effects. The large imaginary barrier frequency and the calculated
geometric parameters for the saddle point suggest that this
reaction primarily involves the motion of hydrogen atoms and
tunneling contribution may be significant. Finally, Figure 8
shows the generalized standard-state free energy calculated as
a function ofs for several temperatures. These curves follow
the general trend shown by the potential energy curves (Figure
5). As previously stated, within the variational approach, the
localization of the dividing surface is done using the maximum
free energy criterium.

Figure 6. Arrhenius plot using a Hartree-Fock level to scale the MEP, (a) rate constants without tunnel effect and (b) rate constants with two
types of approximation to tunnel effect, Wigner(W) and MEPSAG (ZCT).

Figure 7. Arrhenius plot using MCSCF level to scale the MEP, (a) rate constants without tunnel effect and (b) rate constants with two types of
approximation to tunnel effect, Wigner(W) and MEPSAG (ZCT).
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One of the main difficulties in the interpretation of the
calculated kinetic results is the lack of experimental canonical
rate constant values since at the temperatures of interest the
reaction does not occur thermally. Also, a fundamental require-
ment for the application of canonical TST is that the reactant
molecules are distributed over energy states according to the
Maxwell-Boltzmann laws. This is true only for thermal systems
in the high-pressure limit. To our knowledge, a canonical TST
calculation has not been carried out before.

In a second paper,22 both the microcanonical variational
transition state theory and the RRKM with tunneling corrections
approaches will be presented for this system. The unimolecular
high-pressure constants calculated on the basis of the RRKM
results and the microcanonical variational transition state theory
are in agreement with the results of this paper. The excitation
energy from the ground vibrational state of the S0 state of
formaldehyde to the ground vibrational state of the S1 is 80.6
kcal/mol.1-2 The microcanonical rate constant22 calculated for
the total energy resulting from this excitation is about 1× 109

s-1. Assuming that the excited electronic state S1 undergoes a
radiationless transition back to S0 states a vibrational temperature
of 3900-4000 K may be estimated. As shown in Figure 6, the
ICVT rate constants for this temperature range are 1× 109 to
1 × 1010 s-1.

Certainly, this is a very crude approximation and the
microcanonical rate constants are not directly comparable, but

these considerations may be interpreted as an estimation of the
vibrational temperature of the experimental system.

Conclusions

To calculate the rate constants for formaldehyde decomposi-
tion using the generalized transition state theory, the stationary
points and the reaction path were computed at high levels of
theory. The MCSCF barrier is 83.2 kcal/mol, in good agreement
with previously calculated results.10 Also, the agreement with
the experimental S1 origin of 80.6 kcal/mol is fairly acceptable.
As the level is raised, the barrier height is lowered and the
maximum ofs shifts toward the reactants. This is probably not
a variational effect but is due to the sensitivity of the saddle
point region to correlation effects.

Tunneling effects and zero-point vibrational energy along the
reaction path are of primary importance for this reaction.The
direct dynamics approach seems suitable for treating this
reaction. Unfortunately, there are no experimental or calculated
canonical rate data for this system to compare with the present
results.
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