8996 J. Phys. Chem. R003,107,8996-8999

Small Representative Benchmarks for Thermochemical Calculations

Benjamin J. Lynch and Donald G. Truhlar*

Department of Chemistry and Supercomputer Institute p&isity of Minnesota,
Minneapolis, Minnesota 55455-0431

Receied: May 9, 2003; In Final Form: August 11, 2003

We propose a small set of atomization energies and a small set of barrier heights as benchmarks for comparing
and developing theoretical methods. We chose the data sets to be subsets of the Database/3 collection of
atomization energies and barrier heights. We show that these data sets, consisting of six barriers and six
atomization energies, are very representative of all the atomization energies and barrier heights in Database/
3, and we call them the AE6 and BH6 benchmarks, respectively. Benchmark values are tabulated for 80
standard methods, including Hartreleock, Mgller—Plesset perturbation theory, quadratic configuration
interaction, coupled cluster theory, hybrid density functional theory, and multicoefficient correlation methods.

1. Introduction Section 2 describes the methods used. Section 3 gives the

) results, section 4 gives some discussion, and section 5 gives
Broad data sets of experimental data such as Database/3,q,r conclusions.

G2/9727* and G3/99°5 are useful tools for assessing the
performance of new theoretical methods. A hindrance to using 2 Methods
these data sets for such purposes is that comparing to these data
sets requires calculations on hundreds of structures. This can The first step in developing the new test sets was to calculate
be both computationally expensive and technically cumbersome,the atomization energies (AEs) and barrier heights (BHs) in
and as a result few methods have been tested using the fullpatabase/Busing 80 methods (where a method is a combination
data sets. The testing of most methods is done using smallerof theory level and basis set). We then compare the errors
sets of data. Unfortunately, reported mean errors in predicting calculated using small subsets of data to the errors calculated
heats of formation or total atomization energies using different ysing the entire Database/3 for 80 methods. The 80 methods
data sets cannot be directly compared because they are veryonsist of a wide variety of types of methods, in particular pure
dependent on the average size of molecules in the test set usehFT (mPWPW9$), hybrid DFT (B3LYP78 mPW1PW915
as well as the diversity of the bond types represented. MPW1K ? PBE1PBE®1Y), Hartree-Fock (HF), Mgller-Plesset
A smaller set of data might prove useful as a standard second-, third-, and fourth-order perturbation theory (MP2,
benchmark if it is computationally inexpensive and yet repre- MP313 MP413), Mgller—Plesset fourth-order perturbation theory
sentative of larger data sets. A small data set would be very without triples contribution'S (MP4SDQ), coupled cluster
useful not only fortestingbut also to help irdeveloping new theory (CCDB* and CCSD(T¥), and quadratic configuration
theoretical methods. Using a small, yet diverse test set couldinteraction (QCISEP and QCISD(T¥9), using one or more of
allow one to gain a basic understanding of a method’s strengths12 basis sets: 6-31&,6-31G(d)* 6-31G,Y7 6-31G(d,p)‘®
and weaknesses without the time and expense of performing6-31+G(d)*® 6-31+G"'7 6-31+G(d,p)® 6-31G(2df,p)3
more thorough tests. 6-314+-G(2df,p) 12 6-311H-G(3df,2p) ! cc-pVDZ 18 cc-pVTZ 10
Database/3 contains 109 atomization energies and 44 barrie/G3Large:? MG32122MG3S?* and MG3T2* The methods also
heights! as well as 13 ionization potentials and 13 electron include four multicoefficient correlation metho@is*2° in
affinities. Although it provides good diversity without being as  Particular MC-QCISD/3, MCG3/3! G3S?"*%%and G3S/3,
large as G2/97 or G3/99, it can still be prohibitively expensive and the multilevel method CBS-®.We note that PBE1PBE
for some methods. An interesting question is whether repre-iS_also known as PBEY, and MG3 is also known as

sentative subsets of the atomization energies and barrier height§:"’|-arge'\/|Pzﬁv2 furthermore, for H through Si, MG3, MG3S,
could be chosen to closely reproduce the same errors asdnd MG3T are the same as 6-31-+G(3d2f,2df,2p), 6-31+G-

exhibited by the entire set. We can compare the mean signed(3d2f,2df,2p), and 6-311G(3d2f,2df,2p), respectively. The com-
error (MSE), mean unsigned error (MUE), and root-mean-square Plete list of 80 methods is provided later in the article.

errors (RMSE) of different subsets of data to the same errors  All electronic structure calculations in the present work were
using a full set. The most representative subset for a fixed costperformed using th&aussian 9% software package, except

is the subset whose MSEs, MUEs, and RMSEs for a large that the error in the mPW functional was correctéd.

number of methods show the smallest deviation from the same All calculations in the present work use QCISD/MG3
error measures calculated using the entire Database/3. Theoptimized structures. All calculations used the spin-restricted
present paper will answer the following questions: How rapidly formalism for closed shells and the spin-unrestricted formalism
do these deviations decrease with the size of the data set? Ddor open-shell systems. The atomization energies and barrier
economical but representative data sets exist? Can we recomheights in Database/3 are all zero-point-exclusive and can
mend a standard small but representative data set? therefore be directly compared to the differences in electronic
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energies. The effect of spirorbit coupling is added to open- 25 —
shell systems from a compendium given elsewiiére.

To determine the most representative set of data, we find a - ]
subset that minimizes the root-mean-square deviation (RMSD) 20 - ]
between the three standard error measures (MSE, MUE, and
RMSE) calculated using Database/3 and the same error measures I
calculated using the subset, e.g., the deviation between the MSE e’r T
using Database/3V[SEDB3)) and the MSE using the small E:’
subset MSESS). The RMSD is calculated using eq 1, where w
the deviations are summed over all 80 methods considered. Q10 ]

80 [ ]
RMSD = ZQZ[(MSE'(DEB) — MSE(SS)2 + 5r 1
£ - ]
. ]
(MUE,(DB3) — MUE;(S3)? + (RMSE(DB3) — b ' -
172 0 1 2 3 4 5 6 7 8
RMSE(SS)Z] (1) Number of atomization energies
Figure 1. Percentage error in representation vs size of atomization
The mean error (ME) is calculated using eq 2. energy subset for a 5% cost limitation.
1 80 25 T T T T
ME = qu(|MSE(DBS)| + MUE;(DB3) + RMSE(DB3)) I ]
= I - ]
2 2ok ]
Finally, we calculate the percent error in representation (PEIR)
using eq 3. - :
R °r ]
PEIR= 100%x ~MSD 3) x
ME o I . ]
o 10 - .
The values of RMSD, ME, and PEIR are calculated separately I ]
for atomization energies and for barrier heights. The value of [ u ]
ME is 44.5 kcal/mol for atomization energies and 5.98 kcal/ 51 =
mol for barrier heights. I ]

One of the primary motivations for developing representative [
subsets is cost. The cost indicator we use is based on the 0 . . . ,

: . . 0 1 2 3 4 5
computer time to calculate the single-point energy of a molecule )
or single-point energy of a transition state using the mPW1PW91/ Number of reactions

MG3 method on a 500 MHz R14000 processor on an Origin _Figurehz. P(_arcentage error in represer_lta_tion vs number of reactions
3800 computer. In particular, the cost for a given subset of AEs in barrier height subset for a 5% cost limitation.

is th_e sum of the costs for all the molecules in the subset. FOr tag| £ 1: Accurate Values (kcal/mol) for Atomization

barrier heights one must calculate the energies of the reagentgnergies

as well as the transition states, but for bimolecular reactions

the cost is usually dominated by the transition state. Therefore, molecule D.
for barrier heights the cost indicator is taken as the sum of the SiH, 322.40
costs to calculate the transition state energies for all reactions gz'o 11812@?
in the subset. Costs are quoted as unitless values by dividing propyne (GHa) 704.79
all costs by 4.0 s. glyoxal (GH,0z) 633.35

cyclobutane (GHs) 1149.01
3. Results

) o ~ TABLE 2: Accurate Values (kcal/mol) for Forward (f) and
The cost of calculating all 109 atomization energies in Reverse (r) Barrier Heights

Database/3 is 6000. We initially chose to look for the most reaction Vi Vi

representative subset of atomization energies that has a cost less R CH—Ch T ho ~ 02
0 g _ 4 — 3 2 . .

than 300 (5% of 6000), where the criterion for most representa H+ OH— O+ H» 101 131

tive is smallest PEIR. The PEIRs for the best AE subsets H + H,S— H, + HS 36 17.4
meeting the cost cap are plotted in Figure 1 as a function of

subset size. The figure shows the PEIR is already under 4%select smaller molecules that are less representative. We also
with the three most representative atomization energies, and ittried adjusting the cost cap to other values; however we found
is under 3% with the four most representative. However, to that, compared to the increase in cost, there was not a
increase diversity, we elected to include six atomization energies,worthwhile reduction in the error when using larger, more
which yields a PEIR of 1.9%. This set of six atomization expensive subsets.

energies is the best subset with cost under 300 and is listed in  The cost to calculate all 44 barrier heights in Database/3 is
Table 1. Note that because of our 5% cost criterion, the curve 3000. Again we looked for the best subset (smallest RMSD)
in Figure 1 does not decrease to zero as more data are addedwith a cost less than 5% of the entire set (150). The PEIRs for
Instead, using more data with a given cost cap forces one tothe best BH subsets are plotted in Figure 2. The PEIR for a set
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TABLE 3: Deviation, Percentage Error in Representation,

subset with the lowest RMSD is listed in Table 2. The lowest
and Cost of the Representative Sets from Database/3

PEIR for a subset that meets this cap is 7.05%; it is interesting

RMSD PEIR to mention that the best set of three reactions without any cost

data set (kcal/mol) (%) cost restriction has a PEIR of 6.95% and a cost of 438 (a 334%

AE6 0.88 1.9 201 increase in cost and a 1% decrease in RMSD). Again the
BH6 0.42 7.0 131

improvement obtained by increasing the cost cap does not seem
to be worthwhile.

The two new data sets will be called AE6 and BH6. The
of four reactions is higher than for three reactions, due to the RMSD, PEIR, and cost for each of the final small test sets that
decrease in possible subsets that meet the 5% cost cap. Theve selected by the above criteria are shown in Table 3.

aUnits o 4 s onR14000 processor as explained in section 2.

TABLE 4: Example of Errors Calculated Using AEs and BHs from Database/3 and the AE6 and BH6 Benchmark Data Sets

HF/6-31G(d) MP2/MG3S QCISD/6-31G(d) PBE1PBE/6+33(d,p) MCG3/3
Atomization Energies
Database/3 (109) MSE —150.6 -5.2 —-51.7 -3.1 -0.1
MUE 150.6 9.7 51.7 6.3 1.0
RMSE 171.8 11.9 58.9 9.6 1.4
AES6 (6) MSE —151.0 —-54 —52.3 -39 0.0
MUE 151.0 9.2 52.3 7.1 0.8
RMSE 1715 11.1 58.5 8.8 1.1
Barrier Heights
Database/3 (44) MSE 12.8 4.0 5.6 —4.7 0.7
MUE 13.4 4.4 5.9 4.7 1.0
RMSE 14.9 51 6.6 51 1.3
BH6 (6) MSE 12.2 3.9 5.4 —4.6 0.6
MUE 12.2 3.9 5.8 4.6 0.8
RMSE 14.2 4.5 6.4 4.8 0.9
aNumber of data in parentheses.
TABLE 5: AE6 and BH6 Benchmark Values (MUE in units of kcal/mol) Using QCISD/MG3 Optimized Geometries
method AEG BH6 method AE6 BH6
HF/6-31G 190.2 11.7 CCSD(T)/cc-pVTZ 15.3 1.3
HF/6-31G 152.2 12.1 QCISD/6-31G(d) 52.3 5.8
HF/6-31G(d) 151.0 12.2 QCISD/6-315(d) 53.7 4.8
HF/6-31+G' 153.4 12.3 QCISD/6-3:G(d,p) 38.6 3.9
HF/6-31G(d,p) 148.0 12.2 QCISD/MG3 23.3 2.3
HF/6-31Gt+(d,p) 149.5 12.4 QCISD(T)/6-31G(d) 46.5 5.5
HF/6-31G(2df,p) 143.7 12.3 QCISD(T)/6-3GT 50.0 5.0
HF/6-31+G(2df p) 144.9 12.6 QCISD(T)/6-31G(d,p) 30.7 4.2
HF/cc-pVDZ 157.1 11.2 QCISD(T)/6-31G(d,p) 32.3 3.1
HF/cc-pVTZ 147.2 12.2 QCISD(T)/6-31G(2df,p) 18.5 2.3
HF/MG3 145.3 12.3 B3LYP/6-3tG(d,p) 7.3 5.0
HF/MG3S 145.3 12.3 B3LYP/6-31G(3df,2p) 2.9 4.8
HF/G3Large 145.0 12.3 B3LYP/MG3S 3.2 4.7
MP2/6-31G 39.8 7.1 MPW1K/6-31G(d) 15.0 2.7
MP2/6-31G(d) 38.4 6.8 MPW1K/6-31G(d) 17.3 2.0
MP2/6-3H-G' 40.5 7.0 MPW1K/6-31G(d,p) 13.5 2.0
MP2/6-31G(d,p) 23.4 5.7 MPW1K/6-31G(d,p) 14.9 1.4
MP2/6-31G(d,p) 24.4 55 MPW1K/MG3T 10.3 1.7
MP2/6-31G(2df,p) 9.1 5.0 MPW1K/MG3S 10.9 1.4
MP2/6-3G(2df,p) 10.8 4.8 MPW1K/MG3 11.0 1.4
MP2/6-3H-G(2df,2p) 9.2 4.0 mPW1PW91/6-31G(d) 8.0 35
MP2/cc-pvVDZ 33.9 3.7 mPW1PW91/6-35(d) 10.0 3.4
MP2/MG3 9.2 3.9 mPW1PW91/6-31G(d,p) 7.8 4.1
MP2/MG3S 9.2 3.9 mPW1PW91/6-315(d,p) 8.0 3.9
MP2(full)/G3Large 8.4 3.8 mPW1PW91/MG3T 3.9 4.2
MP3/6-31G(d) 51.1 7.3 mPW1PW91/MG3S 4.6 3.9
MP3/6-31G(d) 525 7.0 mPW1PW91/MG3 4.8 4.0
MP3/6-3H-G(d,p) 36.7 5.9 mPWPW91/6-315(d,p) 7.4 8.6
MP3/6-31G(2df,p) 21.0 55 mPWPW91/MG3S 9.8 8.5
MP4SDQ/6-31G(d) 50.7 6.6 mPWPW91/MG3 9.6 8.5
MP4SDQ/6-3%#G(d) 51.9 6.2 PBE1PBE/6-31G(d) 7.2 4.2
MP4SDQ/6-31G(d,p) 35.1 5.5 PBE1PBE/6-3%(d) 7.3 41
MP4SDQ/6-3%G(d,p) 36.6 5.1 PBE1PBE/6-315(d,p) 7.1 4.6
MP4SDQ/6-31G(2df,p) 225 4.9 PBE1PBE/MG3S 53 4.6
MP4SDQ/6-31%G(2df,p) 24.0 4.6 PBE1PBE/MG3 5.3 4.6
MP4/6-31G(d) 43.2 6.4 CBS-Q 1.3 0.8
MP4/6-3HG(d) 44.3 5.6 MC-QCISD/3 1.1 0.9
MP4/6-31G(2df,p) 12.7 4.2 MCG3/3 0.8 0.8
CCD/6-31G(d) 54.8 7.3 G3S 1.2 0.6
CCD/6-3H-G(d) 56.2 7.1 G3S/3 0.8 0.5
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4. Discussion Supporting Information Available: The MSEs, MUEs, and
The AE6 set of atomization energies consists of SiG, RMSEs for all 80 methods for the Database/3, AE6, and BH6

SiO, GiHa (propyne), GH,05 (glyoxal), and GHs (cyclobutane). test suites. This material is available free of charge via the
This set of atomization energies is very diverse considering its INtérnet at http:/pubs.acs.org.
fsize. It hasdof a tottal of 1;3_ hydro?ens, 12 first-ro(\j/v atlt(:ms_, arlldt References and Notes
our second-row atoms. Five systems are ground-state singlets
- - - 1) Lynch, B. J.; Truhlar, D. GJ. Phys. Chem. 2003 107, 3898.
(no unpaired electrons), and one is a ground-state triplet (two EZg Ci'missy L. A.; Raghavachari, K_;yTruckS’ G. W.: Pople, JJA.
unpaired electrons). The set contains single bonds to first-row Chem. Phys1991, 94, 7221. _
atoms, double bonds to first-row atoms (glyoxal), triple bonds (3) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, J. A.

ot ; _ Assessment of Gaussian-2 and density functional theories for the computa-
to first-row atoms (propyne), single bonds to second-row atoms tion of enthalpies of formation. Chem. Phys1997, 106, 1063.

(SiHg), double bonds to second-row atoms)(Sand a triple (4) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.; Pople, J. A.
bond to a second-row atom (SiO). Also, it contains a compound Assessment of Gaussian-2 and density functional theories for the computa-
with a strained ring (cyclobutane). The errors calculated using tion of ionization potentials and electron affinitiek. Chem. Phys1998
thi_s subset have or}Iy a 1.9% deviaﬁon from the same errors ’(5) Curtiss, L. A.: Raghavachari, K.; Redfern, P. C.; Pople, JJA.
using the 109 atomization energies in Database/3. Chem. Phys200Q 112, 7374.

The average number of bonds in the 109 molecules in  (6) Adamo, C.; Barone, VJ. Chem. Phys1998 108 664.

Database/3 atomization energy test set is 4.71, and the average, . gi)sfﬁef/lh_eﬁb% %ﬁg?/“snéfégjé; é;gvféé_c' S.; Bak, K. L; Taylor, P.

number of bonds in AE6 is 4.83. Thus the RMSD of 0.88 kcal/ (8) Stephens, P. J. Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J.
mol corresponds to only 0.18 kcal/mol per bond, whereas the Phys. Chem1994 98, 11623.

average bond energy in AE6 is 112.3 kcal/mol. Note that in Az(gg)q %T%?-l‘]'? Fast, P. L.; Harris, M. Truhlar, D. G.Phys. Chem.
these comparisons we count all bonds (bond order 1, 2, or 3) (10) Ern‘zerhofy M.; Scuseria, G. B. Chem. Phys1999 110, 5029.

as one bond. (11) Adamo, C.; Cossi, M.; Barone, \Theochen1999 493 145.

The BH6 data set of barrier heights consists of the forward gg Mgr']'reg V%?Jp]elqsgsgnﬁ"-l_?g%’i-le@gr 133\‘} ?26’- I%%)%Ie Anitio
and reverse barrier heights for three reactions: -©H; — Molecular Orbital Theory Wiley: New York, 1986. -

CHs + H20, OH+ H — O(P) + Hz, and H+ H,S — HS + (14) Pople, J. A.; Krishnan, R.; Schlegel, H. B.; Binkley, J.Iig. J.
H,. Two of these reaction systems are doublets, and one is aQuantum Cheml97§ 14, 545.

; ; ; et (15) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.
triplet. Two of the reactions involve only first-row atoms, and Chem. Phys. Let1989 157, 479,

one involves a second-row atom. The errors calculated using = (16) Pople, J. A.; Head-Gordon, M.: RaghavachariJKChem. Phys.

this subset have a 7.0% deviation from the errors calculated 1987 87, 5968.
using all 44 barrier heights. (17) Petersson, G. A,; Tensfeldt, T. G.; Montgomery, J. A.J.JEhem.

Overall, the subsets of atomization energies and barrier Ph{fé%g\?vj(‘)gﬁ’ g(.)?;lli Dunning, T. H., Jd. Chem. Phys1993 98, 1358.

heights yield errors that are very representative of their  (19) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.1J.Chem. Phys.

respective errors using Database/3. Table 4 gives five examplesl992 96, 6796. _ o _ _

of the errors calculated using the subset of six atomization , (20) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.;
. ) . " Pople, J. AJ. Chem. Phys1998 109, 7764.

energies and the entire set of 109 and the subset of six barrier (21) Fast, P. L.; Sanchez, M. L.; Truhlar, D. Ghem. Phys. Letl.999

heights and the entire set of 44. Table 5 lists the MUE of 80 306, 407.
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performance of a theoretical method. The AE6 and BH6 Chg;)_ nggapilc;é %ggfado' J. € Sanchez, M. L; Truhlar, D.@hys.

benchmarks are not necessarily predictive of other properties  (25) Fast, P. L.; Sanchez, M. L.; Corchado, J. C.; Truhlar, Dl. Ghem.

such as electron affinity, ionization potential, or energy of Phys.1999 110 11679.

reaction. For example, it can be seen in Table 5 that mPW1PW91, (26) Tratz, C. M. Fast, P. L. Truhlar, D. ®hysChemComi999 2,

using the 6-31G(d,p) and 6-315(d,p) basis sets has AE6 and  ~ (27) curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, JJA.

BH6 benchmarks that differ by only-35%; however, a previous  Chem. Phys200Q 112, 1125.

study showe#f that mMPW1PW91/6-31G(d,p) gives a MUE 5.2 (28) Fast, P. L; Truhlar, D. GI. Phys. Chem. 200Q 104 6111.

. - (29) Curtiss, L. A.; Redfern, P. C.; Rassolov, V.; Kedziora, G.; Pople,
times larger than mPW1PW91/6-8%G(d,p) for electron affini- J. A J. Chem. Phys2001 114 9287.

ties and 1.3 times larger for calculating energies of reaction (for ~ (30) Quantum-Mechanical Prediction of Thermochemical Dalimslows-
328 isogyric reactions). Adding diffuse functions to the basis ki, J., Ed.; Understanding Chemical Reactivity Series Vol. 22; Kluwer:

: ; Dordrecht, 2001.
set also was showfto greatly improve the accuracy of relative (31) Ochterski, J. W.: Petersson, G. A.: Montgomery, J. AJ.JEhem.

conformational energies. Phys.1996 104, 2598.
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We were able to determine a small test set of six atomization N.: Strain. M. C.: Farkas, O.: Tomasi. J.- Barone, V. Cossi. M.. Cammi,
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Database/3 within 1.9% and a small set of six barrier heights Petersson, G. A; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
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