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A new hybrid Hartree-Fock—density functional (HF-DF) model called the modified Pereéiang
1-parameter model for kinetics (MPW1K) is optimized against a database of 20 forward barrier heights, 20
reverse barrier heights, and 20 energies of reaction. The results are compared to other hybrid HF-DF methods
with the 6-3HG(d,p) basis. The new method reduces the mean unsigned error in reaction barrier heights by
a factor of 2.4 over MPW1PW91 and by a factor of 3 over B3LYP.

1. Introduction eliminate most of theystemati@rror in binding energies. The
Various methods, both ab initio and semiempirical, are most important pa_lrarr_leter in these methods is the fraction of
available to calculate the barrier heights of chemical reactions. HF €xchange, which is seequal to 20%.
However, most of these methods have significant systematic ~ The B3LYP and B3PW91 methods have also been successful
or unsystematic errors, e.g., ab initio methods tend to overes-for kinetics!* However, the balance between HF exchange and
timate barrier heights, and density functional theory (DFT) DFT exchange that is needed to get barrier heights correct is
methods tend to underestimate them, whereas semiempiricalgpparently different from the fraction that yields the best results
NDDO methods are generally unreliable for quantitative work. for stable molecules. Thus, it has empirically been found that a
The goal of this project is to devise a method that will produce method called BH&HLYP gives more accurate barrier heights
increased accuracy for transition-state energies. than B3LYP?2 The BH&HLYP method is very much like
The approach we will take is motivated by the work of Bécke B3LYR, with the exception that the fraction of HF exchangg is
on hybrid Hartree-Fock density functional theory, as justified 0% (in fact, H&H denotes “half and half”). Local density
by the adiabatic connection formwaThis theory involves functional methods tend to greatly underestimate b_arrler heights;
mixing various amounts of the Hartre€ock (HF) nonlocal methods such as BLYP or BPW91 that have gradient-corrected

exchange operatdwith local DFT exchange-correlation func-  density functionals still lead to obvious systematic underesti-
tionals and gradient-corrected density functiéné,and the ~ Mates:* Methods such as B3PW91 and B3LYP do even better,
parameters have been optimized empirically against a dafabase average, but still, it appears (on the basis of results in this
of thermochemical data. The original B3PW91 method of Becke Paper) that they systematically underestimate barrier heights.
et al. and the following B3LYP method developed by Stephens Although BH&HLYP appears to be the best compromise for
et al? have both demonstrated remarkably high performance/ calculating barrier heights among currently available methods,
cost ratios for calculating accurate molecular structures, frequen-there has been no systematic examination of whether one could
cies, and energetid8 Experience has shown that local density do better. That is the first goal of the present work.

functionals exhibit systematic overbinding, and gradient-cor-  Although considerable experience has been gained with
rected density functionals also exhibit systematic (albeit much hybrid methods based on Becke’s gradient-corrected exchange
smaller) overbinding, but the empirical 3-parameter hybrids functional combined with either the Le¢rang—Parr (LYP) or
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TABLE 1: Values for Calculating the Forward and Reverse V¥(best estimate) and the Values o¥/*(best estimate) for the
Forward and Reverse Reactiond

theory experiment best estimate
reaction ref Vi ke ref ks AE Vi v

Cl+H;—HC1+H 34 8.45 8.7x 10713 21 7.2x 10718 3.1 8.7 5.6
OH+ H,—H + H0 35 5.45 5.25¢ 10718 22 4.1x 1078 —16.3 5.7 22.0
CH;+H,—H+ CH, 23 11.9 2.1x 1076 23 1.7x 10716 —2.85 121 15.0
OH + CHs;— CHz + H,0O 36 7.4 1.7x 10728 24 2.95x 10718 —13.5 6.7 20.2
H + CH;OH— CH,OH + H; 37 7.8 2.8x 10713 25 4.3x 1078 —6.5 7.3 13.8
H +H,—H+ HH’ 15,18 9.6 0.0 9.6 9.6
OH + NH3z— H20 + NH; 38 3.65 7.1x 10788 26 1.05x 10712 —9.95 3.2 13.15
Cl+ CHs— HCI + CHs 39 8.1 6.4x 10713 27 8.25x 10718 6.0 7.8 1.8
OH + C;Hg — H,0 + CyHs 40 4.0 1.5x 10°%2 28 2.4x 10712 —17.3 3.4 20.7
F+H,—H+HF 17 1.8 -31.4 1.8 33.2
O+ CH;— OH+ CH;s 41 14.0 1.6x 1074 29 2.0x 1074 5.9 13.7 7.8
H+ PH; — PH, + H, 20 3.6 4.1x 107%2 30 6.2x 10712 22.3 3.2 255
H+ CIH —HC1+H' 18 18.0 0.00 18.0 18.0
O+H;—H+ OH 18 13.1 3.0 13.1 10.1
H + trans-NH, — H, + NoH 16 5.9 —35.05 5.9 40.9
H+ H,S— H, + HS 31 3.8 7.0x 10712 31 5.7x 10°%? —13.85 3.6 17.4
O+ HCI—OH+ClI 19 9.8 —0.10 9.8 9.9
CHs + NH — NH, + CHs 32 27.0 6.2x 107° 32 9.2x 10°° 14.2 22.7 8.4
CoHg + NH — NH; + CzHs 32 24.2 6.3x 107° 32 1.5x 1071 10.4 18.4 8.0
CoHg + NH; — NH3 + CoHs 33 114 5.9x 10°8 33 1.3x 10° —7.35 10.4 17.8

aT = 600 K, except as noted differently in text; energies given in kcal/mol and rate constants givefnioleoule's™.

Perdew-Wang-1991 (PW91) gradient-corrected functionals, for kinetics. The resulting model will be called MPW1K
work in other quarters has led to improved functionals. It is (modified PerdewWang 1-parameter model for kinetics) or,
important to note at this point that the choice of gradient- for completeness, when used with the basis set recommended
corrected exchange functional has a much greater effect on thehere, MPW1K/6-33+G(d,p).
thermochemical results than does the choice of gradient- Section 2 presents our kinetics database. Section 3 tests
corrected correlation functional. In our opinion, the most existing methods against these database. Section 4 presents our
important practical advance in gradient-corrected exchangenew method.
functionals is the recent work of Adamo and Barbheho
found excellent performance with a modified version of the
Perdew-Wang gradient-corrected exchange functional, to be  In this section, we assemble a database of zero-point-exclusive
denoted MPW. When employed with 25% Hartrdeock Born—Oppenheimer barrier heights, henceforth called classical
exchange and the PerdeWwang gradient-corrected correlation  barrier heights. The best estimates of the classical barrier heights
functional, this yields a method called MPW1PW91. (In all for the forward reactions were estimated two ways. Fot-H
cases, we adopt the name for a method by which it is known in Hz, F+ Hz, O + Hz, H + CIH' — HCI + H', H + trans-NzH>,
the Gaussian98" program.) In the present work, we shall and O+ HCI, we used accurate electronic structure calcula-
compare calculations based on combining a variable amounttions!>~1 For the other reactions, we used a combination of
of Hartree-Fock exchange with Becke’'s gradient-corrected experimental rate constraints and dynamical simulatirfs.
correlation functional or the MPW gradient-corrected exchange In all cases, the classical barrier height of the reverse reaction
functional and with the LYP gradient-corrected correlation was calculated from the forward classical barrier height and the
functional or the PW91 gradient-corrected correlation functional. zero-point exclusive energy of reactiakiz, which is also called

A longstanding difficulty in comparing or validating theoreti- the classical endoergicity. The energy of reaction may be
cal methods for the prediction of transition state barrier heights calculated as the difference in atomization energies of the
has been that so few experimental barrier heights are accuratelyreactants and the produdts.
known. The literature is filled with tables listing “experimental” In most cases, the best theoretical estimate of the barrier
values of the barrier heights in which the value actually listed height was made by comparing the reaction rate constants at
is an Arrhenius activation energy. Experience with the most 600 K for the best theoretical calculation and the best experi-
reliable available dynamical methods for predicting Arrhenius ment. (The barrier heights for the € CH,, NH + CzHg, and
activation energies from given potential energy surfaces hasNH + CHg reactions were adjusted to experiment at 500, 1000,
shown that the two quantities often differ by 2 kcal/mol or more. and 1100 K, respectively.) In all cases, the experimental reaction
In fact, the Arrhenius energy of activation is intrinsically rate constant was determined from the experimentalists’ best
temperature dependent so such comparisons even depend od-parameter or 3-parameter Arrhenius fit to their data. In
the temperature range over which experiments were carried outadjusting the theoretical barrier height to make a dynamics
to yield an Arrhenius activation energy. In the present paper, calculation agree with experiment, we assume that all of the
we make an attempt to create a database of accurate transitio®rror in the calculated reaction rate constant comes from the
state barrier heights. These are sure tdriaecurate to some  barrier height. The best estimate of the classical barrier is
extent, but we hope that our attempt will stimulate further efforts determined by
to understand just how reliable our best estimates of barrier
heights for prototype reactions really are. \ftx(best estimatey Vi(theory)—l— AV Q)

Despite the fact that our barrier height database is not perfect,
we think it is good enough to use in a constructive way. With where x denotes either forward (f) or reverse (r) reactions,
this in mind, we optimize a 1-parameter DFT model especially V:(theory) is the theoretical classical barrier height of the

2. Database
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TABLE 2: Barrier Heights and Energies of Reaction (kcal/mol)
BH&HLYP B3LYP MPW1PW91

reaCtlon Vf*or erv AE Vftor \/::EV AE \/::OI' \/:ev AE
1.H+HC1—ClI+H; 2.0 11.6 —9.6 —-0.4 8.0 —8.4 14 53 —3.8
2.OH+ Hy—H+H0 7.8 15.4 ~7.6 15 120  -105 2.2 16.2  —14.0
3.CHs+H,—H+CH, 11.8 12.2 —-0.4 8.8 9.2 -0.3 8.2 11.7 —-35
4. OH+ CHy— CHz + H0 10.2 17.4 -7.2 2.3 125  -10.2 3.2 137  -105
5. H+ CH:OHF CH,OH + H> 7.2 11.4 —4.2 0.75 5.8 —5.05 55 7.4 —-1.95
6.H +Hy,—H+HH 6.5 6.5 0.0 4.1 4.1 0.0 5.9 5.9 0.0
7. OH+ NHz — NH, + H,O 7.5 13.9 —6.5 —-3.4 5.1 —8.5 —-1.8 6.4 —-8.2
8.CHy+ HC1— C1+ CH, 0.9 10.8 -9.9 -2.1 6.6 -8.7 -2.2 5.1 -7.4
9. OH+ CoHg— CoHs + H,0 7.3 18.5 -11.1 -0.5 14.3 —-14.7 0.5 155  —14.95
10. F+H,—H+ HF 1.7 22.8 —21.1 —4.2 225 —26.7 -2.7 26.7 -29.3
11. OH4+ CH;—~ O+ CH,4 7.4 16.2 -8.8 2.9 7.5 -4.6 3.4 8.9 -55
12. H+ PH;— PH, + H> 1.05 26.0 —24.9 —-0.4 23.2 —25.6 0.8 22.9 —22.15
13.H+CIH—H+H'Cl 17.9 17.9 0.0 13.3 13.3 0.0 15.1 15.1 0.0
14.H+ OH— O+ H; 6.3 14.8 —8.4 2.6 6.9 —4.3 5.9 7.8 —2.0
15. H+ transNoH, — NoH + H; 0.8 41.2 —40.4 0.0 413  —413 0.3 375  —-37.3
16. H+ H,S— HS + H» 1.6 20.6 —19.0 -0.2 18.5 —18.7 1.2 15.7 —14.55
17. OH+ Cl— O+ HClI 13.6 12.4 1.15 5.9 1.8 4.1 5.8 3.9 1.9
18. NH, + CHz; — NH + CH, 9.3 23.8 —14.5 4.75 17.7 —-12.9 4.8 18.1 —13.3
19. NH, +CoHs — NH + C;Hs 10.3 21.0 —-10.6 6.1 14.4 —-8.35 5.9 14.8 -8.9
20. NH, + CoHg — NH3z + CoHs 14.9 19.5 —4.6 8.2 14.5 —6.3 7.9 14.7 —6.8
potential surface used for the dynamical calculation, AN TABLE 3: Mean Errors @ (kcal/mol)
is the adjustment to the theoretical barrier height. The adjustment fraction HF MSE MUE RMSE
to the barrier height is calculated from 60 data
BH&HLYP 0.500 0.2 3.0 3.9
ktheon(T) B3LYP 0.200 —3.0 4.2 4.9
AV = RTIn|—% (2) MPW1PW91 0.250 -2.3 3.15 3.6
Kexperimerk 1) MPW1K 0.428 -06 1.8 2.3
40 barrier heights
wherekineory aNdKexperimeni@re the theoretical and experimental ~ BH&HLYP 0.500 —0.03 25 3.2
reaction rate constants at a given temperaiyreespectively, B3LYP 0.200 —4.75 4.82 5.4
andRis the molar gas constant. The classical barrier height for MPW1PW91 0.250 —3.9 39 4.15
? . . . MPW1K 0.428 -13 1.6 21
the reverse reaction is calculated by adding the reaction 20 s of i
i i i i energies ol reaction
$>r<]oerg|0|ty to the best estimate for t_he forvyard barrier h_elght. BHEHLYP 0.500 by 4.0 4.9
e exoergicity for each of the reactions, with the exception of 5\ 0.200 0.4 595 36
15, was calculated from experimental total atomization ener-  ppwi1pwol 0.250 0.9 1.6 20
gies*2 The exoergicity of reaction 15 is taken as the average of MPW1K 0.428 0.9 2.0 2.65

two theoretical value¥4+3
Table 1 gives the values necessary for calculating the forward
and reverseVj(best estimate) and also the actual values of  The MPW1K rows of Table 3 will be explained in a later
V(best estimate) for the forward and reverse reactions. section, in which we will also discuss the other results in Table
Note that the reactions in Table 1 are listed in the direction 3. The only point we need to make in the present section con-
for which theory and experiment were compared for the rate cerns the results for the 20 energies of reaction. The MPW1PW91
constant. However, in subsequent tables of this paper, they aremethod has much lower mean unsigned errors and root-mean-
all listed in the direction predicted to be exoergic by the square errors for energies of reaction than does either of the
MPW1K method. methods based on Becke’s exchange functional and the LYP
correlation function. We conclude from this that MPW1PW91
3. Tests of Existing Methods is a more balanced functional, and for this reason, we choose it
Table 2 lists the forward and reverse barrier heights and @S @ starting point for further work.
classical exoergicity for the 20 test reactions as calculated by —
the BH&HLYP, B3LYP, and MPW1PW91 methods, in all cases 4 Parametrization of New Method
using the 6-31+G(d,p)** basis set. We found that this basis set  The one-parameter hybrid FoeKohn—Sham operator can
is significantly more accurate than its 6-31G(d,p) subset for the be written as follow<
present problem. For Table 2 and throughout the whole paper,

a All theoretical values include spirorbit effects.

all of the saddle points were verified to have one and only one F=F'+XFE+ @1 - X) (FE+F5 +F¢ (3)
imaginary frequency. Before comparing to experiment, we added
spin—orbit coupling using standard experimental vafaesr whereFH is the Hartree operator (i.e., the nonexchange part of

reactant and product radicals. The first three rows of Table 3 the Hartree-Fock operator)FHFE is the Hartree Fock exchange
give the mean signed error (MSE), mean unsigned error (MUE), operator,X is the fraction of HartreeFock exchangelSE is
and root-mean-square error (RMSE) averaged over all 60 dataSlater’s local density functional for exchang€®CE is the
values (40 classical barrier heights and 20 classical energies ofgradient correction for the exchange functional, &idis the
reaction). All of the mean errors were computed from unrounded total correlation functional including both local and gradient-
results containing spinorbit effects. corrected parts. Settingk = 0.25 yields the MPW1PW91
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TABLE 4: Barrier Heights and Energies of Reaction by
MPW1K Method (kcal/mol)

reaction Vf Vf AE
1.H+HC1—Cl+H; 3.0 7.4 —4.4
2.0H+ H;—H+ H0 55 18.1 —12.6
3.CH+H;—H+ CH, 9.8 13.3 —3.6
4. OH+ CH; — CHz; + HO 7.4 16.5 -9.1
5. H+ CH;OH— CH,OH + H; 7.7 9.2 -15
6. H +H,—H-+ HH 7.2 7.2 0.0
7. OH+ NHz— NHz + H:0O 4.4 115 -7.1
8.CH;+ HC1—C1+ CH, —0.7 7.3 —8.0
9. OH+ CzHe_’ C2H5 + Hzo 4.6 17.8 —13.2
10. F+ H,—H+ HF 0.6 27.1 —26.4
11. OH+ CHz; —~ O+ CH,4 6.1 13.9 -7.8
12. H+ PH;— PH, + H> 1.6 23.5 —21.9
13.H+CIH—H+ H'Cl 17.7 17.7 0.0
14 H+ OH— 0O+ H; 8.1 12.3 —4.2
15. H+ trans-NzHz — NoH + He 1.7 38.4 —36.7
16. H+ HS— HS + H> 2.3 17.0 —14.7
17. OH+ Cl— O + HCI 10.0 10.2 -0.2
18. NH; + CHz — NH + CH,4 7.3 21.6 —14.3
19. NH, +CoHs — NH + CoHe 8.3 18.5 —10.2
20. NH; + CoHg — NH3 + C;Hs 11.3 17.4 -6.1

method. Instead, we will choose the value that minimizes the
root-mean-square error of the 60 data in the database.

Note that we explored various “2K” and “3K” models (i.e.,
models with 2 or 3 parameters, instead of 1), but varying the
coefficients of other terms in (3) is either nonphysical or does
not significantly improve the error.

The optimization process was carried out iteratively. We

started with MPW1PW91 geometries for the reactants, products,

and transition states and found the optimum valu&.oThen
we re-optimized the geometries with this valueXaind so forth
until the method converged tX = 0.428. All parameter
optimizations were carried out with inclusion of spiarbit
effects.

The keywords required to carry out MPW1K calculations with
Gaussian98&ure:

#mpwpw9l

10p(5/45=10000428)

10p(5/46=05720572)

10p(5/47=10001000)

opt

5. Results and Discussion

Table 4 gives the results with the optimized valueXpaind

Letters

Table 3 does not directly test the transition state geometries.
However, as a consequence of Hammond's posttlatee
quality of transition state geometries should be correlated with
the quality of the reaction energies and barrier heights.

We note that the 6-3tG(d,p) basis set is quite affordable
even for very large molecules. Thus, the new method should
be the option of choice for a wide variety of applications in
kinetics.

6. Concluding Remarks

This paper provides an attempt to create a systematic database
of classical barrier heights that can be used for testing electronic
structure methods for use in predicting chemical reactivity. It
also attempts to quantify the systematic errors in density
functional theory for predicting barrier heights. Finally, we
propose a new hybrid Hartre¢&ock-density functional theory
involving a single parameter that predicts significantly more
accurate barrier heights, on average, than other widely used
methods.
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