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A new hybrid Hartree-Fock-density functional model called the Becke@Bcke95 1-parameter model for

kinetics (BB1K) was optimized against a database of three forward barrier heights, three reverse barrier heights,
and three energies of reaction for the reactions in the BH6 representative barrier height database. We then
assessed the newly developed BB1K method against a saddle point geometries database, a database of 42
barrier heights, the AE6 representative atomization energy database, a molecular geometries data set, and a
set of 13 zero point energies. The results show that BB1K can give excellent saddle point geometries and
barrier heights, and its performance for calculating atomization energies is 40% better than MPW1K. Using

a mean mean unsigned error criterion that equally weights the errors in barrier heights and in bond energies,
the new BB1K method outperforms all other DFT and hybrid DFT methods by a large margin, and we
therefore conclude that it is the best density functional-type method for thermochemical kinetics.

1. Introduction B1B95 method is 28%. (Note that in GaussiafiOthis is
In the past decade, there has been substantial progress in thiicorrectly coded as 25%). In our previous t¥sB1B95 gives
refinement of functionals for density functional theory (DRT} excellent.performance on atomization energy galculatlons but
Hybrid Hartree-Fock (HF) density-functional theory (mixing sys_temaﬂcally underestimates '_[he barrier heights. Here we
Hartree-Fock theory with pure DFT at the level of the Fock- ©OPtimize a one-parameter hybrid DFT model especially for
Kohn—Sham operator, also called hybrid DFT) has been widely thermochemical kinetics based on B exchange and B95 cor-
used for thermochemistry and has had a remarkable impact onf€lation. The resulting model will be called BB1K (Becke8s-
computational chemistry due to its excellent cost-to-performance Becke95 1-parameter model for kinetics).
ratio. Recently we testéimany second- and third-generation Section 2 summarizes our kinetics database and test sets ar_1d
pure and hybrid DFT methods against the BH@presentative ~ Presents the parametrization procedure that was used to obtain
barrier height database and the AE@presentative atomization ~ the new HDFT model. Section 3 assesses the new method and
energy database (BH6 and AE6 will be further discussed in COmpares it with other methods. Section 4 presents results and
section 2). Our results show that some pure DFT methods suchdiscussion.
as VSXC and OLYP! can give comparable performance to
hybrid DFT methods for atomization energy calculations.
However, all tested pure and hybrid DFT methods except 2.1. Training Set and Parametrization.To parametrize the
MPW!1K are less accurate for kinetics (barrier heights) than for new HDFT model, we used a database of 3 forward barrier
thermochemistry (bond energies). MPW:#Ks the modified heights, 3 reverse barrier heights, and 3 energies of reaction
Perdew-Wang-1-parameter model for kinetics based on thefor the three reactions in the BH6 databdseand this
mPW1PW92 model, but with the percentage of Hartreeock 9-component database is called Kinetics9. We used this small
exchange optimized against a kinetics database including 20training set because the BH6 representative barrier height
reactions'® Several studié§ 3 have demonstrated that the database was develop@duch that the errors calculated for this
MPW1K model gives remarkably good performance for kinetics. small database correlate extremely well with errors calculated
Our previous evaluatioh$% showed that the increased for a much larger databa®é® of 44 barrier heights.
percentage of HF exchange in MPW1K deteriorates the atomi-  The one-parameter hybrid FoeKohn—Sham operator can
zation energy calculation, although it has only a small effect be written as follow$:8
on the energies of reaction for isogyric reactions. In the present
study, we develop a hybrid DFT model that gives better F=F"+XF e+ 1 - XFF+FH+FC @)
performance than MPW1K on both barrier height and atomi-
zation energy calculations. The new method is based on Becke’swhereF" is the Hartree operator (i.e., the nonexchange part of
1988 gradient corrected exchange functional (Becke88 #r B) the Hartree-Fock operator)F-E is the Hartree-Fock exchange
and Becke’s 1995 kinetic-energy-dependent dynamical correla-operator,X is the fraction of HartreeFock exchangeFSE is
tion functional (Becke95 or B95) and is called BB9Becke the Dirac-Slater local density functional for exchantjé? FCCE
also proposed a hybrid version of this model to correct the is the gradient correction for the exchange functional, Bfd
tendency of density functional exchange to overestimate theis the total correlation functional including both local and
nondynamical correlation energy; the resulting one-parametergradient-corrected parts. In our new HDFT model, we used
model is called B1B95. The percentage of HF exchange in the Becke88 foi-GCE and Becke95 foFC. SettingX = 0.28 yields

2. Databases
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the B1B95 method of Beck&but instead of using this value, TABLE 1: Best Estimates of Saddle Point Geometries for A
we will use the value that minimizes the root-mean-square error - BC — AB + C*#

(RMSE) of the nine data in the Kinetics9 database. reaction A+ BC Riae Rec Resum  67asc  ref
The parametrization process was carried out iteratively with {4+ Hcl—H, + Cl 0981 1431 2412 180 44
the 6-31-G(d,p) basis sef24 We started with QCISD/MG3 H+H,—H,+H 0930 0930 1860 180 45
geometries for the reactants, products, and transition states andH + CIH'—HCI+H" 1480 1480 2.960 180 44
found the optimunX. Then we reoptimized the geometries with ~H +HO—H2+0 0.894 1215 2109 180 47
F+H,—HF+H 1546 0.771 2317 119 46

this value ofX and so forth until the method convergedXe=
0.42. aBond distances are in angstroms, and bond angles, degrees.
The small size of the database greatly accelerated the
parametrization procedure as Compared to using a |argerW0rk of Martin.49 This is called the ZPE13/99 database. We
database. The representative character of the database make4ill employ this vibrational ZPE database to develop scale
us expect that the parameter obtained from the small databasdactors for vibrational frequencies calculated both by BB1K/6-
is as good as would be obtained with a much larger database 311+G(d,p) and by BB1K/MG3S. The scale factors are optimized
2.2. Barrier Height Test Set.The barrier height test set we to minimize the root-mean-square errors in the calculated ZPEs
will use in our assessments consists of the forward and reversd®" these 13 molecules. In principle, such scale factors account
barrier height for 21 of the 22 reactions in Databag&/3ne for both a}nha_rmomcn_y and the errors in the calcul_ated harmonic
of the reactions in Database/3, namely:HHCH;OH — H; + frequencies; in practice, the latter is much more important than
CH,OH, is not included in the present test because we are nothe former. _ _ o
longer confident that the experimental and theoretical values 2-6. Geometries, Basis Sets, and SpiOrbit Energy.
used for this reaction in the creation of the database are reliable;WWhereas the tests in sections 2.1, 2.4, and 2.5 involve geometry
this reaction is under further investigation in our group. The OPtimization with each level of theory tested, all calculations
classical barrier heights used for 20 of the remaining 21 reactionsin Sections 2.2 and 2.3 are single-point calculations at QCISD/
in Database/3 are previously published best estimates of theMG3 geometries, where QCISD is the quadratic configuration
barrier heights for these reactions, as explained in previous interaction with single and double excitatidlisand MG3 is
papers202335However, we made one change in the database the modlfledly52(33La_rgé3 basis set. The MG3 basis $éflso
for the present paper. Previously our database had a forwardcalled G3LargeMP2Zis the same as 6-33H-G(3d2f, 2df, 2py*

barrier height of 5.7 kcal/mol for OH- H, — H,O + H. for H—Si, but improve& for P—Ar. The QCISD/MG3 geom-
However, Troya et a2 obtain a forward barrier of 5.3 kcal/ ~ €tries for molecules and saddle points in the AE6 database and

mol. We estimate, on the basis of careful consideration of their the BH42/03 database of 42 barrier heights can be obtained from
paper (in particular the facts that they treated generalized normaithe Truhlar group database websitaVe tested the new method
modes in rectilinear rather than curvilinear coordinates and thatWith two  highly recommended basis sets, namely a recom-
their calculated kinetic isotope effect is too high), that their Mendeé#*augmented polarized valence doublset, 6-3% G-
barrier may still be 0.20.2 kcal/mol high, and therefore we ~ (d:p):**“*and a recommended augmented polarized tset,

are changing the database barrier to 5.1 kcal/mol for the forward MG3S. In the tables, 6-31G(d,p) is abbreviated DIDZ (desert-
reaction and 21.2 kcal/mol for the reverse barrier height. With iSland doublef). The MG3S basi¥is the same as MG3 except
the improvement of the best estimate of the barrier height of it omits diffuse functions on hydrogens.

the reaction OH+ H, — H,O + H, the updated 42 barrier To test the performance for calculating equilibrium geom-
heights for the 21 reactions will be called the BH42/03 database, etries, we compare the BB1K method to four other methods
and they are given in the Supporting Information. using a set of 23 molecules that consists of the 13 molecules in

2.3. Bond Energy Test SetWe also tested the new HDFT the ZPE databr?\se and the .10 molecules in the AE6 and BH6
method against the AEB representative atomization energy platapases. We include all unique bond angles and bond distances
database. The AE6 set of atomization energies consists gf SiH I tis 23 molecule set, giving a total of 34 bond lengths and
S,, SiO, GHa (propyne), GH.0; (glyoxal), and GHg (cyclo- _11 bond angles, for a total qf 45 data. This geometry data set
butane). This set of atomization energies is very diverse, if one 'S €alled G45/04. The experimental data for bond lengths and

considers its size, and it was developed such that performance?Ndles are taken from Computational Chemistry Comparison
on this database is indicative of perfgrmance ona Fnuch larger@nd Benchmark DataBa8¢CCCBDB), and they are listed in
109-molecule databad@*3In this paper all errors for the AE6 "€ Supporting Information. o _
database are divided by the average number of bonds (4.83) in N all of the calculations presented in this paper, the spin
the molecules of this database; this yields a mean error on a0rbit stabilization energy was a_dded to a_II atoms and to selected
per bond basis, so these comparisons provide a test of the®Pen-shell molecules, as described previotsil calculations
accuracy of calculated bond energies. were performed with the Gaussian03 program.

2.4. Saddle Point GeometriesThe database of saddle point
geometries comes from the previous wét3 The test set
consists of five reactions where very high-level calculations of  We tested our new HDFT model, which is called BB1K,
saddle point geometries are availatffie’’ These data for saddle  against the saddle point geometries test set, the BH42/03
point geometries are listed in Table 1. These 15 data are calleddatabase of 42 barrier heights, the BH6 representative barrier
the SPG15/01 database. The perpendicular looseness has bedteight database, the AE6 representative atomization energy
defined®?® as the sum of the forming and breaking bond database, and the G45/04 geometry data set.
distances; this is a measure of the looseness of the saddle point For the saddle point geometries, we compared BB1K results
structure in the direction perpendicular to the reaction coordinate. 1o some previously published results for other methods including

2.5. Vibrational Zero Point Energies DatabaseA database =~ B3LYP 2365758 BH&HLYP,% mPW1PW9% Mgller—Plesset
of thirteen anharmonic vibrational zero point energies (ZPEs) second-order perturbation theory (MP2and QCISD and also
has been presented in a previous pdpem the basis of the  to new results obtained here for the B97-2 hybrid DFT method.

3. Assessment of Methods
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TABLE 2: Mean Errors (A) in Internuclear Distances at the
Saddle Point of the Five Reactions in Table 1
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TABLE 3: Mean Errors (kcal/mol) for the 42 Barrier
Heights in the BH42/03 Databas®

bond perpendicular
distance losseness
method MSE MUE RMSE MSE MUE RMSE  ref
BB1K/DIDZ 0.00 0.03 0.04 0.01 0.01 0.02 thiswork
BB1K/MG3S 0.00 0.02 0.02 0.00 0.01 0.01 thiswork
B1B95/DIDZ2 0.01 0.04 0.06 0.03 0.03 0.05 thiswork
B1B95/MG33 0.01 0.03 0.04 0.01 0.02 0.03 thiswork
BB95/DIDZ 2 0.05 0.07 0.13 0.09 0.09 0.14 thiswork
BB95/MG3S2 0.04 0.06 0.11 0.07 0.07 0.11 thiswork
B97-2/DIDZ2 0.02 0.06 0.09 0.04 0.04 0.07 thiswork
B97-2/MG33 0.01 0.05 0.07 0.02 0.03 0.05 thiswork
MPW1K/DIDZ 0.00 0.02 0.03 -0.01 0.02 0.02 20
MPW1K/MG3S —0.01 0.01 0.02 —0.02 0.02 0.02 thiswork
B3LYP/DIDZ2 0.03 0.07 0.12 0.07 0.07 0.11 20
B3LYP/MG3? 0.01 0.05 0.09 0.03 0.06 0.09 20
BH&HLYP/DIDZ —0.01 0.04 0.06 —0.01 0.04 0.06 20
BH&HLYP/MG3  —0.01 0.03 0.05-0.02 0.04 0.05 20
mPW1PW91/DIDZ 0.01 0.03 0.06 0.03 0.03 0.04 20
mPW1PW91/MG8 0.01 0.04 0.08 0.02 0.03 0.05 20
MP2/DIDZ —0.03 0.03 0.05-0.05 0.05 0.07 20
MP2/MG3 —0.03 0.04 0.06 —0.07 0.07 0.08 20
QCISD/DIDZ —0.01 0.03 0.04 —0.02 0.03 0.04 20
QCISD/MG3 —0.01 0.02 0.03 -0.01 0.02 0.03 20

aThe results for B97-2, B1B95, BB95, B3LYP, and mPW1PW91
are calculated only for the first four reactions in Table 1, because they
do not yield a finite-distance saddle point forttH, — HF + H.

B97-2 is Wilson, Bradley, and Tozet&modification to Becke’s
1997 functional (B97¥.We tested B97-2 because B1B95 and
B97-2 were the two best methods of our previous study as
judged by the mean mean unsigned error (MMUE) criterion
defined in our previous papét:

MMUE = Y,[MUE(BH6,DIDZ) + MUE(BH6,MG3S)+
MUE(AE6,DIDZ) + MUE(AE6,MG3S)] (2)

where MUE denotes mean unsigned error (also called mean

absolute error). The motivation for this criterion, as presented
previously, is that it is desirable for a hybrid DFT method to

method MSE MUE RMSE ref
BB1K/DIDZ -0.8 1.4 1.9 this work
BB1K/MG3S -0.6 1.2 15 this work
B1B95/DIDZ -3.1 3.1 3.5 this work
B1B95/MG3S —-2.8 2.8 3.1 this work
BB95/DIDZ —8.6 8.6 9.3 this work
BB95/MG3S —-8.2 8.2 9.0 this work
B97—-2/DIDZ -3.0 3.3 3.9 this work
B97—-2/MG3S —-2.8 3.1 3.6 this work
MPW1K/DIDZ —-0.8 1.5 2.0 17 updatéd
MPW1K/MG3S -0.7 1.4 1.8 17 updated
B3LYP/DIDZ —4.6 4.7 5.4 17 updated
B3LYP/MG3S —4.4 4.3 49 17 updated
mPW1PW91/DIDZ —-3.8 3.8 4.0 17 updated
mPW1PW91/MG3S —35 3.6 3.8 17 updated
QCISD/DIDZ 4.1 4.2 4.7 17 updated
QCISD/MG3 2.7 2.8 3.2 17 updated

aGeometies used are QCISD/M@3The results for B3LYP,
MPW1K, mPW1PW91, and QCISD are recalculated from the original
data of ref 17, where they were compared to the Database/3 barrier
heights.

monotonically downhill reaction path for this reaction; thus they
predict that the highest-energy point on the reaction path is at
reactants where the making bond lengthoisTable 2 shows
that BB1K and MPW1K give the lowest mean unsigned error,
mean signed error (MSE), and root-mean-squared error in bond
length and perpendicular looseness for both the DIDZ and
MGS3S basis sets. When comparing BB1K to MPW1K, we see
that MPW1K performs slightly better for bond length calcula-
tions, whereas BB1K is slightly better for the perpendicular
looseness. Table 2 also shows that the B97-2, B1B95, BB95,
B3LYP, and mPW1PW91 methods have high RMS errors, and
they predict looser saddle points in the perpendicular direction;
they tend to overestimate the sum of the bond lengths of the
making bonds and breaking bonds at the saddle point. MP2 tends
to predict tight saddle points, as indicated by the observation
that it gives the most negative MSE for perpendicular looseness.

give good results for both bond energies and barrier heights 1,4 performance of QCISD is slightly worse than BB1K and

with both polarized doublé&-and polarized triple: basis sets.

MPW!1K, although it is the most expensive method in the table.

(The smaller basis sets are important because one of thegpe ) vp does not have a systematic error in perpendicular

attractive features of hybrid DFT is its applicability to large

looseness, but it suffers from a large RMS error in bond length

systems, for which larger basis sets can be cost prohibitive.) ;4 perpendicular looseness

Note that the MUE quantities for the AE6 database in eq 2 are
on a per bond basis.

For the 42 barrier heights in the BH42/03 database, we
compared BB1K and B97-2 results to previously published
results obtained with the MPW1K, B3LYP, mPW1PW91, and
QCISD methods.

For the AE6 and BH6 representative benchmark database
we compared BB1K to our recent test restfltfor B97-2,
MPW1K, B1B95, B98, B97-1, and B3LYP (listed in order of
increasing MMUE). B98 is Schmider and Becke’'s 1998
revisiorf! of the B97 functionaf. B97-1 is Hamprecht, Cohen,
Tozer, and Handy’s modificatidrof the B97 functionaf.

For the equilibrium geometry optimizations, we compared
BB1K to B3LYP, B1B95, MPW1K, and QCISD.

4. Results and Discussion

4.1. Saddle Point GeometriesTable 2 summarizes the error
iN R¥torming bond @Nd R preaking bona @Nd in the perpendicular
looseness for the five reactions (four for B97-2, B1B95, BB95,
B3LYP, and mPW1PW91) in Table 1. The fifth reactiontF
H, — HF + H was left out for B97-2, B1B95, BB95, B3LYP
and mPW1PW91 because these methods predict that there is

4.2. Barrier Heights. All calculated values of the forward
and reverse barrier heights of the reactions in the BH42/03
database are given in the Supporting Information. Table 3
compares the MSE, MUE, and RMSE for the 42 barrier heights
for the set of 21 reactions. Table 3 shows that BB1K gives the
lowest MUE and RMSE for both the DIDZ and MGS3S basis
'sets. The second best method is MPW1K. The performance of
B97-2 and B1B95 is slightly better than mPW1PW91, but they
still systematically underestimate the barrier heights. BB95 (a
pure DFT method) and B3LYP (the most popular hybrid DFT
method) are the least accurate methods (of those tested) for
calculating barrier heights.

4.3. Vibrational Frequencies Scale FactorCalculation of
vibrational frequencies is very important for theoretical kinetics.
It is well-known that the HF method tends to overestimate the
vibrational frequencies, and Table 4 confirms this by showing
that HF vibrational frequencies need to be scaled by about 0.92
to reproduce accurate zero point energies. We incorporated 42%
of HF exchange in our BB1K model, so the vibrational
frequency calculations are deteriorated as compared to B1B95.
We employed the ZPE13/99 datalfdg@of thirteen anharmonic
&ibrational zero point energies to determine the vibrational
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TABLE 4: Root-Mean-Square Error (kcal/mol) and Scale TABLE 6: Mean Errors (kcal/mol for Barriers and kcal/mol
Factor for Calculating Zero Point Energies per Bond for Atomization Energies) for BH6 and AE6
- Benchmarks with Consistently Optimized Geometries
RMS error in ZPE
method unscaled scaled  scale factor ref @ —AEG
BB1K/DIDZ 0.62 0.15 0.9561 this work method X MSE MUE MSE MUE MMUE
BB1K/MG3S 0.59 0.18 0.9590 this work BB1K/DIDZ 042 -1.0 14 -18 1.8 1.4
B1B95/DIDZ 0.37 0.11 0.9735 this work BB1K/MG3S 0.42 -1.0 1.1 —-1.1 1.2
B1B95/MG3S 0.35 0.14 0.9758 this work B1B95/DIDZ 0.28 —-31 31 -0.8 0.9 1.9
BB95/DIDZ 0.21 0.11 1.0139 this work B1B95/MG3S 0.28 —-3.0 30 -0.1 0.6
BB95/MG3S 0.21 0.11 1.0144 this work B97-2/DIDZ 0.21 -—-25 33 -0.8 0.8 2.0
MPW1K/DIDZ 0.70 0.21 0.9515 20 B97—-2/MG3S 0.21 -26 31 -01 0.7
MPW1K/MG3S 0.60 0.18 0.9581 this work MPW1K/DIDZ 0.428 -1.0 14 =31 3.1 2.0
B3LYP/DIDZ 0.23 0.09 0.9843 this work MPW1K/MG3S 0.428 —1.1 1.4 =22 2.2
B3LYP/MG3S 0.23 0.11 0.9851 this work B3LYP/DIDZ 0.20 -—4.6 5.0 —-1.4 15 2.9
HF/DIDZ 1.21 0.25 0.9173 this work B3LYP/MGS3S 0.20 —4.4 44 —0.6 0.6
HF/MG3S 1.16 0.27 0.9210 this work HF/DIDZ 135 135 —-30.9 309 219
HF/MG3S 13.4 134 —299 29.9

TABLE 5: Mean Errors (kcal/mol for Barriers and kcal/mol
per Bond for Atomization Energies) for BH6 and AE6

Benchmarks with QCISD/MG3 Geometries TABLE 7: Mean Errors of Bond Lengths (A) and Bond

Angles (deg) for 23 Molecules

BHG6 AE6 bond length bond angle

method Xa  MSE MUE MSE MUE MMUB |.'efC method X MSE MUE MSE _ MUE
pol bz, 04 1o 14 718 18 L4 swok o TRRIMG3S 042 0013 0014 061 0.72
B1B95/DIDZ 0'28 _3'2 3'2 —0'8 0'9 20 16 B1B95/MG3S 0.28 —0.007 0.008 -—0.22 0.88
B1B95/MG3S 028 —31 31 —-02 06 ' MPWIK/MG3S 0428 -0.013 0014 -061 0.72
B97-2/MG3S 021 -29 32 -01 07 QCISD/MG3 —-0.003 0.005 -0.45 0.65
MPW1K/DIDZ 0.428 —10 14 -31 31 21 16
MPW1K/MG3S 0.428 —1.1 14 -23 23
B98/DIDZ 0.2198-4.1 41 -13 13 25 16
B98/MG3S 0.9198-40 40 —-04 06 If we compare the MSE and MUE of BB1K, B1B95, BB95,
B97-1/DIDZ 021 —42 42 —-12 12 26 16 and B97-2 using the BH6 benchmark in Table 5 to the MSE
B97-1/MG3S 021 —4.1 41 -04 09 and MUE for the entire 42 barrier heights of BH42/03 database
Egtig;ﬁ”@és 062200 :2-8 451'3 :é-g é? 31 16 in Table 3, we see that the errors (especially MUE) for BH6
BBY5/DIDZ 000 -83 83 14 17 51 16 correlate falr!y weI_I with _the errors using th_e much Iarg_er_
BB95/MG3S 0.00 —-80 80 20 24 database. This again confirms the representative characteristics
HF/DIDZ 124 12.4 -30.9 309 214 17 of the BH6 database developed on the basis of 80 electronic

HF/MG3S 123 12.3-30.1 30.1 structure method¥.

aX denotes the fraction of the HF exchange in the DFT methods. ~ We also tested BB1K with consistently optimized geometries
b MMUE is defined in eq 2 and is a measure of quality of a method, (that is, geometries optimized by BB1K itself rather than the
not only for the DIDZ basis¢ This is the_refer_ence for the determining  more expensive QCISD method), and the results are listed with
MMUE; references for methods are given in the text. the results for four other methods in Table 6. If we compare

Table 6 to Table 5, we see that they give almost identical results

frequency scale factor for BB1K/6-31G(d,p) and BB1K/ except some slight improvements for B1B95 and MPW1K. This
MG3S. They are listed with scale factors for MPW1K and some confirms our past experiente’-3543that the QCISD/MG3
other methods in Table 4. The key conclusion to be drawn from geometries are well suited for testing and developing methods.
Table 5 is that the scale factor for the new method is not too  4.5. Molecular Geometries.Table 7 summarizes the mean
far from unity. Furthermore, if we divide the RMS errors by errors in bond lengths and bond angles calculated by BB1K
the average number of bonds (2.00) per molecule in the zeroand four other methods. It is well-known that HF tends to
point energy database, we see that the errors after scaling areinderestimate bond lengths. Because we incorporate 42% HF
only 0.08-0.09 kcal/mol per bond, which is smaller than the exchange in the BB1K model, the bond lengths calculated by

error in the electronic structure part. BB1K are slightly deteriorated as compared to B3LYP and
The scale factors will be useful for applying BB1K methods B1B95; these two HDFT functionals only have 20% and 28%
to chemical reaction kinetics calculations. HF exchange, respectively. This is consistent with the results

4.4, AE6 and BH6 Benchmarks.Table 5 summarizes the inthe previous section, where we showed that the excess amount
mean errors for the benchmark BH6 and AE6 representative of HF exchange in BB1K also deteriorated the atomization
databases for the BB1K method and some other hybrid DFT energies calculation. However, if we consider the performances
methods as well as the BB95 pure DFT method and also thefor calculating the saddle point geometries and for calculating
pure Hartree-Fock method. Note that the MSEs and MUEs equilibrium geometries together (just as we use MMUE criterion
for AE6 are given on a per bond basis as described in our for judging the performance for energetics calculations) we can
previous papéf and in sections 2.2 and 3. If we use the MMUE  draw the same conclusion that the BB1K is the best HDFT
criterion defined in eq 2 to measure the quality of the methods method for thermochemical kinetics.
listed in Table 5, we can see that BB1K outperforms all other  From Tables 2 and 7, we see that QCISD/MG3 method gives
methods. Even though the MUE(AE6) of BB1K is higher than good performance for the calculations of saddle point geometries
B97-2, B1B95, B98, B97-1, and B3LYP, it gives better and equilibrium geometries, and this is why the QCISD/MG3
performance for atomization energy calculations than MPW1K. geometries are well suited for testing and developing methods.
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atomization energy database, against the BH6 representative (25) Claes, L.; Francois, J.-P.; Deleuze, MJSAm. Chem. S02002
barrier height database, against the ZPE13/99 zero point energy > o>

g ase, ag p 9Y  (26) Dibble, T. S.J. Phys. Chem. 2002 106, 6643.
database, and against the G45/04 geometry data set of bond (27) Ren, Y.; Wolk, J. L.; Hoz, Sint. J. Mass Spectron2002, 221,
distances and bond angles. BB1K was also compared to somed9.

standard methods. The assessment and comparison demonstrage(28) Ren. Y.; Wolk, J. L.; Hoz, Sint. J. Mass Spectron2003 225
that BB_lK IS qU|te_ aCCU_rate for calculating saddle point ~(29) cohen, R.; Rybtchinski, B.; Gandelman, M.; Rozenberg, H.; Martin,
geometries and barrier heights. The performance of BB1K for J. M. L.; Milstein, D.J. Am. Chem. So@003 125, 6532.

calculating atomization energies is better than another hybrid _(30) Claes, L.; Francois, J.-P.; Deleuze, MJSAm. Chem. So2003

L2 129.
alli'\l'/vnlw&del that has been found to be very useful for kinetics, (31) Lill, S. 0. N.; Rauhut, G.: Anders, Ehem. Eur. J2003 9, 3143.

(32) Iron, M. A.; Martin, J. M. L.; van der Boom, M. E.. Am. Chem.
The search for accurate and efficient methods for computa- Soc.2003 125 11702.
tional kinetics is an ongoing effort. The present contribution 24(3;36)23?'393 L.; Francois, J.-P.; Deleuze, MJSComput. Chen2003
shows that considerable progress is still possible. The mean™ “(34) zhang, v.; zhang, S.; Li, Q. £hem. Phys2004 296, 79.
mean unsigned error criterion of this paper (column MMUE in (35) Lynch, B. J.; Truhlar, D. GJ. Phys. Chem. 2003 107, 3898.
Table 5) and ref 16 is an attempt to provide a measure of the g% EE'CKr?' '@- JD-*;hysl-( R% /\*N 1928h|38, ?’IOE'S-B S G E- Robb
H H : _ rnscn, M. J.; Trucks, G. W.; Schlegel, A. b.; Scuseria, G. E.; RODD,
_usefulness of _computat|onal meth_ods for thermoche_mmal _klnet M. A.: Cheeseman. J. R.. Montgomery, 3. A., Jr- T. V. Kudin, K. N.:
ics by employing an equal weighting of error in barrier heights gyrant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
and bond energies, and it indicates that the new BB1K method Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,;
i i i i inet- Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
prowdes a}lcoﬂgdﬁr%b.lg ISqu_Foven;]erg fOrr] thermOChe.lmtl)clal klnﬁt Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
ICS over "‘j‘ other hybri methods that are available at the X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
present time. Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R,;
The keywords required to carry out BB1K/DIDZ calcula- Polme"h C.; Ochterski, J. W.; A_yalaly( P. Y-:k_MOFQkuma, 'Kh; Voth, G. IA-:
tions with the Gaussian03 program are bb95/6-G1d,p) and Salvador, P.; Dannenberg, J. J.; Zakrzewski, G.; Dapprich, S.; Daniels, A.

D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
I0Op(3/76= 0580004200). See also http://comp.chem.umn.edu/ k.; Foresman, J. B.: Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;

5. Concluding Remarks

info/bb1k.htm. Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.;
Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J.@aussian 03revision
B.01; Gaussian, Inc.: Pittsburgh, PA, 2003.

(38) Dirac, P. A. M.Proc. Cambridge Philos. Sod93Q 26, 376.

(39) Slater, J. CQuantum Theory of Matte2nd ed.; McGraw-Hill:
New York, 1968.
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