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A set of new correction schemes for dual-level variational transition-state theory calculation has been developed.
In the new schemes, an intermediate level of theory is employed to better estimate the width of the reaction
energy barrier. Then, adjustable parameters are set in the final calculation to reproduce the estimated high-
level barrier width in addition to the high-level energy of reaction and barrier height. The new schemes have
been tested in the rate constant calculation of H,S— HS + H, and OH+ CH, — H,O + CHjs reactions

with potential energy surface information obtained from several low- and high-level ab initio theories. Compared
to the previous correction schemes, the dual-level calculation based on the new schemes produced results, in
most cases, in significantly better agreement with the reference high-level calculation. The new schemes are
expected to predict more accurate rate constants for those reactions in which tunneling effects are important.

1. Introduction the study of many chemical systein¥-12-14 and has yielded
good agreement with available experimental d&t&

Several interpolated correction schemes have been critically
evaluated recentl{£ and the original SECKART method has
stood the test. On the other hand, the current correction schemes
only guarantee that, in using the dual-level approaches, the high-
fevel transition-state theory (TSTate constants are reproduced
since only the high-level stationary point properties are used.
One cannot, however, fine-tune the performance of the dual-
evel calculation to the variational and tunneling effects since
hey are determined by more global features of the PES which
are more difficult for the correction schemes to handle properly
with the high-level information only at stationary points. In the
current study, we propose three new interpolated correction
schemes based on the original SECKART schéifieese new
schemes involve an additional “intermediate level” (IL) of
calculation to estimate the width of the high-level energy barrier
along the reaction path. The interpolated correction schemes
are then constrained to reproduce the estimated barrier width.
Since the tunneling effects are usually sensitive to the barrier
) . > width, the new correction schemes are expected to be more
task in most cases. Using lower-level ab initio theory or 5.0 rate in predicting the rate constants when tunneling effects

semiempirical methqu to calculate the PES data reduces the, important. We used the hydrogen abstraction reactions of
necessary computational resources but usually at the expense

Reaction dynamics calculation is usually sensitive to some
local and global features of the potential energy surface (PES).
The sensitivity to the PES information greatly limits the ability
to perform accurate dynamics calculation for larger chemical
systems since accurate PES data, especially those about th
global features, are usually prohibitively difficult to obtain.
Variational transition-state thedr§(VTST) shows that one only
needs information on the most important regions of the PES to
calculate the reaction rate constants. In the most commonly use
VTST approaches, the regions include primarily the reaction
path—3 and, if tunneling calculation is desired, the assumed
tunneling pathg:*® The VTST thus enables one to calculate
the rate constants of more complex reactions by reducing the
required global PES data. This is particularly true in the direct
dynamic8~7 approach, where the PES information is calculated
on the fly instead of being obtained from a fitted analytical
function.

However, even with the VTST approach, accurately calculat-
ing the reaction path of a polyatomic system is still a formidable

of the accuracy of the calculation. In recent years, dual-level .
(DL) dynamic$~1! approaches for VTST calculation have been HHHS—HS+H, (R1)
developed to partially resolve the accuracy versus affordability OH + CH, — H,0 + CH, (R2)

dilemma. In a typical dual-level VTST calculation, the entire

reaction-path information (geometry, energies, gradients, vibra- L .
tions, etc.) is calculated at a qualitatively correct level of as our test cases. We performed full VTST calculation including

electronic structure theory, while the properties of the most tunneling co“rrectlo"ns using PES dat_a obtained from a “higher”
important points on the reaction path, usually the reactants and several “lower” levels of electronic structure theory for each
saddle point, and products (and some,times the reaction Com'_reaction. We tested our new correction schemes against currently
plexes) are calculated at the highest affordable theoretical Ievels\""“labolle scl;hemesl, on how well tge Itl)\llver-:evel calgulatmﬂ could
or are obtained from available experimental data. Then, the low- °¢ made (by applying various dual-level correction schemes)

level (LL) to high-level (HL) correction along the reaction path to reproduce the results from the higher-level calculation using

is applied using interpolated correction schemes based on the®NlY the higher-level stationary point information.

corrections at the stationary points that are calculated at the high2 Methodolo
level. This type of dual-level approaches has been applied to ™ 9y
We first give a short review of the currently available dual-

* E-mail: chewph@ccunix.ccu.edu.tw. Fax: 886-5-272-1040. level correction schemes. When the high-level calculation
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involves both the geometry optimization and frequency calcula-  In the current study, we seek to develop improved correction
tion of the stationary points, as proposed in the original dual- schemes that incorporate the correction to geometry, energies,
level proceduredthe dual-level correction is denoted as IOC frequencies, and barrier width in a more consistent fashion.
(interpolated optimized correctiof).The original SECKART While the geometry optimization and frequency calculation at
schemé corrects the low-level classical energy (or Bern  the higher level are important, a reasonable and systematic way
Oppenheimer energy) profile (relative to the reactants) along of correcting the width of the energy barrier is of crucial

the reaction path of a bimolecular reaction by importance for accurate dynamics calculation including tunnel-
ing. Our new correction schemes are based on the original
Vivier.ou(S) = Viep, 1 (9) + Eg(SL) 1) SECKART interpolation scheme, and as the energy profile along
the reaction path is corrected, results calculated at an additional
wheres is the mass-scaled reaction coordinate &g(;L) is intermediate level (IL) of theory are also taken into account.
an Eckart correction function whose values at reactasits ( When tunneling effects are important, it is desirable to obtain

—o), saddle pointg= 0), and productss(= «) are determined  the barrier width as accurately as possible. However, in the
by the low- to high-level corrections at these three points. The original SECKART scheme, the dual-level corrected barrier
“width” of the Eckart function is determined by the range width is largely determined by the low-level calculation. If the
parametet., which is determined by the half-width of the low-  topology of the low-level PES is qualitatively different from
level Vyiep(s). (Similar correction methods are also used for the that of the high level, significant errors will occur in the
correction of vibrational frequenciég9 One of the underlying tunneling calculation even though the PES data at the stationary
assumption of the SECKART scheme is that the shapes, or morepoints are corrected. To calibrate the dual-level correction on
precisely, the barrier widths, calculated at the high and low levels the barrier width, one has to know the energy of at least one
are similar. However, depending on the selection of the high extra point, preferably not very close to the transition state, on
and low levels, the assumption is not always valid. the high-level reaction path in addition to the stationary points.
An alternative approach, which is now called the DECKART For example, one may wish to have the dual-level corrected
scheme, has been used for the study of the reaction of hydrogen/yep or vibrationally adiabatic ground-staté.f) energy curve
atom withtrans-N,H..1% In the DECKART scheme, an Eckart  along the reaction path to coincide with their high-level values
function is used to fit the high-level classical energy profile at the half-height width of the classical energy barrier at the
along the reaction path based on the stationary point energieseactant (product) side in an exoergic (endoergic) reaction. That
of the reactants, the transition state, and the products, and théds
imaginary frequency calculated at the high-level transition state.
Another Eckart function is used to fit the low-level classical Vuep ou(S12) = Ve 1i(S12) (4)
energy profile along the reaction path based on the stationary
point energies and the low-level barrier width. (The original or
SECKART scheme also includes this step, but the fit is

discarded once the range parameteis determined.) The V.EoL(s10) = V.2 (sy) (5)
correction function is then defined as the difference between
the two Eckart functions: The sy52 is defined by
Ep(s) = Eckarty, (s) — Eckart;, (9) (2) Ve u(Si) = Y,AVZ (6)
and the dual-level correctédyep(s) is obtained by whereAV=y_is the high-level classical energy barrier, and by
definition
Vier oL(S) = Viver 11(8) + Ep(9) 3)

Valhi (81D = Ve (812 + ZPE (810 (7

Encouraging results were obtained for thedHtrans-N;H,
system using the DECKART scheme. However, it was later where ZPET denotes the vibrational zero-point energy of the
recognized that the DECKART scheme did not always provide generalized transition staté3The difficulty lies in the fact that
successful dual-level correctidh. s12 and V.8 (sy/0) are difficult to determine accurately since

Two other interpolated schemes, IOE (interpolated optimized the high-level reaction path is not calculated (usually because
energy) and ISPE (interpolated single-point energy), have alsothe calculation is too resource demanding). However, our past
been proposed and tested in a recent articlhe IOE scheme, experience and the current study led us to believe that a
which is a simpler version of I0C, omits the calculation of calibration to the barrier width, although difficult, is essential
frequencies at the high level. In the ISPE scheme, high-level to obtain consistent and accurate results in tunneling calculation.
single-point energy evaluation is performed at a series of As mentioned above, in the original SECKART scheme, the
selected points along the low-level reaction path. Interpolated range parametet is determined by the low-leveVyep.
correction for the energies is then applied based on the correctionrHowever, if the high-level reaction path information can be
at the selected points in the dual-level dynamics calculation. estimated, it is possible to adjust the range parameter to satisfy
The vibrational frequencies are not corrected in either schemes.eqs 4 or 5. In the present study, we propose three levels of
The IOE scheme performed moderately well, but the omission correction schemes to incorporate the KHEECKART scheme
of frequency correction may lead to larger errors at high with calculation at an intermediate level (IL) of theory for the
temperatures. While the ISPE scheme incorporates correctionclassical energy along the reaction path. (The vibrational
to barrier-width, the inaccurate reaction energy barrier and frequencies are not calculated at this level; thus this is much
vibrational frequencies may lead to even larger errors. After a less resource demanding than a full reaction-path free-energy
critical evaluation, the authors of the article concluded that the calculation.) In all schemes, the reaction coordinsig is
I0C procedure with the SECKART scheme gave the best overall obtained at the intermediate level of theory to approximate the
performance. half-height width of the high-level classical barrier. That is, the
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s12 Is approximated by finding the reaction coordinate in the determined is then used in the subsequent dual-level rate

intermediate-level calculation to satisfy: constant calculation. Since the current scheme fits the dual-
level adiabatic ground-state energy curVe®j to the estimated
Vviep. i (S12) = 1,AVZ,, (8) high-level value aty,, the dual-leveMyep curve obtained in

this scheme is in general different from that obtained in the

where AV#_ is the classical barrier height calculated at the SIL-1 scheme where théyep curve is fitted directly. It is also
intermediate level of theory. The rest of this section assumes noted that in schemes SIL-1 and SIL-2 a single range parameter
an exoergic bimolecular reaction in whish, is negative. The is used for both the classical energy and vibrational frequency
expressions for an endoergic reaction can be obtained bycorrection.
replacing “reactant” to “product” ansl, to the corresponding The SIL-3 Scheme.In the original SECKART scheme, the
positive value. range parameters for the energy and frequency correction are

The SIL-1 SchemeThis scheme involves adjusting the range arbitrarily set to the same value. With the inclusion of the
parametell of the Eckart correction function in a dual-level intermediate-level calculation, it is also possible to fit both the
dynamics calculation to reproduce half of the high-level classical dual-levelVyep(s) andV,S(s) at sy, to the estimated high-level
energy barrier at the estimated locationsgf on the reactant  values. Thus, we propose here another scheme that uses two

side of the reaction path. That is, different range parameterk; and L, to satisfy both the
conditions of eqs 9 and 12. That is, is determined by eq 9
Ve ol(Syal) = 1/2Av¢HL 9) first, and then the frequency correction is based on a different

range parametdr, in order to satisfy eq 12.

whereAV=y, the high-level barrier height, is obtained by either Choices for the Intermediate Level Although it seems that
ab initio calculation or fitting to experimental data. The the intermediate level should be as close to the high level as
advantage of this scheme over the original SECKART method possible, one should be aware that a qualitatively correct low
is that if the shape o¥yep of the low level is markedly different  level is also important for a successful dual-level calculation,
from that of the high level, an estimate of the high-level barrier as will be seen in the next section. It is thus not recommended
width using an appropriate intermediate level of calculation to put all of the available computational resources in the high-
should make the dual-level correction much more reliable. In and intermediate-level calculation and only use a low-quality
the current study, the sole purpose of the intermediate-level calculation to obtain the underlying PES information. Further-
calculation is to obtain they; in eq 8. Once thes, has been more, the molecular geometry along the reaction path is not
determined, the range parameteis determined through eq 1  directly corrected. Implicit correction for the geometry is made
by the condition of eq 9. The range parameter thus determinedby multiplying the low-level determinant of moment of inertia
is then used in the subsequent dual-level rate constant calculaby a scaling factor that is determined at the saddle point.
tion8 However, some of the related properties, such as the normal-

The SIL-2 SchemeThe vibrationally adiabatic ground-state  mode eigenvectors and the gradient vectors along the reaction
energy curve/.8(s) is the effective potential energy barrier in  path are not corrected. Thus a quality low-level calculation is
the zero- and small-curvature tunneling (ZCT and SCT) also essential for accurate dual-level dynamics calculation.
approximationg:5215Thus, instead of fitting the dual-levelep The SIL schemes proposed above i restrict the levels
at s;p, we seek to fit the dual-leveV,S(s) at s = s1> to an of theory used for the intermediate-level calculation. However,
estimated high-level value in this scheme. This involves an obvious and convenient choice is to perform a double-slash
approximating the last term of eq 7 since the reaction-path (//) calculation on the reaction-path geometry calculated at the
calculation is not performed at the high level. In this scheme low level, provided that the low-level calculation gives reason-

the following approximation is used: able reaction-path geometry. This is similar to the ISPE
approach! except that the level for energy calculation (the level

ZPE®T, (sy) ~ ZPE°T (s,0) + oA (10) before the // sign) is not necessarily the same as the high level.

One also should be aware that the intermediate-level energy
whereA is defined as profile thus obtained might not have its maximum value at the

low-level transition-state geometry. For consistency, shifting of
A =[ZPE', - ZPE ] +[ZPE, — ZPE,] (11) the reaction coordinates in the calculat&gp,.(s) is performed
before assigning,, in eq 8.
where ZPE and ZPR are the vibrational zero-point energies ) i
of the transition state and the reactants, respectively. That is,3- Computational Details
the high-level ZPET(sy,) is approximated as the sum of the To test the performance of the new correction schemes, we
low-level ZPEST(sy,) and a correction term. The correction term  carried out full VTST with semiclassical tunneling calculation
is defined as the average of the low- to high-level zero-point using PES information calculated at higher levels of ab initio
energy corrections at the transition state and at the reactantstheory to represent the “high-level” or the reference results. We
This approximation is justified by the fact that ZPHs) along also calculated the full reaction-path information at various lower
the reaction path calculated at the low level should give the levels of theory to serve as the “low-level” data. Classical
correct trend of the zero-point energy changes. Furthermore,energies along the reaction path are also calculated at the levels
the/,A correction term is generally small and should be in the of theory intermediate of the low and high levels. Different
right direction.Then, similar to the SIL-1 scheme, the range correction schemes are then applied to the low-level data based

parametell is determined by the condition: on the stationary point information and on the intermediate-
level classical energy profiles along the reaction path. The
Vo (Syal) = LAV™, + ZPEST, (s)  (12)  calculated reaction rate constants are then compared to the

reference values calculated at the high level to determine the
with the understanding that the last term in eq 12 is ap- accuracy of different interpolated correction schemes. Com-
proximated by egs 10 and 11. The range parameter thusparison with experimental valuesnstthe focus of this work.
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The “high-level” ab initio theory used is MgllePlesset TABLE 1: Calculated Born —Oppenheimer Energies of

second-order perturbation thedty” with the 6-31G** basis Reaction and Barrier Heights® of R1 at Various Levels
set® (MP2/6-3H-G**) for R1, and MP2 with the correlation- Enxn AV~
consistent valence doublebasis _sé? (MP2/cc-pvVD2) for MNDO —18.13 523
R2. The “low-level” ab initio theories used include MND®, HF/3-214+G* —15.98 12.06
Hartree-Fock method® with the 3-21+G* basis set (HF/3- HF/6-31+G* —16.63 12.31
214+G*), MP2/3-21+G*, and HF/6-3%G** for R1, and MP2/ MP2/3-21+G* —11.86 10.60
o . : MP2/6-3HG*//MNDO —-11.67 10.02
3-214+-G, MP2/6-31G** for R2. The intermediate levels em- MP2/6-31-G**/] HE/3-21+G* _13.83 8.85
ployed in the current study are the double-slash method (high \p2/6-31+-G*// HE/6-31+G*  —13.80 8.79
level) // (low level) except for R1 with MNDO low-level theory MP2/6-31-G*//MP2/3-21+G* —13.80 8.71
where the MP2/6-31G**//HF/3-21+G* level was also used MP2/6-31+G** —13.79 8.69
as the intermediate-level calculation. Cubic polynomial fits are QCISD(T)/6-311G(3df,2dp) —14.93 4.44
X . . expt. —16.40 (—14.95)
used to determine the valuessaf, from the intermediate-level _ _ '
classical energy profile. The ICL metH&is used in correcting 2In kilocalorie per mole® From Peng et &t and recalculated in

the vibrational frequencies. In a few cases, range parameterdhis work.From Chase et 4f and using the calculated zero-point
simultaneousl sa?'s eas 9 and 12 (SIL 3’ cangnotpbe found and thermal energies at QCISD(T)/6-31G(3df,2dp) leveld From

Imu usly isfy eq . (SIL-3) und, \jicovict?® and using the calculated zero-point and thermal energies at
and only the dual-level corrections based on SIL-1 and SIL-2 qciSD(T)/6-313G(3df,2dp) level.

schemes are performed.

The rate constants are calculated at eight temperatures (200
250, 300, 400, 500, 600, 800, and 1000 K) and at the levels of
conventional transition-state theory (TST), canonical variational _T(K) ST CvT CVT/SCT  CVTILCT
theory (CVT)L2 canonical variational theory with small- 200  6.14¢20f 5.79-20)  6.98¢17)  4.96(17)
curvature tunneling approximation (CVT/SCT), and canonical 250 ~ 3.59¢18)  3.43(-18)  3.33¢16)  2.36(16)
variational theory with large-curvature tunneling approximation 288 5‘71613(&8 ?gggg i'gg((:iig 2'%(&3
(CVT/LCT)?#5p15including only the vibrational ground-state 500  1.43(14) 1.40(14)  4.55(-14)  3.05(14)
product. Another popular tunneling correction method, the 600  6.13¢14) 6.06(14)  1.38¢13) 1.00£13)
microcanonical optimized multidimensional tunnelipgMT) 800  4.18(-13) 4.15¢13)  6.61(-13)  5.42(13)
approximatiorf? which takes the dominant tunneling probability ~ 1000 1.45¢12)  1.44¢12)  1.94¢12)  1.70¢12)
between the SCT and LCT methods at any given energies, iS 2In cubic centimeters per molecule per secoh@l.14(—20) means
not used here. This is because the individual SCT and LCT 6.14 x 10°%°.
calculations would give clearer tests on how well the new
schemes can reproduce the high-level results when the two
different tunneling approximations are used. (1) H+ H2S— HS + Ha. The reaction energies and classical

In the VTST calculation, the scaled mass is set to 1 amu, Parrier heights calculated at the high, intermediate, and low
and the harmonic approximation iS used for Vibration in a” |eVe|S are I|Sted |n Table 1. Va|ueS fI’0m a pl’eviOUS Ca|Cu|§.fI0n
calculation. The redundant internal coordinate sy3tésused ~ and from experiment$®°are also included for comparison. The
in the vibrational analysis of the generalized transition states. calculated geometry and frequencies of the stationary points are
For R1, the reaction path is calculated using the PAdelver included in the Supporting Inf_ormat|on. The semlemp|r|cz_al
algorithnm?! from —1.4 to+0.8 bohrs with gradient and Hessian methods have b_een popular cho_lces for the low-level calculatlo_n
step sizes of 0.005 and 0.025 bohrs, respectively. For R2, thePecause of their low computational cost. However, the semi-
reaction path is also calculated using the Padelver algo- empirical methods sometimes give very different transition-state

rithm from —3.0 to+0.6 bohrs with gradient and Hessian step geometry than that from high-level ab initio caICL_JIation. For
sizes of 0.005 and 0.025 bohrs, respectively. In all of the dual- the current reaction, only the MNDO method provides reason-

level large-curvature tunneling calculations, the linear correction able.t.ransmon-state geometry, and thus it is thg only semi-
method for potential energy is used in the nonadiabatic empirical method used for the low-level galcula'qon. Table 2
region*515That is, the correction for the potential energies in shows the calculated rate constants at the single high level (MP2/
. I _ *%
the straight-line tunneling path within the nonadiabatic region Svs;l}:act;e t)ﬁghﬁzﬁt ra;t;a d?f?grsetﬁpgsu:Ir_?e\lj:;egoﬁseéggns;i?gi:gsto
is obtained using a linear correction function of the mass-scaled d y :
distance to one of the termini of the path, regardless of the Tables 3-5 compare the calculated dual-level rate constants
. : . ' o using the MNDO low level and various correction schemes to
relative magnitude of the corrections at the termini and at the 9

. i . . the high-level values. (Results using two different intermediate
saddle point. The coefficients of this function are found by the Ievelsgare included.) (Tables—(B 9%11 and 1214 show
classical energy corrections at the termini, which in turn are . ; ;

; ) ) ) similar comparison using HF/3-21G*, MP2/3-21G*, and HF/
determined by the classical energy correction function along

6-31+G** as the low levels of theory, respectively.
the reaction path. Detailed implementation can be found y b y

a8 ‘ In Table 1, we see that, except for the MNDO level, all other
elsewheréWe found (data not shown) this method to be more |\, _jevel energies of reaction are in reasonable agreement with

consistent in reproducing the high-level results while the o high-level (MP2/6-3:G**) value. The low-level energy
quadratic correction method originally propodeas found to  papriers are different from the high-level value by-2316 kcal/

TABLE 2: Calculated Rate Constants of R1 at the
High-Level (MP2/6-31+G*¥)

4. Results and Discussion

be less reliable in the current study. mol. All of the energies of reaction and the energy barriers
The electronic structure calculation on the stationary points calculated at intermediate levels agree well with the high-level
was performed using th&aussian 98program!® The dual- calculation. As expected, the results involving MNDO calcula-

level direct dynamics calculation was carried out using the tion show the largest errors. It can be seen from Table 2 that in
Gaussrate8.2 progran?? which provides an interface between the high-level calculation there are little variational effects
Gaussian 9&nd a locally modifiedPolyrate 8.2 progrant3 (difference between the TST and CVT rate constants) but there
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TABLE 3: Ratios of the Calculated Dual-Level CVT Rate 20 |
Constants to the High-Level Values Kp /ky ) of R1 Using
Different Correction Schemes with the MNDO Low Level
T (K) DECKART SECKART SIL-1 SIL-2
200 0.93 0.74 0.870.84F  0.79 (0.82)
250 0.95 0.80 0.85(0.87)  0.83(0.86)
300 0.96 0.84 0.88(0.90)  0.79 (0.86)
400 0.98 0.90 0.93(0.94)  0.92(0.93)
500 0.99 0.93 0.95(0.96)  0.81(0.96)
600 0.99 0.95 0.96 (0.97)  0.96 (0.97)
800 0.99 0.97 0.98(0.99)  0.98(0.98)
1000 0.99 0.97 0.99 (0.99) 0.99 (0.99)
av 1.03 1.14 1.09 (1.07)  1.14(1.09)

@ Numbers without parentheses are results using MP246=31//
MNDO as the intermediate levél Numbers in parentheses are results
using MP2/6-3%G**//HF/3-21+G* as the intermediate level De-
fined as the average of 10x = |log(koi/knl)|, over the eight

Vibrationally Adiabatic Ground-State Energy (kcal/mol)

temperatures. It is thus defined to avoid unequal weighting on 5 | [
overestimation and underestimation of the rate constants.
TABLE 4: Ratios of the Calculated Dual-Level CVT/SCT — —DL-SECKART
Rate Constants to the High-Level ValuesKp,/ky.) of R1 —=—DL-DECKART
Using Different Correction Schemes with the MNDO Low ——DL-SIL? p
Level
T (K) DECKART SECKART SIL-1 SIL-2
200 134.71 0.10 1.19(2.28)  1.06 (1.56) 4
250 54,52 0.20 1.19(2.11) 0.88(1.51)
300 25.05 0.30 1.13(1.82) 0.85(1.37)
400 8.63 0.49 1.06 (1.48)  0.87 (1.21) 5
500 4.60 0.62 1.03(1.31) 0.90(1.13)
600 3.09 0.71 1.01(1.21)  0.92(1.09)
800 1.98 0.81 1.00(1.11)  0.95 (1.04)
1000 1.58 0.87 0.99 (1.07)  0.96(1.02) 0
aw 29.27 3.19 1.08 (1.55)  1.10 (1.24) -12 -0.8 -04 0 04
s (bohr)
2 See footnotes below Table 3. . I -
Figure 1. Calculated vibrationally adiabatic ground-state energy
TABLE 5: Ratios of the Calculated Dual-Level CVT/LCT curve along the reaction path(s)] at the MNDO low level (LL),
Rate Constants to the High-Level ValuesKp, /kyy ) of R1 the MP2/6-3%#G** high level (HL), dual-level with the SECKART
Using Different Correction Schemes with the MNDO Low scheme (DL-SECKART), dual-level with the DECKART scheme
Level (DL-SECKART), and dual-level with the SIL-2 scheme (DL-SIL-2)
; ) b X :
T(K) DECKART  SECKART SIL1 SIL2 using the MP2/6-31G**//MNDO intermediate level.
200 49.80 0.05 0.58 (1.09)  0.37(0.76) TABLE 6: Ratios of the Calculated Dual-Level CVT/SCT
250 18.73 0.11 0.57(0.97) 0.39(0.71) Rate Constants to the High-Level ValuesKp /ky) of R1
300 9.40 0.22 0.63 (0.97)  0.49 (0.75) Using Different Correction Schemes with the HF/3-2%G*
400 3.78 0.48 0.79(1.01) 0.69(0.87) Low Level
500 2.28 0.66 0.88(1.02)  081(0.93)  T(k) DECKART SECKART SIL-1 SIL-2 SIL-3
600 1.74 0.76 0.92(1.02)  0.87 (0.96)
800 1.34 0.86 0.95(1.00) 0.92(0.97) 200 10.24 1.48 0.66 0.73 0.72
1000 1.18 0.90 0.96 (1.00)  0.95(0.98) 250 6.70 1.48 0.81 0.88 0.87
av 11.03 4.96 1.33(1.02) 1.66(1.17) 300 4.64 1.42 0.89 0.95 0.95
400 2.79 1.29 0.97 1.01 1.00
a See footnotes below Table 3. 500 2.06 1.21 1.00 1.02 1.02
600 1.69 1.15 1.00 1.02 1.02
are significant tunneling effects. For example, inclusion of small- 800 1.37 1.09 1.01 1.02 1.02
curvature tunneling results in approximately 1200 and 25 times 1000 1.23 1.06 1.01 1.01 1.01
av 3.84 1.27 1.11 1.08 1.08

increases in the CVT rate constants at 200 and 300 K,
respectively. The small-curvature tunneling is slightly more  2See footnotes below Table 3.
important than the large-curvature tunneling in the calculation.

Table 3 shows that the high-level CVT rate constants are well scheme predicts a barrier that is too narrow, and the original
reproduced by all of the correction schemes, which is expected SECKART predicts a barrier that is too wide. This is why the
since there are little variational effects. In Tables 4 and 5, we DECKART scheme overestimates the tunneling effects whereas
find that the DECKART scheme severely overestimates the the SECKART scheme underestimates the tunneling effects. The
tunneling effects. The original SECKART scheme performs SIL-2 scheme predicts\&C(s) curve very similar to that of the
better; however, it significantly underestimates the tunneling high level. Suitable range parameters cannot be found to perform
and is less satisfactory than the new SIL-1 and SIL-2 schemes.the SIL-3 correction scheme. Using the reaction-path geometry
The improvement by the new correction schemes can be calculated at a slightly higher level in the intermediate-level
visualized and understood in Figure 1 where Yhe(s) curves calculation only results in noticeable improvement in the large-
calculated at the high, low, and dual levels with the DECKART, curvature tunneling calculation.
the original SECKART, and the new SIL-2 schemes, respec- When the HF/3-23G* calculation is used as the low-level
tively, are plotted. It is clearly shown that the DECKART theory, all of the correction schemes accurately reproduce the



Dual-Level Direct Dynamics Calculation J. Phys. Chem. A, Vol. 104, No. 31, 200205

TABLE 7: Ratios of the Calculated Dual-Level CVT/LCT TABLE 11: Ratios of the Calculated Dual-Level CVT/LCT
Rate Constants to the High-Level ValuesKp, /ky )of R1 Rate Constants to the High-Level ValuesKp, /ky ) of R1
Using Different Correction Schemes with the HF/3-2%G* Using Different Correction Schemes with the HF/6-3%G**
Low Level Low Level
T (K) DECKART SECKART SIL-1 SIL-2 SIL-3 T (K) DECKART SECKART SIL-1 SIL-2 SIL-3
200 6.53 1.00 0.41 0.47 0.42 200 6.05 0.65 0.42 0.49 0.44
250 4.75 1.21 0.64 0.70 0.65 250 4.66 0.85 0.63 0.70 0.65
300 3.68 1.34 0.85 0.91 0.87 300 3.71 1.01 0.82 0.89 0.85
400 2.48 1.38 1.08 1.12 1.10 400 2.52 1.16 1.04 1.09 1.06
500 1.89 1.30 1.12 1.15 1.13 500 1.90 1.17 1.09 1.12 1.11
600 1.60 1.24 1.12 1.13 1.13 600 1.60 1.15 1.10 1.11 1.11
800 1.31 1.14 1.08 1.08 1.08 800 1.31 1.09 1.07 1.08 1.07
1000 1.19 1.09 1.05 1.06 1.05 1000 1.19 1.06 1.05 1.05 1.05
aw 2.93 1.21 1.33 127 132 aw 2.87 1.17 132 125 130
a See footnotes below Table 3. a See footnotes below Table 3.
TABLE 8: Ratios of the Calculated Dual-Level CVT/SCT TABLE 12: Calculated Born—Oppenheimer Energies of
Rate Constants to the High-Level ValuesKp, /ky.) of R1 Reaction and Barrier Heights® of R2 at Various Levels
Using Different Correction Schemes with the MP2/3-21+G* E AV”
Low Level N
MP2/3-2H-G —-4.74 13.28
T (K) DECKART SECKART SIL-1 SIL-2 MP2/6-31G** —990 12.16
200 10.70 3.52 0.72 0.78 MP2/cc-pVDZ/IMP2/3-2%G —-8.33 11.76
250 7.90 2.63 0.80 0.87 MP2/cc-pVDZ/IMP2/6-31G** —10.18 10.44
300 5.05 2.05 0.87 0.92 MP2/cc-pVDZ —10.22 10.46
400 2.78 1.51 0.94 0.98 MP—SAC2//IMP2/adj-cc-pVTZ —13.27 7.37
500 1.98 1.30 0.97 1.00 . . b .
600 1.62 1.19 0.98 1.00 a1n kilocalorie per mole® From Melissas and Truhl&f.
1%88 i?isl) 1%)2 ggg 182 TABLE 13: Calculated Rate Constant$ of R2 at the
aa 407 1.79 1.11 1.07 High-Level (MP2/cc-pVDZ)
a See footnotes below Table 3. T(K) TsT cvr CvT/scT CVTILCT
200 6.80 (21 2.44(22) 3.02(20) 4.73(20)
TABLE 9: Ratios of the Calculated Dual-Level CVT/LCT 250 5.92(19) 3.69(20) 7.28¢(19) 6.06(19)
Rate Constants to the High-Level ValuesKp, /ky. )of R1 300 1.21¢17) 1.0818) 8.53(18) 5.90(18)
Using Different Correction Schemes with the MP2/3-23G* 400 5.87 ¢16) 8.08 17) 2.63(16) 1.86(16)
Low Level 500 6.75¢15) 1.17(15) 252¢15) 1.95¢15)
B} B 600 3.76(14) 7.48(15) 1.28(14) 1.05¢(14)
T (K) DECKART SECKART SIL-1 SIL-2 800 384(13) B867(14 117(13) 104(13)
200 27.82 13.37 1.49 1.56 1000 1.81¢12) 4.26¢13) 5.14(13) 4.75(13)
250 13.98 7.92 1.40 1.48 . .
300 8.06 5.23 1.40 1.48 a1n cubic centimeters per molecule per secohgl.80(—21) means
400 3.58 2.77 1.35 1.40 6.80 x 107%%
500 2.23 1.87 1.26 1.29 .
600 1.72 152 1.20 1.22 TABLE 14: Ratios of the Calculated Dual-Level CVT Rate
800 134 124 111 112 Constants to the High-Level Values Kp,/kyy ) of R2 Using
1000 1.20 114 107 108 Different Correction Schemes with the MP2/3-2%#G Low
av 7.49 4.38 1.28 133 Level

T (K) DECKART SECKART SIL-1 SIL-2

TABLE 10: Ratios of the Calculated Dual-Level CVT/SCT

Rate Constants to the High-Level ValuesKp, /kiy) of R1 200 26.30 12.11 7.54 3.01
Using Different Correction Schemes with the HF/6-3%G** 250 15.38 8.55 5.81 2.72
400 7.09 5.08 3.92 2.34
T(K) DECKART SECKART SIL-1  SIL-2  SIL-3 500 5.65 4.24 3.43 221
200 9.63 0.91 0.63 0.70 0.69 600 4.95 3.74 311 213
250 6.52 1.02 0.78 0.84 0.84 800 4.37 3.18 2.74 201
300 4.62 1.06 0.87 0.92 0.92 1000 4.20 2.86 2.54 1.93
400 2.81 1.08 0.95 0.98 0.98 av 9.84 5.82 4.25 2.36
500 2.07 1.07 098 101  1.01 , _ o
600 1.70 1.06 0.99 1.01 1.01 Tables 3-5, we find that using a better low-level ab initio
800 1.38 1.04 1.00 1.01 1.01 theory, on average, gives better results by all of the correction
1000 1.23 1.03 1.01 1.01 1.01 schemes.
av 3.74 1.06 1.14 1.09 1.10

When the MP2/3-22G* calculation is used as the low-level
2 See footnotes below Table 3. theory, high-level CVT rate constants again are well reproduced
by all correction schemes (within 5%, data not shown). Tables
. . 8 and 9 show that both the SIL-1 and SIL-2 schemes perform
high-level CVT rate constants within 6% (data not shown). .1 petter than the DECKART and original SECEART
Tables 6 and 7 show that the DECKART scheme again schemes when tunneling effects are considered in the calculation.
overestimates the tunneling effects, and all three new schemesgjitaple range parameters cannot be found for the SIL-3
performed slightly better than the original SECKART scheme correction scheme.
in the SCT calculation. All of the SECKART based schemes  When the HF/6-33+G** calculation is used as the low-level
performed equally well for the LCT calculation. In comparing theory, the calculated CVT rate constants are within 5% of the
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TABLE 15: Ratios of the Calculated Dual-Level CVT/SCT TABLE 17: Ratios of the Calculated Dual-Level CVT Rate
Rate Constants to the High-Level ValuesKp, /ky. ) of R2 Constants to the High-Level Values Kp, /ky ) of R2 Using
Using Different Correction Schemes with the MP2/3-23+G Different Correction Schemes with the MP2/6-31G** Low
Low Level Level
T (K) DECKART SECKART SIL-1 SIL-2 T (K) DECKART SECKART SIL-1 SIL-2 SIL-3
200 8509.93 2.97 1.45 0.53 200 21.06 1.19 1.16 1.13 1.10
250 1744.51 3.85 2.23 0.94 250 12.45 1.16 1.13 1.10 1.08
300 481.83 3.99 2.58 1.23 300 8.79 1.13 1.11 1.09 1.06
400 77.19 3.75 2.75 1.55 400 5.74 1.10 1.08 1.06 1.05
500 32.70 3.50 2.73 1.70 500 4.50 1.07 1.07 1.05 1.03
600 17.89 3.27 2.66 1.76 600 3.77 1.06 1.05 1.04 1.02
800 9.40 2.96 2.53 1.81 800 2.81 1.04 1.03 1.02 1.01
1000 5.04 2.74 2.41 1.81 1000 2.37 1.02 1.02 1.01 1.00
av 1359.81 3.38 2.28 1.60 av 7.69 1.10 1.08 1.06 1.04
“ See footnotes below Table 3. TABLE 18: Ratios of the Calculated Dual-Level CVT/SCT
. Rate Constants to the High-Level ValuesKp, /ky.) of R2
TABLE 16: Ratios of the Calculated Dual-Level CVT/LCT Using Different Correctiog Schemes with lt(ﬁé |\|/|_“|5)2/6-31G**
Rate Constants to the High-Level ValuesKp, /ky.) of R2 Low Level
Using Different Correction Schemes with the MP2/3-23+G
Low Level T (K) DECKART SECKART SIL-1 SIL-2 SIL-3
T (K) DECKART SECKART SIL-1 SIL-2 300 9421-14 0.77 0.62 0.56 0.56
TN T A
250 2930.92 6.66 3.98 1.80 400 70.08 1.03 098 093 092
300 846.37 6.68 4.39 2.12 500 24.97 1.03 1.00 097  0.96
400 118.69 .32 3.95 2.20 600 10.09 1.03 1.01 098  0.97
500 35.55 4.41 3.49 2.15 800 4.75 1.02 101 099 0097
600 17.33 3.86 3.18 2.09 1000 3.19 1.01 1.00 0.99 0.98
800 8.53 3.25 2.80 2.00 av 1444.97 1.07 1.11 1.19 1.19
1000 6.35 2.92 2.58 1.93
av 1592.21 4.68 3.34 1.92 a See footnotes below Table 3.

. . TABLE 19: Ratios of the Calculated Dual-Level CVT/LCT
high-level values by all correction schemes (data not shown). pate Constants to the High-Level ValuesKp /ku ) of R2
As seen in Tables 10 and 11, the results using SECKART and Using Different Correction Schemes with the MP2/6-31G**
the three new schemes are all very similar. (The SECKART Low Level
scheme performed better at lower temperatures whereas the newt (k) DECKART  SECKART  SIL-1  SIL-2  SIL-3

sphemes performed better. at_hlgher temperatures. However, the 200 7995.94 0.60 049 041 041
differences are small.) This is understandable by the fact that 55, 2393 .33 0.90 0.79 0.70 0.69
when the quality of low-level theory approaches that of the high- 300 650.78 1.04 0.95 0.88 0.87
level theory, results from all of the SECKART-based methods 400 84.28 1.08 1.04 1.00 0.98
should converge. This is not true for the DECKART scheme, 288 23-45; i-gg i-gg i-gé %-8%
as seet_n |r: T?I:)Iets 10 I_and #1,twhere it still significantly 800 377 104 103 102 100
overestimates the tunneling effects. 1000 561 103 102 101 0.99

Overall, the SIL-1 and SIL-2 schemes performed equally well,  aw 1395.34 1.14 1.19 1.26 1.26

and they are less sensitive to the low-level theory used than the
DECKA);QT and original SECKART schemes. Nyo consistent *See footnotes below Table 3.
improvement is obtained with the additional effort spent in the correction schemes to the high-level values. TablesIB7show
SIL-3 scheme. As seen in Tables 5, 7, 9, and 11, the reasonablehe same comparison using MP2/6-31G** calculation as the low
agreement between the high-level and dual-level CVT/LCT |evel of theory.
results (30% error on average) using the new schemes is As reported in a recent articé,it is relatively difficult to
especially encouraging since the energy correction in the obtain reasonable energy of reaction using lower-level ab initio
nonadiabatic region is very difficult. For R1, Table 2 shows calculation for R2. Thus the choices of the low-level calculation
that the small-curvature tunneling seems to be the dominantare more limited. As seen in Table 12, the low-level energy
tunneling mechanism. Since the new correction schemes givebarriers are different from the high-level value by-+278 kcal/
very good results both on SCT and LCT calculation, it is mol. All of the energies of reaction and the barrier heights
anticipated that they will give bett¢fOMT results than those  calculated at the intermediate levels agree well with the high-
of the DECKART and the original SECKART schemes in cases level calculation. In contrast to R1, Table 13 shows that there
when the SCT and LCT are equally import&h?. are very large variational effects in the high-level calculation.
(2) OH + CH4 — H20 + CHs. The reaction energies and For example, at 300 K the variational effects lower the TST
classical barrier heights calculated at the high, intermediate, andrate constant by over an order of magnitude. The large
low levels are listed in Table 12. Values from a previous sttidy  variational effects provide a severe challenge to the dual-level
are also listed. The calculated geometry and frequencies of thedynamics calculation. The two low-level theories used here
stationary points are included in the Supporting Information. represent two different extremes. The MP2/3+F&. calculation
Table 13 shows the calculated rate constants at the single highrepresents a low-quality source of PES information, and it
level (MP2/cc-pVDZ). These rate constants are again used aspredicts variational effects very different than those predicted
the standard to evaluate the quality of different dual-level by the high-level calculation. The MP2/6-31G** calculation
correction schemes. Tables-146 compare the calculated dual- represents a high-quality source of PES information, and it
level rate constants using MP2/3-26 low level and various predicts variational effects similar to those by the high-level
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calculation. As also seen in Table 13, the tunneling effects are TABLE 20: Average Errors?2 by Different Correction
very important at lower temperatures. The small-curvature Schemes

tunneling is more important except at the lowest temperature. DECKART SECKART  SIL-1  SIL-2  SIL-3
As seen in Table 14, when the MP2/3-2G is used as the R15 8.15 238 1.23 1.23 1.20
low-level calculation, significant errors in CVT are obtained R2 968.31 2.87 221 157 1.16

using all correction schemes, with the largest errors from the See text and footnotes below Table®The errors of CVT rate
DECKART scheme and the smallest from the SIL-2 scheme. constants are not included because there are only very small variational
The errors are less severe for the SECKART-based schemeSfacts in R1.
when the tunneling effects are included, as seen in Tables 15
and 16. The SIL-2 is significantly better than other dual-level gya|ly satisfied since the high-level barrier is normally a few
correction schemes. Most of the errors are due to the muchyjocalorie per mole lower than that of the low level. Further-
smaller variational effects predicted by the low-level theory. more, when the barrier difference is not very small, eq 14 is
(The rate constants calculated at the single low level are listed ygyally automatically satisfied. There are cases in which the
in the Supporting Information.) high-level barriers are higher than the low-level values (eq 15).
When the MP2/6-31G** calculation is used as the low-level ag |ong as the difference is not too small, eq 16 is also satisfied
theory, all correction schemes, except for DECKART, accurately ot of the time. When eq 14 or 16 is not satisfied, it is usually
reproduce the high-level CVT rate constants, as seen in Tableyy, ingjcation that the low-level theory used is not appropriate.
17. Tables 18 and 19 show that all four SECKART-based  gyperience also showed that when the difference in eq 13 or
schemes produce very similar CVT/SCT and CVT/LCT rate 15 s as Jarge as a few kilocalorie per mole, an appropriate range

constants, and they are all in good agreement with the high'parameter can easily be found to satisfy eq 12, and thus the

level values in Table 13. (Again, the SECKART scheme g 5 scheme can be applied. For the SIL-3 scheme, the dual-
performed slightly better at lower temperatures while the new |e,e| corrected zero-point energies along the reaction path are

SIIT schemes_ performed slightly better at h?gher temperatures.)usua"y much less sensitive to the range paramétgrysed
This clearly illustrates that when the variational effects are ¢, the frequency correction. If the zero-point energy changes
important, a quality low-level PES is required to obtain accurate gom the reactants to the transition state are very different in
reaction rate constants using the dual-level dynamics methodspa |ow- and high-level calculations, the range parameters

may not be found, as shown in the previous section. From the
above discussion, when one wishes to apply the new SIL
The original SECKART scheme can easily be applied to most schemes, the barrier height predicted by the low-level theory
bimolecular reactions with almost any combinations of the low- usually has to be at least a few kilocalorie per mole different
and high-level theory. The most serious drawback of the original from the high-level value. It is differentnotion from that in
SECKART scheme, however, is that the dual-level corrected some of previous studi€s®'1For the energy of reaction, good
barrier width is largely determined by the low-level PES, which agreement with the high-level value is still recommended in
might not be reliable. The new SIL correction schemes include choosing the low-level theory. Table 20 shows the average errors
an additional intermediate-level calculation to estimate the high- of different correction schemes considered in the current study
level barrier width. By adjusting the range parameters, one canby averaging the last rows of Tables-41 and Tables 1419
make the dual-level corrected barrier width as close to the for R1 and R2, respectively. The new SIL schemes are
estimated high-level value as possible. However, the applicabil- significantly better than the DECKART and SECKART schemes.
ity of the new schemes is somewhat more limited by the way Although the SIL-3 scheme seems to give the lowest errors, its
the dual-level correction is applied. For example, if both the applicability is much more limited as discussed above.
low- and high-level calculation predict approximately the same  The large variational effects in R2 calculated at the MP2/
classical barrier height, only very small correction can be made cc-pVDZ and MP2/6-31G** levels raise concerns on the
to the low-leveMyep(s) from the reactants to the transition state accuracy of the previous calculatfot that did not show
by the SECKART-based schemes. It is then possible that no significant variational effects. Further study at higher-levels of
appropriate range parameters can be found to satisfy eq 9 ortheory might be necessary to resolve the discrepancy, which in
12. A detailed study of the SECKART correction scheme shows turn, may resolve the discrepaidéy?® in the calculated barrier
that when heights of R2 by different groups. (That is, larger variational
effects would favor a lower barrier height when the experimental
AV | — AV, >0 (13) rate constants are modeled.)

5. Applicability and Concluding Remarks

and 6. Summary

_ > _1 - We have developed three new correction schemes for dual-
AViLL AVJFHL Vuer (S /ZAV¢HL 0 (4 level VTST direct dynamics calculation. The new schemes are
or when based on the original SECKART method with inclusion of an
additional intermediate-level calculation to better estimate the
AV*HL — A\/*LL >0 (15) width of the reaction energy barrier. We have tested the new
schemes against the original SECKART and DECKART
and schemes on two hydrogen abstraction reactions by comparing
the dual-level corrected results using various low levels of theory
AV, — AV > LAV, — Vuep(Si2) > 0 (16) to the results of a single high-level calculation. In most cases,
the new schemes out-performed the original SECKART scheme
an appropriate range parameltecan be found to satisfy eq 9;  when tunneling effects were considered. When a high-quality
that is, the SIL-1 scheme can be applied. When a lower-level low-level theory was used, all SECKART-based methods
ab initio calculation is used as the low-level theory, eq 13 is performed equally well. In real application for larger systems,
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however, using a very high-quality calculation as the low-level
theory might not be computationally tractable. Thus, the new
correction schemes, in particular, the SIL-2 scheme, are recom-
mended over the original SECKART scheme. The current study
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