J. Phys. Chem. R004,108, 7621-7636 7621

Performance of Density Functionals for Calculating Barrier Heights of Chemical Reactions
Relevant to Astrophysics

Stefan Andersson*"* and Myrta Gru'ning®

Leiden Obseratory, P.O. Box 9513, 2300 RA Leiden, The Netherlands, Theoretical Chemistry,
Leiden Institute of Chemistry, Leiden Warsity, P.O. Box 9502, 2300 RA Leiden, The Netherlands, and
Section Theoretical Chemistry, Vrije Umirsiteit, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands

Receied: June 24, 2004

The performance of 39 different LDA, GGA, meta-GGA, and hybrid density functionals has been evaluated,
for calculating forward and reverse barrier heights of 10 gas-phase reactions involving hydrogen. The reactions
are all relevant to astrochemistry. Special focus is put on the applicability of DFT for calculating the rates of
corresponding surface hydrogenation reactions that are relevant to the chemistry of ice-coated interstellar
grains. General trends in the performance of the density functionals for reactions involving H atoarsg H

OH are discussed. The HCO reaction is shown to be a very problematic case for DFT. The best overall
performance is found for the hybrid density functionals, such as MPW1K, B97-1, B97-2, and B1B95. For
several reactions, the HCTH GGA functionals and the VS98 and OLAP3 meta-GGA functionals also give
results that are almost as good as those of the hybrid functionals.

1. Introduction demonstrated experimentally by exposing a mixe®©HCO

Hydrogen is the most common element in the Universe, with ice to a beam of H atoms at surface temperatures 6f150

5,6 i imi i
an abundance that is at least a factor of 1000 higher than thatK' For pure CO ices, similar e"p‘i';me”ts produced only small
) 8 . amounts of HCHO and no G®H.”8 Experiments have also
of any carbon-, nitrogen-, or oxygen-bearing species. Thus

reactions with hydrogen, whether in atomic or molecular form ' been performed for £1; and GHaices, and in both these cases
. - ydrogen, whe . N . ’ high yields of GHg were found’. During UV irradiation of water
will dominate the chemistry in astrophysical situations if they

can proceed rapidly. Many reactions of neutral molecules with ice, HO molecules might be photodissociated and form
P pidly. y . . energetic H and OH fragments. The reaction of an energetic
hydrogen have small energy barriers, however, which cannot

be overcome at the low temperatur@s< 100 K) prevalent in OH radical with CO is a likely source of carbon dioxide. The
the interstellar gas. Only in high-temperatui ¢ 2000 K) interaction of H and OH with other species present in the ice is

- . also a major concern for understanding the generation of many
shocked gas or on the surfaces of grains can these reactions

occur within the lifetime of molecular clouds, of order 10 million fore complex organic species by this type of che_ml_stry.
years (for a general review see ref 1). To understand the processes that occur on and in interstellar

ice surfaces, computational studies will be essential, since the

genated molecules have been widely detected in interstellar.cOnditions in space are difficult or even impossible to mimic
space, either as gas or as ice. Interstellar ices are observed if! the laboratory, especially the long time scales and low fluxes
dense molecular clouds where the gas-phase species collide witlp! atoms, molecules, and/or radlat|on._To calculate _the rates O.f
the cold [ ~ 10K) silicate or carbonaceous grains and condense &Y of these processes, accurate estimates of thglr barriers in
out to form icy mantles (see refs 2 and 3 for more extensive IN€ Presence of a surface are needed. Thus, an ice cluster or
reviews). Hydrogen atoms or molecules are among the very few periodic slab of water molecules must be included in the model
species that are mobile at these low temperatures, and they car}0 fu_IIy gescgbeb t_h?_ react;]ond. Althohugh hlglh I;avel wave
diffuse over the surface and eventually react with an atom or runction-based ab initio methods, such as multireference con-

molecule in the ice. Ci NHs, and HO have also been detected ~ flguration interaction (MRCI), can give reliable barriers and
and are believed to be formed through the successive additionE€"9etics for pure gas-phase reactions of astrophysical interest,

of hydrogen to C, N, and O atoms at grain surfaces. Similarly, '.[hey become computationally too demanding if a water cluster

HCHO and CHOH, two important organic molecules, are IS .aqded' Density Functiona}l Theory (DFT) may be a time
thought to result from the successive hydrogenation of CO. Since €fficient alternative for studying these surface reactions.
the addition of H atoms to closed-shell species such as CO In the Kohn-Shanf (KS) formulation of DFT, a reference
involve overcoming potential barrief$, tunneling must be ~ System of noninteracting electrons moving in an effective
involved to drive the reactions at thermal energiksT(~ 1 potential is introduced. The central object in KS theory is the
meV at 10 K). The formation of HCHO and GBH has been exchange-correlation energ¥.., which is a functional of
electron density. This should contain all contributions to the
* To whom correspondence should be addressed. E-mail: s.andersson@@nergy that are not included in the simple Hartree approximation,
ch$m.lgidenuniv.nl. i.e., it should cover the exchange energy, the correlation energy
¢tg:g:2 %ts)zfur;/eataof%hemistry and a correction to the kinetic energy, to account for the
§ Vrije Universiteit, Amsterdam. Present address: Donostia International difference in kinetic energy between the noninteracting and fully
Physics Center, E-20018 San SebastBasque Country, Spain. interacting systems. The exact KS theory yields the exact

Despite the barriers to hydrogenation, several fully hydro-
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ground-state energy and density for N electrons subject to anheights, intermolecular interactions, and surface adsorption

external potential. In practice, the schemes for calculdfing
are laid down in approximate density functionals, which often
are formulated as separate contributions Bp (exchange
functionals) andE; (correlation functionals). A host of ap-

energies. Careful testing of the performance of density func-
tionals is thus needed for a number of model systems, to
ascertain the applicability of a certain functional to specific

problems, such as reactions involving hydrogen.

proximate density functionals have been proposed (for example There have been a number of publications reporting the
see refs 10 and 11). performance of density functionals in predicting barrier heights
The simplest density functional is the local (spin) density of gas-phase chemical reactidfis® Early on, it was recognized
approximation (LDA, LSD or LSDA) wherd,. depends on  that the LDA was totally unreliab&;4* underestimating barrier
local electron density only. It is usually constructed from the heights by 0.51.0 eV for reactions involving the transfer of
Slater-Dirac exchang€'3and VWN“ correlation functionals.  hydrogen atoms. In the same studies, it was also shown that
The next level of approximation is reached by introducing a using gradient-corrected density functionals, such as BP86,
gradient correction to the LDA, i.eEy also depends on the  BLYP, and PW91, in many cases gave a clear improvement in
gradient of the electron density. These functionals are referredparrier heights, leading to results that were at least qualitatively
to as generalized gradient approximation (GGA) functionals or correct and of comparable accuracy to post-Hartfemck
GGAs. Popular GGAs include Becke’s 1988 exchange func- methods, such as MP2. With the standard GGAs, there still is
tional® (B or B88x), which is often used together with Perdew's 3 systematic underestimate of barrier heights in contrast to ab

1986 (P86) correlation functiorfdland the LYP correlation
functionall” Together with the PW91819PBE 2 revPBEZ! and
RPBEfunctionals they will be referred to as ‘standard’ GGAs.
Further improvement can be reached if the density functional
includes the (noninteracting) kinetic energy density and/or

Laplacian of the electron density as parameters. These func-

tionals are often referred to as meta-GGAs. Early examples
include Becke’s 1988 correlation functio®a(B88c) and the
Becke-Roussel 1989 exchange functiéh@@R89x). By mixing

in a portion of exact (HartreeFock type) exchange in the
functional, one arrives at the hybrid functional scheme intro-
duced by Becké>26The most popular hybrid functional to date
is B3LYP 2627

A major incentive for using DFT is its low computational
cost, which is especially important for large systems. The
computing time of HartreeFock (HF) calculations formally
scale asN*, whereN is a measure of the size of the system
(e.g. the number of electrons or basis functions). Post-Hartree
Fock methods including electron correlation have a more
unfavorable scaling. MgllerPlesset second-order perturbation
theory (MP2) scales as® and the highly accurate CCSD(T)
(coupled-cluster (CC) with single and double excitations and a
perturbative treatment of triple excitations) methodNasHybrid
density functionals basically have the same scaling as Hartree
Fock, while the nonhybrid functionals all have a more favorable
scaling (aboulN®) with system size. It should be noted that there
are algorithms available that give much more favorable scaling

initio methods, which tend to overestimate barriers.

With the advent of hybrid functionals it was found that
reaction barriers could be even better described than with the
GGAs#2751 Hybrid functionals with a large amount of exact
exchange (4660%), such as BHandHL Y45 MPW1K 52-54
and KMLYPJS” have been reported to give good values for
barrier heights in a variety of hydrogen abstraction and hydrogen
addition reactions. Some hybrid functionals with a modest
amount of exact exchange (280%) have also shown good
performance for reactions involving hydrogen atoms or proton
transfer. These include B972%59B97-25960and B1B95%1-63
Recently, GGA (HCTH/9%) and meta-GGA (FT98 VS98
(VSXC) 5162 BLAP3,%2 and Bnr18%) density functionals have
been devised that give barrier heights that are almost as good
as those calculated with the best hybrid functionals.

The tendency of many density functionals to underestimate
potential barriers can be attributed to the problemseff-
interaction®i.e., an unphysical interaction of an electron with
its own charge distribution. There have been a few studies that
have applied theself-interaction correction(SIC) scheme
proposed by Perdew and Zungédohnson and co-workefs6
studied the H-H, reaction and found that the use of self-
interaction corrected functionals led to a dramatic increase in
barrier heights. These barrier were both qualitatively and
quantitatively better than for (uncorrected) LDA, GGA, and
hybrid functionals. In a more recent stdgther reactions were

for large systems. For extended molecules and clusters, everstudied, e.g., hydrogen abstraction an@ $eactions, showing

linear scaling (proportional tdl) has been achieved for DFT,
HF, MP2, and CC methods (see refs—2®8 and references

that applying SIC led to a considerable increase in barrier heights
compared to LDA and revPBE results. However, bond lengths

therein). There is of course much to be gained in using methodsare rather severely underestiméteasing SIC and there is no

that are as computationally cheap as, or cheaper than, Hartree
Fock, but that have a much higher accuracy.

In contrast to ab initio theory, where it is very well-known
how to improve results (going toward the full correlation (full
configuration interaction) and complete basis set limits) and the
only major issue is the computational effort, in DFT the
development of approximate exchange-correlation functionals

clear improvement in reaction energfé$’ Moreover, SIC
calculations involve a higher computational effort, and as
explained later in section 3A, applying SIC seems in many cases
redundant for practical applications, as it corrects for wanted
and unwanted features alike and even more so because of the
high computational effort involved (see also refs-&88).

The work that we present in this paper serves two main goals.

is a matter of ongoing research. A relatively large number of First, we wish to study the performance of density functionals
approximate functionals have been developed in the last two for predicting barrier heights of gas-phase reactions involving
decades, both in a ‘semiempirical’ fashion, fitting some hydrogen. Second, as the correspondingfacereactions are
parameters of the functional to a set of reference data, and alsamportant for understanding the chemistry of interstellar ices,
in a more systematic way, trying to satisfy exact constr&iés. these calculations serve as a first step in assessing density
Thus, the use of approximate density functionals requires greatfunctionals for use in simulations of such surface processes.
care, and there is not, to the best of our knowledge, a functional For the surface reactions, there are very few high-level ab initio
that gives a universally accurate description of molecales calculations to compare with (an exception being ref 4). Clearly,
surfaces, including equilibrium geometries, reaction barrier the next step will necessarily be to assess the performance of
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TABLE 1: Classical Barrier Heights and Reaction Energies of the Reference Energetics (in eV)

forward reverse reaction

reaction barrier barrier energy geometry optimization energetics
H+CO— HCO 0.132 0.977 -0.845 MRCHQ/cc-pVQZ (ref 94) FCC/CBS
H+HCHO— CH;O 0.168 1.276 —1.108 RCCSD(T)/TZ2P(f,d) (ref 95) FCC/CBS
H+CH, — CoHs 0.203 1.933 —1.730 POL-Cl/modified DunningHuzinaga DZ (ref 96) FCC/CBS
H+-CH,; — CoHs 0.096 1.846 —1.750 QCISD/6-311G(d,p) (ref 97) CCSD(T)/aug-cc-pVTZ
CEPHH,—CH+H 1.280  0.119 1.160 MRGtQ/cc-pVTZ (ref 98) MRCHQ/cc-pVTZ
N(*SHH, —~NH+H  1.243 0.094 1.149 NH and saddle point: QCISD/cc-pVDZ (ref 99) FCC/CBS

H,: CCSD(T)/aug-cc-pVQZ (This work)

SEPHH, — SH+-H 1.024 0.067 0.956 MRGHQ/cc-pVTZ (ref 100) FCC/CBS

H,: CCSD(T)/aug-cc-pVQZ (This work)
CHz+H;— CHs+H 0.346 0.675 —0.330 saddle point: CISD/modified Dunnirg¢iuzinaga DZ (ref 103) FCC/CBS
stable species: CCSD(T)/aug-cc-pVQZ (This work)
OH+0 — H+CO;, 0.112 1.096 —1.024 CCSD(T)/cc-pVTZ (ref 104) FCC/CBS
H+H,0 — H3;0 0.885 0.099 0.786 CCSD(T)/aug-cc-pV5Z (ref 105) FCC/EBS

a Extrapolated from CCSD(T)/aug-cc-pVTZ and aug-cc-pVOExtrapolated from CCSD(T)/cc-pVTZ and cc-pVQZOH+CO forward and
reverse barriers do not correspond to the same stationary point (see the text for details).

density functionals for intermolecular interactions, before mak-  The remainder of this paper is organized as follows. In section
ing the full surface calculations. 2 the density functionals and basis sets that have been used are
We have performed DFT calculations on classical barrier discussed. Section 3 begins with a discussion of the problems
heights (excluding zero-point energies) and reaction energiesand possible improvements of approximate density functionals
(endo- or exoergicities excluding zero-point energies) for 10 for ‘difficult’ molecular systems. Then the results are discussed,

systems. Of these, four are of the type starting with the overall performance for all the reactions, further
considering specific classes of reactions and ending with
H+ X =HX (X =CO, HCHO, CH,, C,H,) accounts of how sensitive the results are to geometry optimiza-

tion and the choice of basis sets. In section 4 some conclusions
where the forward reaction is an exotherrialrogen addition are presented, with particular reference to the applicability of
reaction and the reverse reaction can be classifiednaso- the density functionals used in this work to the types of systems
lecular dissociationAs discussed above, the hydrogen addition studied.
reactions, when occurring on a surface, could be a major source
of hydrogenated organic molecules. JUi%f€ has previously 2. Computational Details

studied the HC;Hs and H+-CO reactions using DFT. Ad- As was discussed in the Introduction, we have studied 20
ditionally, four systems are of the form barriers (forward and reverse) and 10 reaction energies. DFT
calculations were performed using ab initio geometries taken

X+H,=XH+H(X=C,N,S,CH) from the references indicated in Table 1, with the exception of

the CH+H> reaction where the geometries of the stable species
where both the forward and reverse reactions fayérogen  ere reoptimized as described below. The atomization energies
abstraction reactionsThese systems will be referred to as the presented in section 3E were calculated using MP2 geometries_
XH: systems. The forward reactions, which all involve sub- Here the reference energies (excluding zero-point energies) were
stantial barriers, can be a source of hydrogenated molecules intaken from ref 106. We also made additional geometry
shocked interstellar gas. The reverse-XH reactions are not optimiza[ions for the HCO rea(';]:ic)r‘]l which are discussed
only possible sources of ‘dehydrogenation’ in the same environ- separately in section 3H. Our results have been validated against
ments, but can also be competing with (barrierless) hydrogena-the set of reference energetics (in eV) summarized in Table 1
tion reactions on surfaces. The two final systems are (reference energies in kcal mdlcan be found in the Supporting
Information). When calculating the errors in the reaction
OH+ CO=H+CQ, energies, all reference energies have been taken to be positive
(i.e. endoergic). The reference energies have been calculated
and following a scheme proposed by Yu et&.They combined
an extrapolation scheme to achieve the complete basis set (CBS)
H+ H,0=H;0 limit for the electron correlation energy, devised by Halkier et
al. 17 with a correction for the incomplete account of electron
The former, most often referred to as th®OCO system  correlation in CCSD(T) calculations. The following expression
involves the formation of a complex, which makes it quite has been used in this work for the full coupled cluster/complete
distinct from the other systems where reaction passes throughpasis set (FCC/CBS) energy:
a single barrier, i.e., a direct process. The forward reaction may
be one source of CQwhich has been observed in interstellar Ercc/cps=
ices, with OH possibly coming from a photodissociatesDH 27 1t
molecule (see for instance ref 91) or appearing from the gas Eccsomio T 3_7[ECCSD(T)/Q_ ECCSD(T)FI] + BECCSD(T)/T
phase€®?° The H+H,O reaction involves the formation of a
metastable gD species, which is a local minimum on the Eccsp(ryxis the correlation energy from a CCSD(T) calcula-
potential energy surface, but whose energy is above thid @ tion using basis set X= T, Q, where T and Q stand for the
asymptote. This latter reaction is included to get an idea of how cc-pVTZ and cc-pVQZ% or aug-cc-pVTZ and aug-cc-pVQ®
well approximate density functionals are expected to treat the basis sets, respectivelf’ccsp(ryris the perturbational energy
interaction of hydrogen atoms with,B ice surfaces. of the triples excitation usgna T basis set. The factor 1/5 has
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been set to account for the fact that this term only accounts for PKZBx have different values for the paramefiein eq 9 of ref
75—80% of the full triple- and higher-order contributions to  120. In KCIS-orig,D = 0.101, and in KCIS-mod) = 0.128.
the correlation energi?+110 Because of the inadequacy of Becke0O uses a modified form of the BeekRoussel exchange
coupled-cluster calculations to describe theH; saddle point functionaf* (BR89x) together with Becke’s 1988 correlation
(due to a strong multiconfigurational character of the wave functionaf® (B88c). The construction of VS98 involved fitting
function), the original MRCHQ energies were used for this 21 parameters to a training set of molecular syst&ms.

system. Almost all geometries have been taken from ab initio  Of the 14 hybrid functionals employed, eight are of the ‘low-
calculations reported in the literature (see Table 1). For the exact exchange’ type, having about-280% exact exchange,
CHxtH; system all stable species, i.e., excluding the saddle j e B3LYP627 (20%), B1B95-25!! (25%), B1B95-28?2
point, were geometry optimized with coupled cluster (CCSD- (289%), mPW1PW945 (25%), PBE1PBE (PBE®*12525%),
(T)) calculations with the aug-cc-pVQZ basis set. The saddle Bgg!?6 (19.85%), B97-18 (21%), and B97-2 (21%). The two
point geometry was taken from configuration interaction (CISD) versjons of B1B95 differ only in the amount of exact exchange.
calculations using a doubebasis set? B1B95-25 is the default in Gaussian 03, while B1B95-28 is
The H, and CO molecule appear in more than one reaction. the original version with 28% exact exchange as recommended
For the sake of consistency, their bond lengths have been takerby Becke!??2 B1B95 and B98 are both examples of hybrid
to be the same for all reactions (0.742 A fos &hd 1.1322 A functionals where the correlation functional is a meta-GGA. We
for CO). The coupled-cluster calculations were performed with have also used six, ‘high-exact exchange’ functionals, which
the Gaussian 03 program packadg€The geometries that have  contain 46-60% exact exchange: BHandHLY#F725(50%),
been used in our calculations can be found in the Supporting MPW1K (MPW4285%2 (42.8%), MPW58&! (58%), MPW6G!
Information. (60%), KMLYP>7 (55.7%), and KMLYP-mod (55.7%). The
On the basis of convergence tests using larger basis sets an/PW1K functional was obtained by reoptimizing the amount
considering possible errors in the correction for higher-order of exact exchange in mPW1PW91 against a test set of 20
correlation, we believe that the reference energies, with one hydrogen abstraction systerttsThe same procedure was used
exception, are correct to within chemical accuracy (1 kcal ol for MPW58 and MPW60, but in this case only one barrier
or 0.043 eV), given the fixed geometries. The reference energies(CHs+H — CHs+H,) was used to calibrate the methdds.
for the systems with only one heavy atom, exceptHG, can MPW1K, MPW58 and MPW60 will henceforth be referred to
even be taken to be correct to within 0.5 kcal md|0.02 eV). collectively as MPWX.
The uncertainty in the accuracy then of course increases with  The KMLYP-mod functional was constructed during the
system size. Because no extrapolation to the CBS limit was course of this work. The difference from the original KMLYP
performed for the &Hj reaction, the reaction energy (and the is the amount of VWN correlation, which was decreased from
C+H; barrier) could be in error by up to 2 kcal maél(0.087 1.0 to 0.552. We found that KMLYP-mod gave quite good
eV). The smaller (CHH) barrier should, however, be of results for barrier heights (see section 3). Compared to the
chemical accuracy, based on test calculations and comparisororiginal KMLYP however it gives pooreabsoluteenergies. For
with the other XH systems studied here. instance the electron affinities of O and F calculated by
We have performed calculations using 39 different density KMLYP-mod give deviations from experimental values by
functionals, including LDA, GGAs, meta-GGAs, and ‘low-exact about 0.9 eV, whereas KMLYP gives errors of 0.05 and 0.13
exchange’ hybrid and ‘high-exact exchange’ hybrid functionals. V.
LDA is the standard combination of Slateirac (S) ex- We have used two program packages for our calculations.
changé?3 and VWN correlatiort* Becke’s 1988 GGA ex-  For the LDA, GGA (except mPWPW91) and meta-GGA
change functionat (B88x) has been combined with the GGA  functionals we employed a developer’s version of the Amster-
correlation functionals P8®,LYP,Y” and OP*?to form BP86, dam Density Functional (ADF) program pack&¥eand for
BLYP, and BOP, and with the meta-GGA LAP3 correlation mPWPW91 and the hybrid functionals we used Gaussian 03.
functional'3in BLAP3. In a modified form, B88x is also used  The atomic basis functions in ADF are Slater type orbitals. For
in Bmz1 together with the meta-GGAL correlation functionaf® the fixed geometry calculations we used ZORA/QZ4P, a valence
The OPTX exchange functional by Handy and Cdhthas  quadruple basis set with four polarization functions originally
been used together with LYP and LAP3 to form OLYP and constructed for relativistic calculations, and for our calculations
OLAP3. The latter was first proposed in the recent work by optimizing barriers for the HCO reaction ET/QZ3P was used,
Gruning et al’® In mPWPW91, a modified version of the an even-tempered quadrugiésasis set with three polarization
exchange functional of PW91, mPW; is used together with  functions. In ADF, the electronic densities have been optimized
the original PW91 correlation function#:° The other GGA  with BLYP and the rest of the functionals have then been
functionals that have been used are PW91, PBErevPBE? evaluated using the BLYP densities. As mentioned in the paper
RPBEZ? FT971®HCTH/93% HCTH/1201*"HCTH/147{"and by Grining et al’ this is expected to introduce an error of a

HCTH/4071 The HCTH/N functionals have 15 linear param-  few tenths of a kcal mof (about 0.0+0.02 eV). In Gaussian
eters that have been fitted, respectively, to training selésf 03 the atomic basis functions are Gaussian-type orbitals. For
93, 120, 147, and 407 atomic and molecular systems (including the fixed geometry calculations we used the aug-cc-pVQZ basis

energy gradientg}117.118 set and for the HCO geometry optimizations we used aug-
Functionals where both exchange and correlation are of acc-pVTZ for optimizing the geometries and aug-cc-pVQZ for
meta-GGA form are VS98 (VSXC), KCIS-orig!® KCIS- the final energy calculation. In Gaussian 03, all density

mod 1 PKZB 120 PKZBx-KCISc 19120 BR89x—B88c 2324121 functionals have been used to optimize the electron density, i.e.,
and Becke00?! The difference between KCIS-orig, KCIS-mod, the calculations have been performed self-consistently. Ad-
and PKZBx-KCISc is that the first two functionals include ditional calculations have been performed using basis sets of
modifiedversions of PKZB exchange together with the KCIS double- and triple: quality as discussed in section 3I. In ADF
correlation functional, while in PKZBx-KCISc the original the DZP and TZ2P basis sets were used. In Gaussian 03 the
exchange functional is used. The modified versions of the 6-31+G(d,p) and 6-31+G(3df,2p) basis sets were employed.
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The reason for using the very large quadrupleasis sets is improving the correlation functional. The hydrogen abstraction
to ensure that energies are as close to the basis-set convergen@nd addition reactions considered in this paper, belong to the
limit as possible. It was pointed out in a recent paper by Boese ‘normal’ systems, having three-center, three-electron bamds (
et al1?8 that the correlation-consistent basis sets might not be = 3/3) in their transition structures. In this case, improving the
the optimal choice for DFT calculations. However, the differ- exchange functional will have less effect than improving the
ences were small compared to other basis sets of similar sizecorrelation functional. This has recently been demonstrated for
and also dependent on the functional that was used. The mosthe case of hydrogen abstraction reactiéh$*In the paper by
important consideration for calculating relative energies using Grining et al’® it was noted that changing from the B88x to
DFT is the use of diffuse basis functions, as was stressed bythe OPTX exchange functional gave a dramatic improvement
Lynch et al*?° The effect of adding diffuse functions to a basis for ‘problematic’ systems (& barriers), while changing from
set will of course be different for different systems. For instance a standard GGA (LYP) to an improved correlation functional
HsO has an electron density that extends far from the nuclear like the meta-GGA LAP3 had a similar effect on the ‘normal’
framework39.131t is thus a system where the addition of diffuse systems (hydrogen abstraction barriers). The combination of
basis functions is essential if Gaussian-type orbitals are used.OPTX and LAP3 (OLAP3) was shown to give the best overall
Slater-type orbitals, as opposed to Gaussian-type orbitals, exhibitresults for barriers among a set of 17 density functionals (LDA,
the correct long-range behavior. The effects of adding diffuse GGAs, and meta-GGAs). The improved performance of LAP3
functions to Slater-type basis sets should be insignificant in the is through the separate treatment of parallel and opposite spin

applications studied here. correlation and its self-interaction free form. Functionals with
the same features include the other meta-GGA correlation
3. Results and Discussion functionals studied here, i.e., B88c, B95, B98, VS98, KCIS,

I . . , PKZB, andrl. Some correlation functionals of the GGA type,
This discussion begins with some short notes on why there ¢, as the HCTH functionals. B97-1 and B97-2. are also

are problems with the LDA and standard GGA functionals in - ginjjarly constructed but are not self-interaction free. Note that

properly describing barrier heights (SQCtIOI’! 3A). The pr_esenta- the n/m rule only tells us which part of th& functional is

tion of our results then follows, starting with an overview of ot sensitive to changes. Both the exchange and correlation
the total set of reactions studied (section 3B). To be able 10 g,,ctignals will in most cases have an effect on the energetics.
draw conclusions on the performance of density functionals for B. Total Set of Reactions.In Figure 1 the average errors

specific classes of reactions, we have then made separat ; L ; .
arr?lalyses for four different cases: the hydrogen addiFt)ion/?AEs)’ with standard deviations, in the computed energies of
the density functionals for the total set of 20 barriers are shown.

unimolecular dissociation reactions (section 3C), the,XH The standard deviati included to indicate th di

systems (section 3D), the HOCO system (section 3E) and theth € stan a; eV|at|)ons are ”t}(: uLeDA 0 |r& |caet fetﬁpr%a(;,&n

HsO system (section 3F). Following that, we present some € errors. As can be seen, the LUA and most of the «
functionals systematically underestimate the barrier heights

conclusions about the general class of reactions involving .
hydrogen atoms (section 3G). We also investigate the impor- (Figure 1a). The magnitudes of the AEs are larger than 0.15

tance of performing geometry optimizations (section 3H) and _eV for most of_the fu_nctionals. This disqual_ifies them for use
finally, the effects of using smaller basis sets are considered N kinetics studies. It is only the HCTH functionals that exhibit
(section 3l). Tables with average errors (AEs) with standard ?Es petV\iee.n—O.lo an%f0.0.S e\:}._ The perforrr_}_inge .Of these q
deviations and mean absolute errors (MAES) of barrier heights, unctionals 1s outstanding in this respect. eir improve
MAEs of reaction energies, the errors in the energetics of the fur!c'qonal form, and the fact that they have been fitted to Iargg
HOCO and HO systems, and the errors in atomization energies raining sets, seems to have made them capable of reproducing
discussed in section 3E can be found in the Supporting these types of bamers. Note also the improvement in going from
Information. In the paper, energies are mostly given in eV, but BLYP to OLYP with AEs 0f—0.22 and—0.15 eV, respectively.

in the Supporting Information the unit of energy is kcal ol -tl)-htlts see.rtnz tﬁ sut%gestt thdat ghgsgP;l'X (i?(chall?gfhfunctiontal is
A. ‘Normal’ and ‘Problematic’ Systems. In the paper by etier suited than the stancar x functional to tnese systems,

Gritsenko et at*2a qualitative rule was proposed as to decipher 'r?u;gt:gfomfe(m;ivr']tlh)%rre;ﬁg rzzré‘;:)r?g Baker and Péley a
how ‘problematic’ a molecular system is. The fractigm was . y)org ) )

shown to be a key concept, wherss the number of fragment In Figure 1b the results for the meta-GGA functionals are
orbitals (or centers) participating in a bond ani$ the number ~ Shown. BLAP3, VS98 and B show similar performance to
of electrons in that bond. IfVm is noninteger the system is the HCTH functionals, but it is OLAP3 that is by far the most

‘problematic’ and ifymis integer the system is ‘normal’. Note ~ outstanding, with an AE 0f-0.02 eV. The AE is-0.09 eV for

that the concept of a ‘bond’ as used here, is generalized to extendBLAP3, once again showing the improvement in going from
over two or more atomic centers. As a matter of fact, the B88x to OPTX. However, as discussed above, for these ‘normal’
approximate LDA and GGA exchange are very different from system; itis the change of correlation funqtional that gives the
exact (HF) exchange as they also mimic long-range/nondy- largest improvement in energy. Thus going from BLYP to
namical correlation effects. Such an error, usually referred to BLAP3, and from OLYP to OLAP3, raises the barriers by on
as SIE-X (self-interaction error of DFT exchange), therefore average 0.13 eV, and reduces the mean absolute error (MAE)
turns out to be an advantage for ‘normal’ Systéﬁ‘fgo For a from 0.23 to 0.10 eV and from 0.17 to 0.07 eV, reSpeCtiVely.
‘problematic’ System, however, the |Ong_range/n0ndynamica| OLAP3 has the smallest MAE for the total set of barrier he|ghts
correlation effects are hampered and the LDA and standard ©f all the functionals studied.

GGAs will give a too negativ&, leading to overstabilization The results of the hybrid functionals, given in Figure 1c, show
of the particular molecular structure. This has been studied for that all functionals, except B3LYP, have magnitudes of their
the case of @ reaction barriersn{m = 4/3)132and A" systems AEs of less than 0.1 eV. The smallest MAE (0.07 eV) is found
(A = He, HO, NHz; n/m = 3/2)133 For these systems, an for B1B95-28 showing that a large amount of exact exchange
improvement of the exchange functional, which is the dominat- is not necessarily needed for good descriptions of barrier heights.
ing contribution to the energy, will be more important than The MPW1K functional has a MAE of 0.10 eV, which might
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Figure 1. Average error with standard deviations (in eV) of the total Figure 2. Mean absolute errors (in eV) of the total set of reaction
set of barrier heights for (a) LDA and GGA, (b) meta-GGA, and (c) energies for: (a) LDA and GGA, (b) meta-GGA, and (c) hybrid
hybrid functionals. functionals.

be a bit disappointing considering it has been constructed with 2c) are in general not better than the meta-GGAs when it comes
barrier heights in mind. However, it can be seen in Figure 1c to predicting reaction energies. B1B95-28, B1B95-25, B3LYP,
that its averageerror for barrier heights actually is 0.015 eV B98, KMLYP-mod, and B97-2 give MAEs that are smaller than
whereas that for B1B95-28 is0.04 eV. It seems that the 0.15 eV, and the B1B95 functionals give MAEs smaller than
predicted barrier heights of MPW1K all fall around the ‘true’ 0.10 eV. The high-exact exchange functionals, with the excep-
values with no systematic under- or overestimation, whereastion of KMLYP-mod, do not perform that well for reaction
B1B95-28 underestimates barrier heights more frequently. Thus,energies and have MAEs of about 0-1:20 eV. The best
MPW1K should still be a reliable tool for predicting barrier ~overall performance is found for the meta-GGA Becke00, with
heights. From the same figure it can be seen that its ‘cousins’, @ MAE of 0.08 eV.
MPW58 and MPW60, which have larger amounts of exact C. Hydrogen Addition and Unimolecular Dissociation
exchange, in many cases overestimate barrier heights. Reactions.The hydrogen addition reactions, i.e., the reactions
When it comes to reaction energies, the differences betweenof H+X to form HX where X is CO, HCHO, gHz, or GHy,
the different classes of functionals are not that large. In Figure and their reverse dissociation reactions are shown in Table 1.
2 the MAEs of reaction energies are shown. It can be seen thatThese reactions share very similar features: they have forward
the meta-GGAs (Figure 2b) in general give the best reaction barriers of 0.3-0.2 eV, and are all quite exothermic with
energies. All of these functionals have MAEs smaller than 0.15 reaction energies of 0-8L.8 eV. Figure 3 shows the AEs with
eV and Becke00, PKZBx-KCISc, and Bthhave MAEs smaller standard deviations of hydrogen addition barriers and Figure 4
than 0.10 eV. Several of the GGAs (Figure 2a) also have MAEs the same for the dissociation barriers.
between 0.10 and 0.15 eV, i.e., the HCTH functionals, BOP, For the case of hydrogen addition, the HCTH functionals
FT97, BLYP, OLYP, and RPBE. The hybrid functionals (Figure outperform the other GGA functionals, with AEs of abetfi.03
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Figure 3. Average errors with standard deviations (in eV) of the barrier Figure 4. Average errors with standard deviations (in eV) of the barrier
heights for hydrogen addition for (a) LDA and GGA, (b) meta-GGA, heights for unimolecular dissociation for (a) LDA and GGA, (b) meta-
and (c) hybrid functionals. GGA, and (c) hybrid functionals.

eV (Figure 3a) and MAEs of 0.030.04 eV. Their main story, as can also be seen in Figure 4. LDA and the GGAs all
‘contenders’, revPBE and RPBE, have AEs<f.11 eV. VS98 give AEs smaller than 0.1 eV, and all these functionals, except
stands out among the meta-GGA functionals with an AE of LDA, BLYP, and BOP, also give MAEs that are smaller than
—0.01 eV (Figure 3b) and a MAE of 0.02 eV, but OLAP3 also 0.1 eV. OLYP and FT97 have practically zero AEs, and OLYP,
performs well, with an AE 0f~0.03 eV and a MAE of 0.04  together with the HCTH functionals, also have the smallest
eV. Note that the majority of the GGAs and some of the meta- MAEs (0.06 eV). The meta-GGAs, except BR89x-B88c, give
GGAs have average errors that are negative and of the sameesults similar to the GGA functionals. KCIS-mod is the best-
magnitude as the ab initio barriers. Thus, these functionals performing meta-GGA, with a zero average error and a MAE
predict no or very low barriers for these reactions. Several of of 0.05 eV. PKZB also does quite well with an AE of 0.04 eV
the hybrid functionals do very well for these reactions (Figure and a MAE of 0.04 eV. The B1B95 functionals and B3LYP
3c): B98, B1B95-28, MPW58, MPW60, KMLYP-mod, and give similar accuracy as the best GGAs and meta-GGAs, and
B97-1 all have AEs with magnitudes of 0.02 eV or smaller, B1B95-25 is the functional that gives the smallest overall MAE
and MPW58, MPW60, KMLYP-mod, and B97-1 also have (0.03 eV). It is interesting to note that the MPWX functionals,
MAEs of 0.02 eV or smaller. As can be seen from Figure 3, together with BHandHLYP and KMLYP, give the worst results
the standard deviations are all relatively small (smaller than or of all functionals, including LDA. The problem is that the
equal to 0.04 eV). This indicates that the errors in these barrier hydrogenated species (HX) are overstabilized by the high-exact
heights are all of a similar magnitude given a specific functional. exchange functionals by about 6-2.4 eV, the only exception
One could therefore expect similar performance for the barrier being KMLYP-mod, which gives an average overstabilization
heights of other reactions of the same type. of 0.14 eV.

The reverse reactions of hydrogen addition, the unimolecular D. X+H; and XH+H Hydrogen Abstraction Reactions.
dissociation of the HX radicals, present a somewhat different The XH, systems have forward and backward reactions that
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Figure 5. Average errors with standard deviations (in eV) of the barrier Figure 6. Average errors with standard deviations (in eV) of the barrier
heights for XHt-H reactions for (a) LDA and GGA, and (b) meta- heights for X-H; reactions for (a) LDA and GGA, and (b) meta-GGA,
GGA, and (c) hybrid functionals. and (c) hybrid functionals.

both can be classified as hydrogen abstraction reactions. The(AEs of around—0.1 eV) for XH+-H than the HCTH function-
XH+H barriers are, as was shown in Table 1, about 0.1 eV for als, but it is only OLAP3 and PKZB that perform clearly better
X =C,Nand S, and 0.7 eV for X CH,. For X+H,, the than the GGAs for the %H> reactions with AEs of 0.02 and
corresponding figures are +1.3 eV for Xx=C, N and S, and —0.07 eV and MAEs of 0.03 and 0.07 eV, respectively. OLAP3
0.3 eV for X= CHa. is the only functional that does not systematically underestimate
The AEs of XH+-H and X+H, reactions are shown in Figures  the X+H; barriers.
5 and 6, respectively. Of the GGA functionals it is still the The hybrid functionals perform very well for the XH
HCTH functionals that give the best results for the XH reactions: itis only B3LYP and KMLYP that do not give AEs
reactions, but the AEs are much more negative than for hydrogenwith magnitudes smaller than 0.1 eV. Four of them have MAEs
addition (about—0.12 eV), whereas the difference in perfor- of 0.02 eV or smaller, i.e., B97-1, MPW1K, MPWS58, and
mance when compared to other GGAs is not that large. Since KMLYP-mod. BHandHLYP together with MPW58 and MPW60
the AEs are larger in magnitude than the reference barrier give the best performance of the hybrid functionals feirB
heights for X = C, N, and S, and the barriers are all barriers with AEs of about-0.06 eV and MAEs of 0.060.07
underestimated, this means that no barriers are found for theses\/. When both forward and reverse barriers are included in
three reactions. The XH barriers seem to be difficult to  the analysis it is MPW58 and MPW60 that show the most
describe. As can be seen from the average errors in Figure 6,promising results. Since these functionals were optimized for
these barriers are almost always underestimated. None of thehe barrier height of a system of the Xkpe, namely ChH
GGAs have AEs smaller in magnitude than 0.1 eV for this case. — CHz+H,, this does make good sense. It also goes to show
The meta-GGA functionals offer some improvement: VS98, that the performance of the density functionals is very similar
Bmrl, BLAP3, and OLAPS3 all give higher barriers on average when comparing results for different X%tystems. Also, if the
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reaction energy is included in the analysis it is seen thatitis * ~ **  ®¢ 04 ez 0 S
BHandHLYP that gives the best overall results for the ;XH
systems. These hydrogen abstraction reactions seem to be case| (c) Ef s
where hybrid functionals generally perform better than their — ——
nonhybrid counterparts, the only exception being OLAP3, which — BHandHLYP
gives the best overall results for thetXl, barriers. — MPW1K
As in the case of the hydrogen addition barriers, the standard d-: g
deviations are fairly small, both for the XtHH (0.00-0.08 eV) — inoes
and X+H; barrier heights (0.020.09 eV). : B1B95-25
One could therefore expect similar results also for other | :::“"’W-‘”
reactions of these types. Inspecting the performance for these .£=; i
two types of reactions, one sees quite different dependency of PBE1PBE
the performance of a functional on its functional form. For the —: B3LYP
XH+H barriers, the specific form of the DFT exchange is of - 0.8 06 0.4 02 0 02 04

ErrorieV

minor l_mportance,whlle Changlng the C_orrel_atlc_)r_l functl_onal and/ Figure 8. Errors in barrier height forcisHOCO TS1 relative to

or adding exact exchange can give quite S|gn|f.|cant differences 51 o (black) anctis HOCO TS2 relative to HCO; (gray) for (a)

in the performance. In the case of the-K; barriers, also the | pa and GGA, (b) meta-GGA, and (c) hybrid functionals.

proper choice of DFT exchange is very important. To illustrate

these facts, note for instance the insignificant difference in AEs are shown in Figure 7. The first saddle point encountered in

between BLYP and OLYP in Figure 5. However, when the OH+CO reaction is calledcisHOCO TS1 using the

substituting the LYP correlation functional for LAP3, the X terminology of Yu et al® and for H-CQ; it is called cis-

barriers are raised by on average 0.12 eV. In Figure 6 one canHOCO TS2.

see that the AE for the XH, barriers is raised by 0.21 eV in In Figures 8 and 9 we have summarized the errors of the

going from BLYP to BLAP3, and further by 0.14 eV when energetics. There are three categories of errors in barrier heights.

going to OLAP3. Since the XH> barriers are more sensitive  The first two are the errors in the forwardigHOCO TS1 vs

to the change in exchange, one would expect that also mixing OH+CO) and reversec{s-HOCO TS2 vs H-CO,) barriers, for

in exact exchange would lead to larger changes in energy for which the reference energies are 0.11 and 1.1 eV, respectively

the X+H; barriers than for the XHtH barriers. This also seems  (Table 1). The third one is the error in the barrier height of

to be the case. The average difference in BLYP and BHandH- cissHOCO TS2 relative to OHCO. From a kinetic point of

LYP XH+H barrier heights is 0.21 eV, and for the+X view, this latter energy difference is crucial as it is predicted to

barriers the corresponding difference is 0.31 eV. The reasonsbe a ‘bottleneck’ in the system, i.e., the lowest possible barrier

for the differences in performance for these two types of the reaction has to proceed through, with a barrier height of

reactions will need to be addressed in future work. 0.06 eV1% Thus this seems to be a crucial test of the density
E. The HOCO System.The HOCO system is somewhat functionals.

different from the other systems in this study as the forward The forward barriercisHOCO TS1, is apparently rather

and reverse reactions (HCO and H-CO,) are not direct, but difficult, since many functionals that have been performing well

proceed through a collision complex (see ref 104 for details). for the other reactions in this study have errors with a magnitude

As there are several saddle-point geometries we chose two ofof 0.10-0.25 eV. There are a few functionals that give relatively

these as our forward and reverse barriers, respectively. Thesesmall errors: OLAP3{0.04 eV), mPW1PW91<0.06 eV),
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FTo7 AEs of about—0.2 eV. From the results in the papers by Lynch
(a) ? HOR et al>? and Kang and Musgrav@,some trends among hybrid
e functionals can be found. Low-exact exchange functionals, such
RPBE as B3LYP and mPW1PW91, systematically underestimate OH
OLYE reaction barrier heights by on average abe(t2 eV. This is
HCTH147 . . .
% i not the case for high-exact exchange functionals. For instance,
revPBE BHandHLYP overestimates most barriers and has an AE of 0.1
# neTaor to 0.2 eV. Furthermore, MPW1K and KMLYP are both found
= Jl : L1 ,,,.::m1 to perform very well with AEs of about0.02 eV and MAEs
[ — PBE of about 0.04 eV. Barckholtz et & made transition-state theory
T [e— Ex‘ calculations for the reactions of OH withsi@s and found that

B3LYP underestimated the barriers while MPW1K gave an

-2 -8 16 -14 -2 -1 08 06 04 0.2 o 0.2 D4

ErrorieV overestimate, but in better agreement with experiment. In the
work by Tokmakov and Lif? on the same reactions, it was
(b) yaet also found that B3LYP gave a considerable underestimate of
Becke00 the barriers, while both KMLYP and MPW1K gave good results,
KCIS-mod the latter consistently giving the higher barriers. All of these
Bmr1 observations comply very well with the performance of the
o density functionals for the OHCO reactions, showing that there
i are clear trends common to many reactions involving OH. The
S——— reverse barriercisHOCO TS2, is also difficult to reproduce
and many functionals have errors of 0-AW25 eV. However,
. in this case there are three functionals that give errors smaller
Bt than 0.04 eV: BHandHLYP, B97-2, and MPW1K.
b The reaction energy of this system seems to be extremely
2o o8 AE A 12 oF O 06 04 2§z 0 challenging, as can be seen in Figure 9. Note that the reaction
Errerey energy has been defined to begatie in the figures for ease
(©) ? BHandHLYP of comparison with the errors in the barrier height. Many of
R the functionals that have been showing good results for the other
MPW58 . . . .
o i v reactions now fail badly with errors of 6-2.5 eV. For instance,
¥ MPW1K HCTH/407 overestimates the magnitude of the reaction energy
“= KMLYP by 0.5 eV. There are a few functionals that come within 0.1 eV
% ::w of the reference energy (KCIS-mod, PKZB, B3LYP, MPW1K,
e MPWS58, and KMLYP) but overall the results are not particu-
B1B95-28 IarIy good.
T— s The main problem for predicting the reaction energy lies in
P W the unbalanced description of atomization energies of &
E PBEIPBE CO. The OH radical seems to be fairly ‘easy’ to describe. All
2 A48 A6 44 A2 4 08 06 04 D2 0 02 04 functionals except LDA, BP86, BLAP3, MPW58, MPW60, and
ErrorieV KMLYP-mod give errors in the atomization energy of OH of

Figure 9. Errors in reaction energy, taken to be negative, foHa3-O - .
reaction (gray) and errors in barrier height (in V) of cis-HOCO TS2 less than 0.2 eV, and not less than 22 functionals give results

relative to OH-CO (black) for (a) LDA and GGA, (b) meta-GGA, Within. 0.1 eV of the experimental value. The atomization
and (c) hybrid functionals. energies of C@and CO are closely connected, and there are
clear trends in the performance of density functionals for these
B1B95-28 (-0.04 eV), and KMLYP (0.05 eV). All functionals ~ two molecules. The problems encountered by density functionals
except the ones with a large amount of exact exchange for these two molecules show similar features to those encoun-
underestimate the barrier: LDA by 0.9 eV, the GGAs by 0.2 tered in the {2 reaction barriers, as briefly discussed in section
to 0.5 eV, the meta-GGAs by 0.04 to 0.3 eV, and the low- 3A. The GGAs and the meta-GGAs with GGA exchange
exact exchange hybrid functionals by 0.04 to 0.16 eV. The high- (BLAP3, Bmrl and OLAP3) all overstabilize (overbind) GO
exact exchange hybrid functionals overestimate this barrier by by between 0.06 eV (FT97) and 1.15 eV (PBE). The errors of
0.05 to 0.26 eV. CO atomization energies are smaller, and some of these
There are several reports in the literature, which clearly show functionals actually underbind CO. Destabilization is mainly
the difficulties encountered by many density functionals in achieved by improving the exchange functional, as opposed to
accurately describing barrier heights of reactions involving the the barrier heights where the correlation functional was found
OH radical47:50.52,57.58,60.70.#80 The trends in performance seen to be more important. The errors in the atomization energies of
for the OH+-CO reaction seem to be a quite general feature for CO, and CO for BLYP are 0.46 and 0.10 eV, respectively, and
the class of reactions involving OH. From the work by’ @@ing for OLYP 0.34 eV and-0.05 eV. Changing from the B88x to
et al’%135 it can be found that for a set of seven reactions the OPTX functional thus destabilizes €y 0.12 eV and CO
involving OH, the AEs are the following: LDA-1.0 eV, GGAs by 0.15 eV. Substituting the LYP correlation functional by the
—0.3 to —0.5 eV, and meta-GGAs-0.1 to —0.4 eV. The meta-GGA LAP3 functional, which gave a clear improvement
smallest AEs for the GGAs were found for HCTH/93Q.31 for barrier heights, actually makes the results worse, with errors
eV) and OLYP (-0.33 eV) and among the meta-GGAs, OLAP3 for OLAP3 of 0.69 eV for CQ and 0.14 eV for CO. The
was clearly better than the rest with an AE 60.13 eV, as functionals with both meta-GGA exchange and correlation
compared to Bml, BLAP3, Becke00, and PKZB that all had contributions show relatively small errors of between 0.25 eV
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TABLE 2: Errors (in eV) of CO ,, CO, and OH Atomization E — T e ab initio
. 1 1 1 1 I 1 1L
Energies = ——— —
functional @, co OH : ; ; '[ : : : i- HeTHE
KCIS-mod —0.09 -0.21 0.05 e s s e — sl
PKZB —0.06 —0.19 0.06 L ! ' ' ' " revPBE
B3LYP —0.08 -0.20 0.09 o — e
MPW1K -0.85 -0.71 -0.17 e oure
MPW58 —1.43 -1.04 —0.27 [ ——— — e
KMLYP —0.16 —0.30 0.11 I ! 1 I P
KMLYP-mod —1.48 —-1.09 —-0.47 e P
(KCIS-orig) and—0.06 eV (PKZB) for CQ and —0.06 eV — apts
(KCISs-orig) and—0.21 eV (KCIS-mod) for CO. Including exact | | | —

0.1 o 0.1 02

exchange also destabilizes both molecules. For instance, the™
high-exact exchange hybrid functional BHandHLYP underbinds
both molecules and has errors in atomization energieslod8 5
eV for CG, and —0.97 eV for CO, which are considerable '
differences from the BLYP results. The trends discussed above '
are also clearly visible in the sequence of the GGAs, PBE, '
revPBE, and RPBE, and the low-exact exchange hybrid '
functional PBE1PBE, which all just differ in the exchange part. |
[
[
|
|
|

o
=
in
=
=
=
b
=
b
=
in

(b)

1 I
ab initio

| ] VS9E

- oLars

Bm11

Backsl0

BLAPY

The errors in CQatomization energies are (in the order above)
1.15 eV, 0.38, 0.26, and 0.07 eV, and in CO 0.39 e¥,02
eV, —0.07 eV, and—0.20 eV, respectively.

Good reaction energies can be more or less ‘accidental’ as
seen in Table 2. Here the atomization energies obtained with
the functionals that give a small error in reaction energies (less PSS
than 0.1 eV) are summarized. One can see that there are two viov
different cases. First, KCIS-mod, PKZB, B3LYP, and KMLYP

BRESx-BISC

PKZBx-KCISc

PKZB

KCIS-mod

Hid4 44144 ey

KCIS-orig

give relatively small errors in atomization energies with a fairly P s e s s e N i
small underbinding of C& a somewhat larger underbinding e —— . Wi
of CO, and an overbinding of OH that balances the other two e ILF wrwse
errors. Second, for MPW1K, MPW58, and KMLYP-mod all T T T 1 I sort
three molecules have large underbinding errors and the errors | I S — g 5
of CO and OH again add up to cancel the &ror. Thus there e HanaLYP
is a criterion of balance of atomization energy errors that has I N E— T s
to be met, and of the functionals that give small errors in reaction I  — I I :,:f::,‘
energies not all give good atomization energies for all these : : : : { -
three molecules. e B ———s KMLYP-mod
Finally, we analyze the results for the ‘bottleneck’ barrier, N A N R— A

=
b

the energy otissHOCO TS2 relative to the OHCO asymptote. e e T

These are shown in Figure 9 alongside the errors in the reaction viev

energy. It is seen that for all LDA, GGA, and meta-GGA Figure 10. Reaction energy (gray) and barrier height (black) (in eV)
functionals there are two effects that enhance the errors of thisf the H+H20 reaction compared to the ab initio reference energies
barrier. First of all, since on the reaction path tisHOCO for (a) LDA and GGA, and (b) meta-GGA, and (c) hybrid functionals.
TS2 is close to the free HCO,, it is only natural that the
overestimation of the magnitude of the reaction energy for all

these functionals also has an effect on this saddle point. Secon h litativel ) itativel d S
functionals that do give good results for the reaction energy SnOW @ qualitatively, or semiquantitatively, correct description

can still underestimate barriers where a hydrogen atom is of the energetics of the system. A]I other functionals fail badly
involved. This casts some serious doubt on the usefulness oflOf at least two of the four relative energies we have been
these functionals for the HOCO system. Functionals that have @1alyzing. KMLYP gives the overall best description of this
been promising for other reactions give abysmal results for this SYStem as it also gives rather small errors in the atomization
barrier. The HCTH functionals underestimate the barrier by-0.6  €nergies. ltwould be interesting to investigate the performance
0.7 eV, and the OLAP3 result is also 0.5 eV below the reference (While also optimizing the geometries) of MPW1K, KMLYP,
energy. Of the GGA and meta-GGA functionals, VS98 is the and KMLYP-r_nod for the numerous minima and saddle points
best, with an error of ‘only’ 0.35 eV. As most hybrid functionals N the potential surface of the HOCO system.

have many less problems with hydrogen atom reactions, the F. HsO. The final system we consider in this paper is that of
main problem for these functionals, except for B3LYP, is the the addition of a hydrogen atom tg@ to form the (metastable)
reaction energy. Three high-exact exchange functionals, BHandH-H3O species which has a forward barrier of 0.9 eV and a reaction
LYP, MPW58, and MPWG60, underestimate the magnitude of energy of 0.8 eV (Table 1). In Figure 10 the actual reaction
the reaction energy, as opposed to all other functionals, andenergies and barrier heights obtained with all the functionals
thus also overestimate this barrier by ©@3 eV. There are  are compared with the reference ab initio values. The LDA
two functionals that give errors in the barriers that are not too predicts HO to be a minimum on the potential energy surface
large. KMLYP-mod and MPW1K have errors of 0.01 anf.03 and it gives an energy difference betweesOHand the saddle
eV, respectively. point (the reverse barrier) that is almost exactly equal to the ab

In conclusion, the HOCO system constitutes a great challenge
dto DFT. It is only MPW1K, KMLYP, and KMLYP-mod that
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initio value. Applying a gradient correction obviously helps in HETHIS3
destabilizing HO, but the forward barrier is still underestimated :2::’:;:
by at least 0.2 eV with all GGA functionals except the HCTH HETH20
functionals, which underestimate the barrier by 6:037 eV. RPBE
All GGA functionals predict reverse barriers that are clearly :::‘:;m
too small. The meta-GGA functionals do not in general perform | FaE
differently from the ‘better half’ of the GGA functionals. VS98 oLve
and OLAP3 have errors within 0.1 eV for the forward reaction. | ol
It is among the hybrid functionals that we find the best " BoOP
performance for this system. MPW1K does extremely well and — BLYP
has a maximum error of only 0.01 eV. Several of the other —— o
functionals (B1B95-28, BHandHLYP, B98, B97-1, MPW58, T 07 a0 0: 0 o0 & o o o
MPW60, and B97-2) have errors of the forward barrier within ErrorleV
0.1 eV. It seems that the problem with the reverse barrier can
be solved using hybrid functionals. No less than six functionals vs98
(BHandHLYP, B1B95-25, B1B95-28, MPW1K, MPW58, and —= oLAP3
MPW60) have errors within 0.015 eV. — = Bmrt

G. Hydrogen Atom Reactions.It has been seen that for the BLAP3
hydrogen addition, XHH, H+H,0, and H-CO; (in the HOCO o] PKZBx-KCISS
system) reactions, the density functionals basically follow the = o
same trends in describing the barrier heights. It will therefore " o
be very instructive to determine which functional gives the most B
accurate barrier heights for the general class of reactions where i
a hydrogen atom is one of the reactants. In Figure 11 we show %i Halsmon
the average errors of this type of reaction. Seven of the hybrid —] fiee
functionals have magnitudes of AEs of 1 kcal mio{0.04 eV) 08 07 06 05 04 03 02 01 0 01
or smaller: MPW1K, B97-1, MPW58, KMLYP-mod, MPW60, ErrorteY
BHandHLYP, and B98. These functionals also give MAEs of —
1 kcal mol? or smaller. These should therefore be the E MPWEO
recommended functionals to use for hydrogen atom reaction MPwsa
barriers based on the results presented here. If a GGA is K I e
preferred, the HCTH functionals are by far the best choice with R
AEs of —0.09 eV. Of the meta-GGAs, VS98 and OLAP3 are Bes
recommended since they have AEs-60.06 and—0.08 eV, BHangte yp
respectively. &= i

H. Geometry Optimization. There is of course a risk that a mPWiPWS1
seemingly good functional might be consistent with ab initio ‘E KuLyp

. . . FBE1FBE

results at given geometries, but that the agreement only is il .

fortuitous and that the coordinate dependence of the functional =———— ——— — — "— "— .

does not resemble the ab initio potential surface at all. Of course, ErvoriaV

a good functional should be just as good at predicting saddle- Figure 11. Average errors with standard deviations (in eV) of the

point geometries as the best ab initio methods. The deviation barrier heights for H atom reactions for (a) LDA and GGA, (b) meta-

from the ‘true’ geometryis of course a crucial test of any GGA, and (c) hybrid functionals.

functional and has also to be made to give a complete description

of its performance. This test was made for the €O reaction. ~ that functionals with a large amount of exact exchange
Results for nine different density functionals for the-BO underestimate the CO distance ir-BO by about 0.02 A. This

energies are summarized in Table 3, both for the fixed ab initio Nas little effect on the barrier heights in going from fixed to
reference geometry and the actual barrier height, where bothOPtimized geometry since the bond length of CO also is
the CO bond length and the+HCO saddle point geometry have ~Underestimated by about the same amount.

been optimized. Also shown are the optimized geometries and ~ Since there is a dramatic increase in the HCTH/407, VS98,
the ab initio reference values. The nine functionals fall into three and OLAP3 barrier heights upon geometry optimization, it could
main categories: (A) GGAs and meta-GGAs (HCTH/407, thus well be that the AE in hydrogen addition barrier heights
VS98, OLAP3), (B) low-exact exchange hybrid functionals would become more positive if one optimizes the geometries.
(B97-1, B97-2, B1B95-25), and (C) high-exact exchange hybrid For all functionals, the barrier heights do increase upon
functionals (MPW1K, BHandHLYP, KMLYP-mod). The func-  optimizing the geometry. This has the effect that for most
tionals in category A show a dramatic change-300%) in functionals the error in barrier height becomes smaller. In
barrier height in going from fixed to optimized geometry, contrast, for VS98 there is basically no change in magnitude of
whereas B and C show more moderate changes of about 20%he error, the barrier only goes from being lower to being higher
and 1-10%, respectively. The size of the change in barrier than the reference barrier. Also, since the B97-2 barrier was
height correlates with the size of the change in theHistance already too high by 0.05 eV, the error increases to 0.09 eV in
at the saddle point geometry. For the GGAs and meta-GGAs, this case. It can be concluded that the hybrid functionals give
the C—H distance is 0.20.3 A larger than in the ab initio  better agreement with the ab initio saddle-point geometry, at
geometry; for the hybrid functionals in category B, the difference least for the critical € H distance. The nonhybrid functionals,

is 0.15-0.2 A and for C it is only 0.020.12 A. It is also seen HCTH/407, OLAP3, and VS98, give quite accurate equilibrium
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TABLE 3: Barrier Heights (in eV) of Fixed (ab initio) and Optimized Geometries for H+CO and Optimized Geometries for
Density Functionals and the Reference MRCHQ Values

barrier height (6(C) H—CO saddle poirit

functional fixed geometry opt. geometry Re Ren Reco HCO angle
HCTH/407 0.079 0.145 1.129 2.15 1.132 116.7
VS8 0.109 0.155 1.131 2.07 1.134 116.7
OLAPZ 0.059 0.116 1.132 2.12 1.135 118.8
B97-1° 0.142 0.169 1.128 2.02 1.132 116.2
B97-Z 0.185 0.217 1.125 2.03 1.129 116.3
B1B95-25% 0.079 0.100 1.124 2.04 1.127 116.2
BHandHLYP 0.082 0.090 1.113 1.97 1.117 116.9
MPW1K® 0.093 0.104 1.116 2.00 1.119 116.0
KMLYP-mod® 0.136 0.137 1.107 1.88 1.117 116.7
MRCI+Q (ref 94) 0.156 0.156 1.132 1.861 1.137 117.3
FCC/CBS//IMRCH#Q 0.132 0.132 1.132 1.861 1.137 117.3

aCO and H-CO bond distances in angstroms and angles in degtdé® ADF calculations were made using an even-tempered quadruple zeta
basis set (ET-QZ3P¥.With Gaussian 03 the geometries were optimized using the aug-cc-pVTZ basis set and energies calculated with aug-cc-
pVQZ.

geometries, but there are larger discrepancies in the saddle-pointt. Conclusions

geometry. The fact that the barrier heights, though not the saddle In this study we have shown the performance of a number

point geometries, obtained with the functionals tested agree very ¢ density functionals, some ‘standard’ and some novel, for the

well with the reference energy, does not guarantee that these o . . . . .
functionals are the most suitable for kinetics and dynamics prediction of classical barrier heights and reaction energies for

studies. The potential surface should also be accurate inE;aiﬂgnsérf\é?m!]r?czyg;otghinaﬁf%Te?qf%Tgéizlgnij:n ?gx?r;a;;/g
directions perpendicular to the reaction coordinate, and an densit ?unctionals for the total set of reactions: pp
accurate width of the barrier is crucial for quantum dynamics. ISty Tul . i ’

(i) Hybrid functionals with a large percentage (460%) of

I. Basis Set Effects.To run calculations on larger systems, - exchange, i.e., BHandHLYP, MPW1K, MPW58, MPW60
like for instance water clusters, the use of quadrip(&@7) and KMLYP-mod, perform well for barrier heights, but less

basis sets is generally not computationally feasible. well for atomization and reaction energies.

To check_the effects of using sm_aller basis sets, calculations (i) Some hybrid functionals with a more modest amount{20
were run with double; (DZ) and triple€ (TZ) basis sets, as  309¢) of exact exchange and with an improved form of the
described in section 2. With one exception, the differences in qrrelation functional, i.e., B1B95-28, B97-1, B97-2, and B9S,
energetics between the basis sets are relatively small. For theys just as well for most barrier heights as the functionals
HsO system, a change in basis set can, however, lead tomentioned above, an important exception being the HOCO

dramatically different results, as mentioned in section 2. In going system, but in addition also give better atomization and reaction
from a doublet to a triple STO basis setin ADF the reaction  gpergies.

energy drops by 0:30.4 eV. The differences between triple- (i) Meta-GGA functionals, which do not contain exact
and quadruplé basis set results are only about 0:@510 eV. exchange but depend on the kinetic energy density and/or the
With Gaussian 03, the change in going from a double-a Laplacian of the density, can perform almost as well as the

triple-C GTO basis set is only 0.060.07 eV, but going to the  pyhyrigs for predicting barrier heights. In this context VS98 and
quadruplet basis set lowers the reaction energy by between ggpecially OLAP3 have shown great promise. The latter also
0.02 (mPWPW91) and 0.9 eV (MPWE0). Among the hybrid = ghows that the LAP3 correlation functional is an improvement
functionals the smallest difference is 0.16 eV (B3LYP). over the LYP functional for the barriers of these ‘normal’
Next, we discuss H atom barriers and reaction energies. Sincesystems, since BLAP3 and OLAP3 give significantly improved
HzO constitutes a rather special system, which is not representaresults compared to BLYP and OLYP. There is also a small
tive of most chemical reactions, energetics discussed here areput clear improvement in using the OPTX exchange functional
with the results for the kD system excluded. In going from instead of the ‘standard’ B88 functional, since OLAP3 performs
the DZ to the TZ basis set using ADF, the AE in H atom barrier better than BLAP3. The meta-GGAs in general also give quite
heights is lowered by 0.610.02 eV, and between the TZ and  accurate reaction energies and BeckeO0O0 is the functional that
QZ basis sets the differences are practically zero. With Gaussiangives the smallest overall mean absolute error for reaction
03, the average H atom barrier height increases by-00024 energies.
eV in going from the DZ to the TZ basis set, and by up t0 0.03  (jv) Pure GGA functionals can also provide results that are
eV going from TZ to QZ. The differences in the MAE of  comparable to the best meta-GGA results and only somewhat
reaction energies are also relatively small. The difference worse than the best hybrid results. This is demonstrated by the
between DZ and TZ results with ADF is 0.60.03 eV, and ~ HCTH functionals that outperform all the other GGAs for the
between TZ and QZ it is 0.660.02 eV. With Gaussian 03 the  prediction of barrier heights and also do quite well for reaction
maximum change in MAE is 0.07 eV going from DZ to TZ, energies. Differences between the four versions tested here are
and 0.04 eV going from TZ to QZ. small. It seems, however, that HCTH/93 and HCTH/407 are
The relatively small differences between the basis sets showsomewhat better for barrier heights. Since GGAs are consider-
that there is a possibility to also obtain results of comparable ably less computationally demanding than hybrids for large
accuracy to the results using QZ basis sets also for much largersystems, the HCTH functionals can provide a good alternative
systems than have been considered in this paper. The averagerhenever computational efficiency is a major issue. The water
errors discussed in this section can be found in the Supportingdimer is included in the training sets for HCTH/120, HCTH/
Information. 147, and HCTH/407 and one would therefore assume that these
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functionals should give a good description of liquid water and  (x) For the general class of reaction barriers where a hydrogen
water ice. It was indeed shown in the paper by Tuma é%al. atom is one of the reactants, the MPW1K, B97-1, MPW58,
that several hydrogen-bonded complexes were well describedKMLYP-mod, MPW60, BHandHLYP, and B98 hybrid func-
with HCTH/120 and in another paper by Boese ettalt was tionals were shown to provide the best performance with
shown that liquid water was well described using HCTH/120 magnitudes of the average errors and mean absolute errors of
in a CarParinello simulation. This, together with their im-  barrier heights of 1 kcal mot (0.04 eV) or smaller.

proved treatment of barrier heights, would suggest that these (xi) The use of doublé-and triple¢ basis sets seems to give
functionals are suitable for simulating chemical reactions on results that are of comparable accuracy to the results obtained

ice surfaces. with the larger quadruplé-basis sets. Therefore, one should
One can also see clear trends in the performance of density@lso be able to study much larger molecular systems and expect
functionals for specific classes of reactions: similar accuracy as for the small systems that have been

(v) The four hydrogen addition reactions studied all involve confsldered in this wor!<. )

a relatively low forward barrier (0:10.2 eV). The functionals _ Finally, based on this study our recommendations for func-
that seem best suited for this kind of process are the meta-GGAlionals to be used for studying chemical reactions similar to
VS98 and the hybrid functionals B97-1, MPW58, MPW60, and ©OUrs: are the following:

KMLYP-mod. The reverse dissociation reaction seems more  (Xii) The functional that is most reliable in giving good barrier
difficult, and here the GGAs OLYP and HCTH/N, the meta- Neights is MPWIK, as it is able to give a correct overall
GGAs KCIS-mod and PKZB, and the hybrid functionals description of relative energies of all the systems in this study,
B1B95-25, B1B95-28, and B3LYP are doing quite well. The including the difficult HOCO system. Its greatest shortcoming
best description of both forward and reverse processes is given'S the description of the unimolecular dissociation reactions
by the HCTH functionals, B1B95-25, and B1B95-28. where it overestimates the barriers by 0.2 eV. As was pointed

5 .
(vi) The X+H, reaction barriers are almost always underes- out by E_50ese et dfeit IS not well suited for the study of the

. . energetics and geometries of stable molecules.

timated and errors tend to be relatively large. The meta-GGA - . . .

OLAP3 does very well, however (AE: 0.02 eV, MAE: 0.03 (an If a balanced description of barrle_r helght§ and reaction

eV). The high-exact exchange hybrid functionals BHandHLYP energies is sought, the B1B95-28 hybrid functional seems to

MPWS58, and MPW60 also give good-b, barriers, but they ' be the best alternative. It gives the second smallest mean

are systématically underestimated by on ;verage{'D(lW eV absolute error both for reaction energies (after Becke00) and

: ' the total set of barrier heights (after OLAP3) of all the

The latter two functionals also do very well for the reverse - . -

XH-+H reaction barriers. This is not surprising as they were functionals. |t'IS therefore recommended tq use the original form

optimized for a system of this type (GHH — CHa+H,). The of B1B95 with 28% exact exchange instead of the one

) ; . . N
XH+H barriers are also well described by B97-1 and KMLYP- implemented in Ggus&an 03, which has 25%. o
mod. Including reaction energies, it is BHandHLYP that gives There are some issues that have not been covered in this work,

the best overall description of the XHystems. In this case, but are of great 'importance to kinetics and dynamig:s studies.
OLAP3 is the best performing nonhybrid functional. To cover entropic effect_s p_rope_rly, a good descr_lptlon of the
(vil) As for the reactions studied in this work that are most curvature of the potential in directions perpendicular to the

relevant to surface astrochemistry, the barriers to the hydrogenreaction path is also needed. If a quantum mechanical treatment
S X ' ; . of nuclear motion is used, not only the height, but also the width
addition, and XH-H reactions, the hybrid functionals B97-1, Y d

) . of the potential barrier is important to properly describe
MPW58, MPW60, and KMLYP-mod give the bestresults with  ,,nejing. See ref 59 for a discussion on this in connection with

AEs of 0.00-0.01 eV and MAEs of 0.02 eV. The best he i, reaction. As stated, geometry optimization also has

nonhybrid functional is the meta-GGA VS98 with an AE of 4 pe considered to give a complete picture of the quality of
—0.05 eV and a MAE of 0.05 eV. the density functionals. These issues need to be addressed in
(viii) The HOCO system poses a great challenge to DFT. It |ater work. The use of different basis sets and in some cases
seems that only a few high-exact exchange hybrid functionals non-self-consistent calculations introduces small uncertainties
(MPW1K, KMLYP, and KMLYP-mod) are able to give a inthe comparison of results. To establish a completely consistent
reasonable description of the potential energy surface. Mostpicture, all calculations would have to be performed on an equal
functionals have problems due to the unbalanced descriptionfooting. This is also something that needs more attention in
of atomization energies of CO and g@nd/or systematic  future work.
difficulties in describing potential barriers for reactions involving It has been shown that for 10 reactions involving hydrogen
the OH radical and reactions of the hydrogen atom. Only there are density functionals that give results comparable to high-
KMLYP provides an overall good description of barrier heights, |evel ab initio methods. However, the performance of the
reaction energieandatomization energies. Note that functionals methods can vary considerably from system to system and still
that do not contain a large amount of exact exchange fail ratherthe use of DFT for kinetics will involve testing the methods on
badly for this reaction. It is suggested that this system should model systems that will give a hint as to whether they are
be considered as a prototype of complex-forming reactions. reliable for this type of system or not.
Anyone interested in constructing density functionals for these  \We do believe that calculations of these reactions on ice
types of processes should have HOCO as an ultimate test.  surfaces should be not only computationally feasible, but also
(ix) The formation of the metastable ;8 species from sufficiently accurate for our purposes. It is our hope that this
H-+H,0 is also a challenge for density functionals. Standard study will be helpful for those wanting to study systems similar
GGA functionals underestimate the reaction energy (and barrier)to the ones in this paper.
by up to 50%. The performance is consistent with the problems
of describing hydrogen addition barriers. However, most of the ~ Acknowledgment. Prof. G. J. Kroes at Leiden Institute of
functionals that do well for the barrier heights in this study give Chemistry, and Prof. E. F. van Dishoeck and Dr. H. J. Fraser
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