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Abstract: We have carried out a detailed evaluation of the performance of all classes of density functional theory
(DFT) for describing the potential energy surface (PES) of a wide range of nucleophilic substitution (Sy2) reactions
involving, amongst others, nucleophilic attack at carbon, nitrogen, silicon, and sulfur. In particular, we investigate
the ability of the local density approximation (LDA), generalized gradient approximation (GGA), meta-GGA as well
as hybrid DFT to reproduce high-level coupled cluster (CCSD(T)) benchmarks that are close to the basis set limit.
The most accurate GGA, meta-GGA, and hybrid functionals yield mean absolute deviations of about 2 kcal/mol rel-
ative to the coupled cluster data, for reactant complexation, central barriers, overall barriers as well as reaction ener-
gies. For the three nonlocal DFT classes, the best functionals are found to be OPBE (GGA), OLAP3 (meta-GGA),
and mPBEOKCIS (hybrid DFT). The popular B3LYP functional is not bad but performs significantly worse than the
best GGA functionals. Furthermore, we have compared the geometries from several density functionals with the ref-
erence CCSD(T) data. The same GGA functionals that perform best for the energies (OPBE, OLYP), also perform
best for the geometries with average absolute deviations in bond lengths of 0.06 A and 0.6°, even better than the
best meta-GGA and hybrid functionals. In view of the reduced computational effort of GGAs with respect to meta-
GGAs and hybrid functionals, let alone coupled cluster, we recommend the use of accurate GGAs such as OPBE or

OLYP for the study of SN2 reactions.
© 2007 Wiley Periodicals, Inc.
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Introduction

The discovery in 1953 of the double stranded helical structure of
DNA has led to several new insights on the origin and continuation
of life.! One of the key features of the DNA structure comprises
the hydrogen bonds between the different DNA base pairs, that are
strong and specific and well understood by high-level theoretical
analyses.”™ The process of DNA replication, i.e., the creation of
an exact copy of one of the strands by fusing together DNA nucleo-
tides, occurs with high fidelity, the origin of which is still under
debate.>® The basic reaction taking place in the DNA replication
process is a nucleophilic substitution (Sy2) of the sugar moiety of
the partly made strand (primer) on the phosphate group of the to-
be-added nucleotide (see Scheme 1). The analysis of this SN2 reac-
tion is important not only for its own sake, but also as a starting
point for achieving a complete understanding of the whole replica-
tion process in DNA.

Nucleophilic substitution reactions are usually associated
with organic compounds, in many cases with halide anions as
leaving group or nucleophile. Because of its importance for or-
ganic chemistry synthesis and the relative simplicity of inter-
mediates, often involving highly symmetric structures, the Sn2
reaction has been the subject of a large number of theoretical
investigations,” ranging from low-level semi-empirical to high-
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Scheme 1. SN2 reaction taking place in the DNA replication
process.

level coupled cluster studies with basis sets close to the basis set
limit. The latter and also the related QCISD method have occa-
sionally been used as benchmark for the assessment of the
energy functionals used in density functional theory (DFT),*'°
but usually only a limited number of DFT functionals has been
tested.'''® The latter studies indicate a clear underestimation of
the central barrier (if present) by standard pure DFT functionals
(such as BP86'*'*2%), which is usually improved upon by mix-
ing in part of Hartree-Fock exchange in the hybrid functionals
(e.g. B3LYP?!). Interestingly, recent preliminary studies'''>!*
indicated a considerable improvement of the reaction barriers, if
more recent pure DFT functionals were used. Note also the
good performance of the very recent MOS and M05-2X function-
als for reaction barriers of hydrogen-transfer reactions.”
Although the latter paper investigates the functionals for their
general performance, in contrast to the current contribution that
focuses and elaborates in more detail on the performance for
SN2 reactions, their conclusions support our more general con-
clusion (vide infra) that barriers/reaction energies are well
described with modern DFT approaches, such as MO05-2X,
OPBE, and OLYP.

In this contribution, we report a systematic investigation of
the performance of DFT functionals for describing the complete
energy profile of SN2 reactions, where the reference data have
been taken from high-level theoretical investigations, in particu-
lar coupled cluster methods with (preferably) large basis sets
that were taken from the literature. The comparison will provide
valuable information regarding the question which DFT method
should be used in studies on larger systems, such as present in
the replication process of DNA. We divide the reference data
into three sets (see Table 1): one in which coupled cluster
(CCSD(T)) methods have been used both for computing the geo-
metries of the stationary points and the energy (CC//CC, set A);
one in which coupled cluster methods have been used in a sin-
gle-point fashion to compute the energy based on structures that
were obtained at a lower level of theory (CC//monCC, set B);
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and one in which coupled cluster methods were used neither for
computing geometries nor energies which instead were obtained
at a lower level of ab initio theory (nonCC//monCC, set C). In
all cases, we use the nonextrapolated data, as far as they are
available from the original data.

The study consists of two parts: in the first part, we look at
the energetics and use strictly the geometry from the original
papers. In the second part, we optimize the geometries with sev-
eral density functionals and compare them with the best avail-
able CCSD(T) geometries.

Methods

All calculations were performed with the Amsterdam Density
Functional (ADF)***** program developed by Baerends and co-
workers. The MOs were expanded in uncontracted sets of Slater-
type orbitals,” which are of double-¢ quality (DZ), double-¢ qual-
ity augmented by one set of polarization functions (DZP), triple-(
quality augmented by one set of polarization functions (TZP), tri-
ple-C quality augmented by two sets of polarization functions
(TZ2P), and of quadruple-¢ quality augmented by four sets of
polarization functions (QZ4P). In the energy calculations of the
first part, all electrons were treated variationally. In the geometry
optimizations of the second part, the core electrons were treated
with the frozen core approximation®* if possible, which was shown
to have a negligible effect on the accuracy of the geometries®® and
relative energies.”’ ' An auxiliary set of s, p, d, f, and g STOs was
used to fit the molecular density and to represent the Coulomb and
exchange potentials accurately in each SCF cycle. In the first part,
the energies for the different xc-functionals were calculated in a
post-SCF fashion on orbitals and densities resulting from the local
density approximation (LDA; Slater exchange and VWN?>? correla-
tion); the influence of self-consistency on energy differences was
previously shown to be small (~0.2 kcal/mol).>"~!

The geometry optimizations were primarily performed with
the ADF program, but for some problematic systems and/or the
geometry optimizations with meta-GGA and hybrid functionals
(vide infra) the QUILD program”‘34 was used; for the latter
functionals (for which the analytical gradient is not available in
ADF) the gradients were evaluated through numerical differen-
tiation of the energy. The QUILD program’>** serves as a wrap-
per around the ADF program, in which the geometry optimiza-
tion is being handled by QUILD and ADF serves only to deliver
the DFT energy and gradient; the use of modified delocalized
coordinates®® within QUILD enhances the convergence of the
geometry optimizations. The convergence criterium for the gra-
dient was in all cases set to 1.0-107° au.

Table 1. Methods Used in the Three Data Sets (A, B, C) for Obtaining
Energy and Geometry.

Set Method Energy Geometry
A Ccc//cc CCSD(T) CCSD(T)

B CC//monCC CCSD(T) Other ab initio
C nonCC//nonCC Other ab initio Other ab initio
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DFT Functionals

The many DFT functionals that have been constructed over the
past twenty years can be grouped into the following four classes.>
(1) For the simplest functionals the energy depends only on the
charge density p. This is termed the LDA. (2) An improvement
results when the energy depends also on the density gradient \/p,
i.e., the generalized gradient approximation (GGA). (3) For the
meta-GGA functionals the energies depend also on the Laplacian
of the density Y/2p and/or the orbital kinetic energy. (4) Lastly,
there are the so-called hybrid functionals that include a portion of
exact (Hartree-Fock) exchange.

DFT functionals typically have exchange and correlation parts
that are constructed independently. The most popular pure GGA
exchange functional is Becke88,'” while frequently used GGA
correlation functionals are those from Perdew®® or from Lee,
Yang, and Parr (LYP)*®. Their combination for exchange and cor-
relation gives the Becke-Perdew (BP86) or BLYP functionals.

DFT functionals can also be divided into empirical and non-
empirical ones. Nonempirical functionals like PBE®’ are derived
by theoretical considerations and contain physical constants as
parameters. Empirical functionals have been optimized for sets
of molecules mimicking the G2-set like HCTH,*®**® which con-
tains a set of 15 fitting parameters, or B3LYP, containing 3 fit-
ting parameters. These empirical functionals may function well
for molecules within the set that they were fitted to, but may fail
for others.*!

The newly developed GGA exchange functional OPTX*? gives
an improvement over the widely used Becke88.'""'* When com-
bined with LYP it competes with the widely used B3LYP hybrid-
GGA functional for the electronic description of organic mole-
cules,®* but its performance appeared less satisfactory for the
spin states of transition metal complexes.>” Promising results have
been obtained by combining OPTX with PBE correlation (OPBE),
which not only predicts correctly the spin ground states of iron
complexes,”” but also performs well for other systems and proper-
ties.'* The OPTX functional may also be combined with the new
meta-GGA correlation functional LAP3* (to give OLAP3);
although the LAP3 parameters were obtained in combination with
Becke88 exchange, the same parameters are used for OLAP3."!

Other new meta-GGAs are those developed by Filatov-Thiel
(FT97),%¢ van Voorhis-Scuseria (VS98),%7, Krieger-Chen-lafrate-
Savin (KCIS),*® Becke (Becke00),** and Perdew’s latest (and
most accurate) TPSS;**° the TPSSh functional includes 10%
exact exchange. The new MO5 and MO05-2X functionals, which
were recently*? shown to perform well for barriers of hydrogen-
abstraction reactions, are not yet available in the ADF program,
and could therefore not be considered in this study.

Results

The typical energy profile for an SN2 reaction is shown in Figure 1.
After initial formation of a reactant complex (RC), the reaction pro-
ceeds via a transition state (TS) to a product complex (PC), and
finally, the products (P). In many (if not most) cases, the nucleo-
phile and leaving group are anionic species, which leads to rela-
tively stable reactant and PCs because of substantial donor—acceptor

Journal of Computational Chemistry

—

| AEHOVR

' AEEovr.fw

—

RN

} P
AE scentr.lw ' AEFeen / A JECTIpRLY
: P

C

RC

Figure 1. Energy profile for standard Sn2 reactions. [Color figure can
be viewed in the online issue, which is available at www.interscience.
wiley.com.]

orbital interactions as well as electrostatic ion-dipole interactions.
This causes the occurrence of the well-known double-well potential
energy surface (PES) along the reaction coordinate (Fig. 1). This
PES is characterized by two pronounced minima, associated with
RC and PC that are interconverted through the TS for SN2.

As a consequence, the energy profile involves two important
energy quantities regarding the barrier: (i) the central barrier,
which is the difference in energy between TS and RC and (ii)
the overall barrier, which is the difference between TS and sepa-
rate reactants. Note that the latter may in principle (and does so
in many cases) adopt negative values.

The overall barrier is decisive for the rate of chemical reac-
tions in the gas phase, in particular, if they occur under low-pres-
sure conditions in which the reaction system is (in good approxi-
mation) thermally isolated (see Refs. 51, 52). The central barrier
becomes decisive in the high-pressure regime, when termolecular
collisions are sufficiently efficient to cool the otherwise rovibra-
tionally hot RC, causing it to be in thermal equilibrium with the
environment. It may be tempting to conceive the central barrier
of the gas-phase reaction as the barrier of the same process in so-
lution. We stress, however, that this is not in general the case,
because differential solvation of RC and TS can affect the barrier
height substantially, even to the extent that relative heights of
barriers for competing processes can be inverted (see, for exam-
ple, Refs. 53, 54 and references cited therein).

In the case of a nonidentity reaction, in which the nucleophile
and leaving group differ, the energy profile of the forward reac-
tion differs, in general, from that of the reverse reaction. Thus,
the complexation energy of the RC (AES™P*Y yg AES™PYIY: gee
Fig. 1) or central barrier (AEbCent™t o AEBCCNNYY are not the
same for the forward and reverse reactions. In all cases, we exam-
ine both the forward and the reverse reaction.

We have measured the performance of the different DFT
functionals by looking at the absolute values of the deviations of
computed DFT energies from the CCSD(T) reference energies.
The DFT energies were obtained using the same geometry as
reported in the original studies. We examine the mean absolute
deviations (MAD) in the following energy terms which together
determine the energy profile of the S\2 reaction (see Fig. 1 for
their definition): (i) the complexation energy of the RCs AE“™;
(ii) the central barrier AE¥*""; (iii) the overall barrier AE*°"";
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i) X % GHY
ii) C + SiHCl

iii) OH- + CH3,Cly,,
iv) A + CH;A"

v) NS + GC,H,

vi) N,S + GC,H,

vii) LiX + CHyY

viii) RS~ + RSSR

iX) ‘CH; + SiyHg

X) X-  + NH,Y

— -

XCH; + Y

CISiH; + CI

H,0  + CH,,Cly,
CH;A*  + A

N, + CH,CHSH
N, + CH,CH,S
XCH,4 + LiY

RSSR + RS-
CH;SiH; + SiH;
XNH, + Y

X.Y={H,F,Cl, Br, I, OH, SH, CN, NH,, PH,}

A={H,0, HF, NH}
R={H, CHy}

Scheme 2. S\?2 reactions considered in this study (see Tables S1-S3).

and (iv) the reaction energy AE™*'. The overall performance Pg
of a DFT functional is then obtained by taking the average of
these four energy differences:

Pg = [MAD(AE™*') + MAD(AE®™)
+ MAD(AE™) + MAD(AEP™)] /4 (1)

Energetics of Benchmark Sets A, B, and C

Tables S1-S3 in the supporting information contain the
CCSD(T) benchmark data for the energy profiles of the reactions
in the three sets of reference data (A, B, and C, see Table 1)
taken from the literature.'>'>%~7> Each of the original articles
are referred to by the letter of the reference set plus a number,
e.g., Al for Ref. 55 (see Table 1 and Tables S1-S3). If possible,
the energies are used without zero-point vibrational energy
(ZPE) correction, to enable a proper comparison with the DFT
energies (which are also without ZPE correction). A schematic
drawing of all reaction types considered is given in Scheme 2.

It is interesting to see the differences within the reference
data from different studies on the same system, e.g., for the par-
ent chloride + methylchloride reaction, a variation in the com-
plexation energy of about 0.7 kcal/mol is observed along the
studies A3,68 A6,67 Bl,]3 C1,65 and C3,63 which probably
results from differences in the methodology [CCSD(T) vs.
QCISD(T) vs. G2(+)] as well as the extrapolation procedure
used in the A6°” paper. The differences for the fluoride + methyl-
chloride system along papers A1,” A5°% and A7,°%°% on the
other hand, are more likely to result from differences in basis-set
size. The most accurate results using a quadruple-¢ basis (A5)%
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show energies that are in between those from using a double-(
(aug-ccpVDZ, A7)°%® and those from a triple-¢ basis
(TZ2Pf+diff, A1).%> QCISD(T) results®® obtained with a large ba-
sis set resemble the double-( CCSD(T) values. As such, the most
accurate data can be used to give an estimate for the accuracy of
the lower-level basis set CCSD(T) data. Note that the quadruple-¢
energies are closer to the energies obtained with the double-( than
to those obtained with the triple-C basis set. The mean absolute
deviation relative to the quadruple-( energies is 2.2 kcal/mol for
TZ2Pf+diff, but only 0.7 kcal/mol for the smaller aug-cc-pVDZ
basis (see Table S1). However, with the double-( basis the geome-
tries of the intermediates deviate more from the high-level quad-
ruple-( results. In the RC, for example, the C—Cl and C—F dis-
tances in the TZ2Pf4-diff basis have a mean absolute deviation of
0.6 pm from the quadruple-¢ data, while in the aug-cc-pVDZ basis
it is 2.7 pm (data not shown in Tables). For the fluoride + methyl-
fluoride system, similar differences of up to 1.1 kcal/mol occur
along studies A1,>> A4, A6,°” B4,°” C1,%° and C3°* (see Tables
S1-S3).

A summary of the accuracy of DFT functionals is reported in
Table 2. The best functionals per class are LDA, OPBE (GGA),
OLAP3 (meta-GGA), and mPBEOKCIS (hybrid), with overall per-
formance Pg values [see eq. (1)] for set A of 7.2, 2.9, 2.3, and 2.2
kcal/mol respectively. In Table 2, for each reference paper the Pg
value is given for the best functional within each of the four classes,
LDA, GGA, meta-GGA, and hybrid DFT; also given is the average
over all reactions within these papers, the complete data for all DFT
functionals are provided in the supporting information. The most
remarkable conclusion from this Table is the good performance of
DFT with respect to the coupled-cluster benchmark data. The best
functionals have an overall performance Pg of about 2 kcal/mol.

DOI 10.1002/jcc



Energy Landscapes of Sy2 Reactions: A Comparison of DFT and Coupled Cluster Methods 1555
Table 2. Overall Performance Pg (in kcal/mol) for Best DFT Functionals and Other ab initio Methods.
Set Ref. Type® nr.? RHF MP2 LDA GGA® Meta-GGA? Hybrid DFT®
paper A1° 55 i 7 7.08 1.0 9.0 3.8 (gD) 2.5 (ml) 2.9 (hl, h2)
paper A2' 69 i 1 348 0.8" 5.0 1.8 (g2) 2.2 (ml) 0.6 (h3)
paper A3 61,68 i 1 4.8 1.0 (g2) 1.4 (m2) 0.6 (h4)
paper A4 72 i 1 4.5 0.6 6.7 1.8 (g1,g3) 1.3 (ml) 0.8 (h3)
paper A5' 62 i 1 6.2 2.1 (g) 2.2 (ml) 1.5 (h4)
paper A6' 67 i 3 5.5 1.8 (g2) 1.8 (ml) 0.6 (h3)
paper A7 56,58 i 1 7.0 2.1 (g) 2.0 (ml) 1.6 (h4)
paper A8* 57 i 2 6.9 1.0 (g2, g4) 0.8 (m3) 0.8 (h5, h6)
average set A 17 7.2 2.9 (gl) 2.3 (ml) 2.2 (hi, h4)
paper B1' 13 i 2 3.5 0.6 4.0 1.3 (g5) 1.6 (m4) 0.5 (h7)
paper B2 70 i 1 - 0.5 6.0 1.6 (gl) 2.3 (m5) 0.5 (h4)
paper B3 60 iii 5 8.9 22 7.1 1.5 (g2) 1.4 (m6) 1.8 (h8)
paper B4l 67 i 6 - - 54 2.0 (g2, g5) 1.5 (ml) 1.1 (h4)
paper B5' 71 iv 3 - 12 2.7 1.4 (g2) 1.4 (m7) 0.9 (h7)
paper B6' 75 v vi 2 - 3.2 11.3 4.9 (gl) 5.3 (m8) 2.6 (h7)
paper B7' 74 vii 10 - - 5.9 3.4 (g5) 3.5 (ml) 1.9 (h7)
paper B8 59 viii 3 - 19 5.9 1.4 (g2, g3) 1.1 (m1) 0.8 (h10, h11)
paper BY 66 ix 2 - - 11.2 1.0 (g6) 1.1 (m5) 0.6 (hl)
average set B 34 - 2.7m 7.0 3.3 (g1, g5) 3.4 (ml) 24 (4, hi2)
paper C1' 65 i 4 - - 5.9 2.1 (g2) 1.8 (ml) 0.6 (h3)
paper C2! 72 i 1 - - 5.7 1.9 (gl) 2.2 (m6) 1.1 (h4)
paper C3! 63 i 4 - - 5.6 1.7 (g1) 1.3 (ml) 0.8 (h3)
paper C4! 64 X 4 - - 7.4 2.6 (gl) 1.4 (ml) 1.1 (h4)
average set C 13 - - 6.3 2.2 (gl) 1.5 (ml) 1.1 (h4)

“Type of reactions in paper (see Scheme 2).
"Number of reactions in paper.

“In parentheses the best performing GGA functional, g1:

OPerdew, g6: BOP.

OPBE, g2: HCTH/407, g3: HCTH/93, g4: HCTH/147, g5:

In parentheses the best performing Meta-GGA functional, m1: OLAP3, m2: FT97, m3: KCIS-modified, m4:
mPBEKCIS, m5: Becke00, m6: BLAP3, m7: VS98, m8: PKZB.

°In parentheses the best performing Hybrid functional, h1: BIPW91, h2: O3LYP, h3: BHandH, h4: mPBEOKCIS,
h5: B97-1, h6: mPBEI1KCIS, h7: PBEO, h8: B3LYP, h9: BILYP, h10: KMLYP, h11: mPWI1K, h12: mPWI1PW.

'DFT results using TZ2P basis.
2At the RHF optimized geometry.
"At the MP2 optimized geometry.
'DFT results using QZAP basis.
IDFT results using TZP basis.
XDFT results using DZ basis.
'DFT results using DZP basis.

"MExcluding papers B4, B7, and B9, for which there are no MP2 data available.

The most important set of reference data is the first one (set
A, see Table 1), where coupled cluster methods have been used
both for obtaining the geometry and the energy (CC//CC). For
this set, the best functionals with an overall performance of 2.2—
2.3 kcal/mol (see Tables 2 and S4) are OLAP3, mPBEOKCIS,
and BIPW91. The best GGA functional (OPBE) is only
0.7 kcal/mol less accurate than these three with an overall per-
formance Pg [see eq. (1)] of 2.9 kcal/mol. This is a very good
performance, especially considering the reduced computational
effort needed in comparison with the more elaborate meta-GGA
and hybrid functionals, let alone the coupled cluster calculations.
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The second set of reference data (set B, see Table 1) involves
studies with coupled cluster energies on non-coupled cluster geo-
metries (CC//nonCC). The results for the different functionals are
similar to those found for the CC//CC set: the best one overall
remains the mPBEOKCIS hybrid functional with an overall per-
formance Pg [see eq. (1)] of 2.4 kcal/mol (see Table 2). The best
performing GGA functionals (OPBE, OPerdew) follow closely
with values of 3.3 kcal/mol (see Tables 2 and S5), and are now bet-
ter than the best meta-GGA functional (OLAP3). Also for the third
set (set C, nonCC/monCC, see Table 1), which does not involve
coupled cluster results, we find the same trend in (good) perform-
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ance along the various density functionals for describing the energy
profiles of the reference reactions (see Tables 2 and S6). The best
GGA, meta-GGA, and hybrid functionals all agree excellently with
the benchmark data, showing overall performance Pg [see eq. (1)]
values between 1.1 and 2.2 kcal/mol (see Tables 2 and S6).

All of the above reported performances are likely to be influ-
enced by the basis sets used. The performance of DFT functionals
is much better (see Table 2) when a basis set close to the basis set
limit has been used both in the reference study (A2—-A6, see Table
S1) and our DFT calculations, than when a smaller basis set was
used in the literature CCSD(T) study (A1, A7-A8). When leaving
out the benchmark studies employing smaller basis sets (i.e., tak-
ing into account only reactions A2—-A6), the overall performance
Pg of the DFT functionals improves; the best DFT functionals per
class now have Pg values of 5.6 (LDA), 2.1 (OPBE), 1.8
(OLAP3), and 1.1 (mPBEOKCIS) kcal/mol.

Also given in Table 2 are the overall performance Pg [see
eq. (1)] of RHF and MP2 for those reactions for which they
were available. Although they seem to perform well for set A,
the comparison with the DFT functionals is unfair: the RHF and
MP2 energies have been obtained at their own optimized geome-
try, which may deviate largely from the reference CCSD(T)
structure that has been used for the DFT functionals in the pres-
ent study. For example, for the chloride + methylbromide reac-
tion of paper A2,% the C—Br distance in the RHF or MP2 TS
structure deviates by about 0.03 A from the CCSD(T) structure,
while the C—Cl distance even differs by 0.04 (MP2) and 0.12
A (RHF). For normal bond distances, these differences are usu-
ally much smaller, i.e., less than 0.01 A for MP2, and around
0.03 A for RHF.”® Therefore, as not only the method for obtain-
ing the energy (RHF/MP2 vs. DFT) changes but also the geome-
tries, it is impossible to directly compare the DFT performance
with the performance for RHF or MP2, and, thus, no further
comparison with RHF or MP2 will be made for the CC//CC set.

For the CC//nonCC set (set B, see Table 1), where the major-
ity of the papers used MP2 for obtaining the geometry, we were
able to compare our DFT data with MP2 (and sometimes the
RHF) results (see Table 2). The accuracy of MP2 lies in these
cases in between that of the best hybrid functional on one hand
and those of the best GGA and meta-GGA functionals on the
other hand (see Tables 2 and S5). This shows up also for its
overall performance Pg (2.7 kcal/mol, see Table 2) that is
slightly larger than that of PBEO/mPBEOKCIS (2.4 kcal/mol, see
Table S5), and slightly lower than that of OPBE/OPerdew (3.3
kcal/mol) or OLAP3 (3.4 kcal/mol). The RHF results are compa-
rable to those of LDA (see Tables 2 and S5).

Special Cases

The study by Uggerud (B5)"' is special in that it is the only one
that involves cationic species; apart from papers B6,”> B7’* and
B9 that involve neutral species, all other papers deal with anionic
species. The performance of DFT functionals to reproduce the
energy profile of BS is good, with an overall performance Pg [see
eq. (1)] of 2.7 kcal/mol (LDA) or less (data not shown in Table).
For the neutral reactions of paper B6,” the pure DFT functionals
perform less, which might be related to the difference in and qual-
ity of the (DZP) basis set used. For the CC//CC set A (see Table
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Table 3. Components of Overall Performance Pg for Set A (in kcal/mol)
for Best Energy Functionals per DFT Class.

Overall AES™PX AEZ[:,cemr AEI,ovr AEreacl

LDA LDA 7.23 6.77 6.49 13.01  2.66
OPBE GGA 2.94 3.14 3.69 271 221
HCTH/93 GGA 3.13 241 4.14 338  2.60
OLAP3 meta-GGA 2.28 2.59 2.11 2,19 224
BLAP3 meta-GGA 3.57 1.63 4.92 547 228

mPBEOKCIS  hybrid DFT ~ 2.22 2.06 1.85 267 231
BIPWI1 hybrid DFT ~ 2.23 1.99 2.23 2,19 251

1), a similar trend was observed (see Table 2). For the one paper
(B966) that deals with radical systems, all DFT methods (except
LDA) perform well (data not shown in Table).

MAD of Complexation Energy, Overall and Central Barrier,
and Reaction Energy

In Table 3, we report, for the best functional of each DFT class,
the MAD over all reactions studied, individually for each of the
following energy terms: (i) the complexation energy AE™P*,
(i) the overall barrier AE*®"", (iii) the central barrier AE*e"",
and (iv) the reaction energy AE™*'. For LDA, the overall per-
formance Pg is dominated by the errors in the overall barrier
(13.0 kcal/mol) and the reaction energy (2.7 kcal/mol), which
are much higher cq. lower than the overall performance Pg of
7.2 kcal/mol (see Table 3). The spread is much smaller for the
(best performing) GGA, meta-GGA, and hybrid functionals (see
Table 3). For the GGA functionals, the error is largest for the
central barrier (3.7 and 4.1 kcal/mol), and smallest for the reac-
tion (OPBE, 2.2 kcal/mol), or complexation energy (HCTH/93,
2.4 kcal/mol).

The smallest error of the OLAP3 (meta-GGA) functional is
for the central barrier (MAD value 2.1 kcal/mol, see Table 3)
as reported earlier,'""'* and the largest error is for the complex-
ation energy (MAD value 2.6 kcal/mol). The second-best meta-
GGA functional, BLAP?),45 performs well for the complexation
(MAD value 1.6 kcal/mol) and reaction energy (MAD value
2.3 kcal/mol), but shows larger errors for the barriers (MAD
values of 4.9 and 5.5 kcal/mol, see Table 3). The overall per-
formance Pg of the best-performing hybrid functionals benefits
mainly from their performance for the complexation energy
(MAD values about 2.0 kcal/mol, see Table 3) and the central
barrier (MAD value 1.8-2.2 kcal/mol), and show some larger
errors for the overall barrier (MAD value 2.2-2.7 kcal/mol, see
Table 3) or the reaction energy (MAD value 2.3-2.5 kcal/mol,
see Table 3).

In Table4, we report for each of the four DFT classes, the
best performing functional for each separate component of the
overall performance. Interestingly, the best performing GGA
functional for the overall performance Pg (OPBE)™ is also
the best performing for three of the four components with
MAD values of 2.2 (AE™*Y, 2.7 (AE*°'"), and 3.7 (AEY°")
kcal/mol (see Table 4); only for the complexation energy is
OPBE not the best one (MAD value AE“™* OPBE 3.1 kcal/
mol, see Table S4). However, in that case the difference with
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Table 4. Best DFT Functional per Class for the Four Components of the
Overall Performance Pg (in kcal/mol).

AEC™PX AEI,cenu' AEi,ovr AEreacl
LDA 6.77 6.49 13.01 2.66
GGA® 2.11 (gl) 3.69 (22) 271(g2) 221 (g2)
meta-GGA® 1.63 (ml, m2)  2.11 (m3) 2.19 (m3) 2.16 (m4)
hybrid DFT® 175 (hl) 1.85 (h2) 2.19 (h3) 221 (hd)

“In parentheses the best performing GGA functional, gl: BOP, g2:
OPBE.

"In parentheses the best performing Meta-GGA functional, m1: BmTaul,
m2: BLAP3, m3: OLAP3, m4: mPBEKCIS.

“In parentheses the best performing Hybrid functional, h1: KMLYP, h2:
mPBEOKCIS, h3: BIPW91, h4: mPBE1KCIS.

the best GGA functional (BOP) is still only 1.0 kcal/mol
(MAD value AE“™P* BOP 2.1 kcal/mol, see Tables 4 and S4).
The OLYP functional is another GGA functional that per-
forms reasonably well for all four components of the overall
performance. For the hybrid functionals, there is no one that
is equally well on (almost) all fronts (see Tables 4 and S4):
for each of the four components there is a different functional
that performs best.

Contributions of Exchange and Correlation to the Energy
Profile

The results for the fluoride + methylfluoride reaction of paper
A47* have been used as reference data in a study by Gritsenko

et al.,'? in which they used multi-reference configuration interac-
tion (MRCI) to provide the charge density that was subsequently
used to obtain the true Kohn-Sham exchange (E,) and correla-
tion (E.) energies for the intermediates. From the difference
between the RC and TS energies, they obtained the contributions
of exchange and correlation to the central barrier of 25.7 kcal/
mol, which were found to be 28.9 (E,) and —3.2 (E.) kcal/mol.
In their study, these values were compared with the ones
obtained from three popular pure DFT functionals (BP86,
BLYP, and PW91), which all showed a severe underestimation
of the exchange part.

We repeated the calculations to include more DFT function-
als in the comparison. In Table5, we report the results from our
calculations with the TZ2P basis, of similar size as the triple-(
basis that was used in the MRCI calculation. For the three popu-
lar functionals, i.e., BP86, BLYP, and PW91, the energies from
LDA densities are reasonably similar to those from the MRCI
density, e.g. with severe underestimation of the exchange part.
This is improved upon by functionals that include OPTX
exchange, which raises the exchange contribution by about 4
kcal/mol. Including a portion of exact exchange further increases
this contribution; the larger the portion of exact exchange, the
larger the contribution of the exchange. Therefore, it is no sur-
prise that KMLYP, which has one of the largest contributions of
exact exchange, shows the largest contribution of exchange
energy to the central barrier. However, there is a trade-off:
KMLYP is neither the best hybrid functional for the overall per-
formance Pg, nor even for the central barriers in the CC//CC set
(see Tables 4 and S4).

Table 5. Contributions (in kcal/mol) of Kohn—Sham DFT Exchange and Correlation Functionals to the

Central Barrier of F~ + CH3F.

Elpmrer]® Elproal® Elpopsel”
EX EC EX(. EX EC EXC EX EC EXC

KS 28.87 -3.19 25.68 - - - — - -

LDA LDA - — - 13.26 0.19 13.45 15.25 0.29 15.54
OPBE GGA - - - 17.29 —0.28 17.00 19.89 —0.19 19.70
OLYP GGA — — - 17.29 —0.92 16.36 19.89 —0.95 18.94
PWOI1 GGA 12.96 0.38 13.34 14.03 —0.32 13.70 16.26 —-0.24 16.02
BP86 GGA 13.58 —0.05 13.53 14.40 —-0.77 13.64 16.67 —-0.73 15.95
BLYP GGA 13.58 —0.82 12.76 14.40 —-0.92 13.48 16.67 —0.95 15.73
OLAP3 meta-GGA - — - 17.29 2.05 19.34 19.89 2.20 22.09
TPSS meta-GGA - - - 13.13 —0.10 13.02 15.45 —0.02 15.43
FT97 meta-GGA — — — 15.30 —2.57 12.73 17.73 —2.71 15.02
KMLYP hybrid DFT - - - 25.51 —0.31 25.20 27.85 —0.26 27.59
BHandH hybrid DFT - — - 24.26 —-0.92 23.34 26.56 —-0.95 25.61
mPW1K hybrid DFT - - - 23.21 —0.32 22.88 25.62 —-0.24 25.38
mPBEOKCIS hybrid DFT — — - 19.60 0.11 19.71 21.96 0.20 22.16
B1PWO1 hybrid DFT - - - 19.62 —0.32 19.29 21.97 —-0.24 21.74
B3LYP hybrid DFT — — — 17.38 —0.71 18.94 20.80 —-0.71 20.09
O3LYP hybrid DFT - - - 19.65 —0.71 16.67 22.29 —-0.71 21.58
TPSSh hybrid DFT - — - 15.34 —0.10 15.24 17.69 —0.02 17.67

“post-SCF from MRCI density, from ref. 12.
*post-SCF from LDA/TZ2P density.
‘post-SCF from OPBE/TZ2P density.
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Table 6. Mean Absolute Deviations in Geometries (A, deg) for Various Density Functionals Compared to

CCSD(T).

Functional Ran RR,P RRC,PC Rys Oan aR,P 9RC,PC Ors Pg
OLYP 0.058 0.006 0.089 0.036 0.567 0.156 0.439 1.636 0.033
OPBE 0.063 0.011 0.108 0.018 0.661 0.447 0.645 1.066 0.042
mPBEOKCIS 0.046 0.007 0.037 0.088 1313 0.327 0.604 5.085 0.060
OLAP3 0.132 0.007 0.206 0.084 0.515 0.138 0.208 2.063 0.068
RevPBE 0.089* 0.010 0.135 0.051% 3.039% 0.146 4.668 2.9412 0.270
RPBE 0.092° 0.011 0.139 0.052° 3.001* 0.159 4.640 2.730° 0.276
BP86 0.096* 0.008 0.137 0.077% 3.497° 0.150 5.566 2.550% 0.336
LDA 0.098° 0.014 0.155 0.039* 3.450* 0.487 5.039 3.708* 0.338
PBE 0.120° 0.007 0.195 0.020° 5.104° 0.150 8.362 0.559° 0.612
mPBE 0.123° 0.008 0.198 0.024° 5.084° 0.142 8.339 0.503° 0.625
mPW 0.122° 0.008 0.197 0.024° 5.132° 0.152 8.389 0.716° 0.626
BLYP 0.134° 0.017 0.212 0.059° 5.376" 0.311 8.682 3.159* 0.720

See eq. 2 for Pg.
“Failed to optimize the TS for F~ + CH;Cl in TZP basis.

®Failed to optimize the TS for F~ + CH;3Cl in TZP and QZA4P basis.

Table 5 also suggests a reason for the good performance of
the OLAP3 and mPBEOKCIS functionals, i.e., the best perform-
ing meta-GGA and hybrid functionals. For both the correlation
contribution is positive, while it should have been negative, that
is, the correlation functionals behave effectively as quasi-
exchange.

The best performing GGA functional for the contributions of
exchange and correlation to the central barrier of F~ + CH3F is
again OPBE (see Table 5). To investigate the influence of the
use of LDA densities, we also performed the calculations on this
system evaluated with a self-consistent OPBE density. The
effect on the contribution of correlation is virtually negligible,
with changes in the order of 0.15 kcal/mol or less (see Table 5).
However, the contribution of exchange is more sensitive to the
density used for evaluating the functional, showing changes of
2.0-3.5 kcal/mol for the different functionals.

Interestingly, the variations in overall performance Pg along
the various density functionals stem mainly from the variations in
the exchange part of the functional and to a lesser extent from the
correlation part (see Table S4 and Refs. 11,12). Thus, changes in
the correlation part lead to variations of 0.5 kcal/mol or less for the
overall performance Pg (compare OPBE, OPerdew, OLYP entries
in Table S4), while changes in the exchange part may lead to dif-
ferences of up to 3.0 kcal/mol (compare OPBE, revPBE, RPBE,
mPBE, PBE, PBEO in Table S4). For individual energy terms,
these differences may be even larger, as witnessed in the MAD
value for the overall barrier for the OPBE, revPBE, RPBE, mPBE,
PBE, PBEO functionals (that all use PBE correlation, but differ in
the exchange part), which are found in the range from 2.7 to 10.0
kcal/mol for the CC//CC set (see Table S4).

Geometry Optimization for CC//CC Set

The reference data of the CC//CC set have also been used for
comparing the performance of DFT functionals for obtaining the
geometry of stationary points; papers Al and A8 were not
included here because the basis sets in the original papers are
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not appropriate compared with the other papers in the CC//CC
set, e.g., the best hybrid functional has an overall performance
Pg value of 2.9 kcal/mol for paper Al (see Table 2), which is
roughly three to four times as large as the value for papers
A2-A6 (see Table 2).

For each stationary point, the most reliable reference geome-
try was chosen if more than one is available, and the structure
reoptimized with several DFT functionals. Within the ADF pro-
gram, analytical gradients are available only for LDA and GGA
functionals. Therefore, the QUILD program has been used for
studying the geometries from meta-GGA and hybrid functionals.
Geometry optimization is very time consuming for these two
classes of density functionals because gradients are obtained by
numerical differentiation of the energies. Therefore, only the
best meta-GGA (OLAP3) and hybrid functional (mPBEOKCIS)
from the first part (evaluation of the energies) have been taken
into account, together with almost all GGA functionals available
within ADF (PW91 was not considered because it should give
results similar to PBE?%%7),

The results of our density-functional geometry optimizations
are collected in Table6, which is divided into three parts. The
first deals with the deviations of bonds from the reference
CCSD(T) data, and is subdivided into deviations for the reac-
tants or products (Rgp), for reactant or product complexes
(Rrcpc) and for transition structures (Rts). The second part con-
cerns the deviation of angles and is subdivided in a similar fash-
ion. Finally, the product of the deviations for the bonds and the
angles is taken as a measure for the overall performance Pg
regarding geometry optimizations:

Pg = MAD(R) x MAD(f) )

The most striking feature from Table 6 is the difference between
the recent GGA (OLYP, OPBE) and standard (LDA, BPS86,
BLYP) functionals. Where the former show an overall perform-
ance Pg [see eq. (2)] of 0.03 (OLYP) and 0.04 (OPBE), standard
functionals show Pg values starting from 0.27 (RevPBE) to 0.72
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for BLYP. This difference results from the bonds (where the MAD
values of the standard functionals are up to twice as large as those
for the recent functionals that involve the OPTX exchange func-
tional), but mostly from the angles for which the MAD values for
standard functionals are at least five times and sometimes up to
almost 10 times larger than those from OLYP and OPBE.

Interestingly, the best GGA functionals perform better than
the meta-GGA and hybrid functionals (see Table 6). For exam-
ple, although mPBEOKCIS gives a smaller deviation for the
bonds (0.05 A vs. 0.06 A, see Table 6), the deviation for the
angles is twice as large (1.3° vs. 0.6/0.7°). On the other hand,
while OLAP3 shows a smaller deviation for the angles (0.5°),
the deviation for the bonds is twice as large (0.13 A). Therefore,
the overall performance Pg of the meta-GGA and hybrid func-
tionals is about twice as large as that for the best GGA function-
als (see Table 6).

Conclusions

We have evaluated the performance of 50 popular (and less pop-
ular) density functionals, covering LDA, GGA, meta-GGA, and
hybrid DFT, for describing a broad spectrum of 64 S\2 re-
actions, by comparing the DFT results with highly correlated
ab initio benchmark data (mainly CCSD(T)) from the litera-
ture'>'>3~7 for PES and geometries of stationary points.

The best DFT approaches in this study perform strikingly well
in reproducing the benchmark data of the vast set of test reactions.
The best GGA, meta-GGA, and hybrid functionals are OPBE,
OLAP3, and mPBEOKCIS, respectively, with overall performance
Pg values [see eq. (1) for definition] of 2.9, 2.3, and 2.2 kcal/mol.
The MAD for the central/overall barriers are 3.7/2.7 (OPBE), 2.1/
2.2 (OLAP3), and 1.9/2.7 (mPBEOKCIS) kcal/mol respectively.
Note that the hybrid functionals perform only marginally better
than the pure functionals, with the popular B3LYP (4.5/6.0 kcal/
mol) even performing worse than OPBE. More detailed analyses
suggest that the good performance of OLAP3 and mPBEOKCIS is
probably fortuitous. In general, it is the exchange part and not the
correlation part of the energy functional (causing variations in
overall performance Pg [see eq. (1) for definition] of up to 3.0 vs.
0.5 kcal/mol) that determines the accuracy of the DFT method for
our model reactions, in line with previous studies.''"1?

The same GGA functionals that performed best for the ener-
gies (OPBE, OLYP), also perform best for the geometries with
MADs in bond distances and angles of 0.06 A and 0.6°, leading
to overall performance Pg values [see eq. (2) for definition] of
0.03 and 0.04. This is significantly better than the Pg values of
regular (i.e., no OPTX exchange) GGA functionals (Pg values
0.27-0.72), the best meta-GGA (OLAP3: Pg value 0.07), and
the best hybrid DFT (mPBEOKCIS: Pg value 0.06).

In view of the much higher computational efficiency of
GGAs compared with meta-GGAs and hybrid functionals,
let alone coupled cluster, we recommend the use of accurate
GGAs such as OPBE or OLYP for studying Sn2 reactions.
If the accuracy should be taken to the limit in a computation-
ally still efficient manner, we recommend to use mPBEOKCIS/
QZA4P in a single-point fashion using OLYP/QZ4P geometries
(mPBEOKCIS/QZ4P//OLYP/QZAP).
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Supporting Information

Tables with reference energy data, mean absolute deviations for
all density functionals per set of reference data (A, B and C);
Cartesian coordinates of all intermediate structures used in this
study.
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