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Abstract We have assessed the performances of three

recently proposed functionals, RC (Ragot and Cortona in J

Chem Phys 121:7671, 2004), TCA (Tognetti et al. in J

Chem Phys 128:034101, 2008), and RevTCA (Tognetti

et al. in Chem Phys Lett 460:536, 2008) by calculating the

activation enthalpies for ten pericyclic reactions and

eighteen 1,3-dipolar cycloadditions. We have found that

the local functional (RC) gives results only marginally

better than the local-density approximation ones, while the

two GGA functionals, TCA and RevTCA, both strongly

improve the results with respect to PBE. The performances

of RevTCA, in particular, are not far different from those of

a hybrid functional such as B3LYP.

Keywords Density-functional theory �
Exchange-correlation functionals � Generalized-gradient

approximation � Pericyclic reactions � 1,3-Dipolar

cycloadditions

1 Introduction

The predictive ability of ab initio calculations performed

in the framework of the density-functional theory (DFT)

[1, 2] rests on the accuracy of the available approximations

for the exchange-correlation functional. Many attempts on

improving the oldest one, the local-density approximation

(LDA) [3, 4], have been undertaken in the past, but these

attempts were not always successful. During the past two

decades, however, considerable progress has been made

and thus various approximate functionals, which remedy

the main failures of LDA, are now available. For example,

functionals such as PW91 [5], PBE [6], or BLYP [7, 8],

belonging to the generalized-gradient approximation

(GGA) class, are known to strongly improve the atomiza-

tion energies of the molecules, but to give barrier heights

for various prototypical chemical reactions which are not

accurate. Better results for these barriers can be obtained

by means of the so-called hybrid functionals (among which

B3LYP [9, 10] is probably the most famous one), where a

fraction of the exact exchange is combined with an

approximate functional in order to describe the whole

exchange and correlation of the system. In this case, the

increased precision of the results is paid in terms of an

increased computational cost and of a more difficult

implementation in the computer programs. Most solid-state

codes, for example, do not allow one to perform calcula-

tions using hybrid functionals.

A common practice in searching for new approximate

functionals is to choose an analytical expression having

some desirable features and to determine the parameters

entering this expression by fitting some set of reference

data (the so-called ‘‘training set’’). If the training set is

sufficiently large, this procedure assures good perfor-

mances of the functional for a wide class of systems. A

well-known functional obtained in such a way is B3LYP.

The parameters which determine the mixing of exact and

approximate exchange, as well as of local and nonlocal

correlation, were obtained by optimizing the results
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obtained for a large set of light atoms and small molecules

and for various properties, including atomization energies,

heights of barriers for chemical reactions, ionization

potentials, proton and electron affinities. Furthermore, the

DFT contributions to the hybrid functional are para-

metrized on their own: the Becke exchange was optimized

using the rare gas atoms as reference systems [7], while the

Lee–Yang–Parr correlation [8] was derived from an

expression due to Colle and Salvetti [11], which was in turn

devised in order to give exact results for He.

In contrast to the ‘‘pragmatic’’ approach underlined

above, it is possible to adopt a more ‘‘fundamental’’ point

of view. Once more an analytical expression of the func-

tional is chosen. This expression contains some constants

which are determined by requiring the approximate func-

tional to have some properties that the exact one is known

to have. A prototype of the functionals derived in such a

way is the one proposed by Perdew et al. [6].

During the past few years, adopting the fundamental

approach, we have elaborated three new functionals having

an increased level of sophistication. The first one is a local

functional (Ragot and Cortona [12], referred to as RC

hereafter), which has been tested by calculations of various

atomic and molecular properties. Comparing with its natural

counterpart, the LDA, we have found strong improvements

for some properties (atomization energies, reaction barriers,

ionization potentials, total correlation energies) and similar

results for bond lengths of molecules [13, 14].

The second one is a GGA-like functional (labeled TCA

in the following) devised in order to introduce density-

gradient related effects into the RC approximation [15]. In

this case, the natural comparison is with a typical GGA

functional like PBE. Here too, we have found quite sys-

tematic improvements, with the exception of the bond

lengths, for which the two approximations behave in a

similar way. However, this last statement must be modu-

lated: for hydrogen-bonded complexes the TCA errors on

the hydrogen bond-lengths are almost 40% smaller than the

PBE ones [15].

Finally, the third approximation is another functional of

the GGA class obtained by modifying the analytical

expression characterizing the TCA approximation [for this

reason it will be referred to as ‘‘revised’’ TCA (RevTCA)]

in order to satisfy one more property of the exact func-

tional. In such a way, further improvements of the TCA

results have been obtained [16].

The paper is organized as follows. The main features of

the three approximations mentioned above will be briefly

described in the next section. Then, we will present the

results we have obtained for a class of important organic

chemistry reactions. Finally we will propose some con-

clusions of this work.

2 The functionals

2.1 The RC correlation functional [12]

The RC correlation functional is given by

eRC
c ¼

�0:655868 arctan 4:888270þ 3:177037rsð Þ þ 0:897889

rs
;

ð1Þ

where ec is the correlation energy per electron and rs is the

Seitz radius

rs ¼
3

4pq

� �1=3

: ð2Þ

Written in this form, the functional is adequate for non

spin-polarized systems. In order to obtain a spin-polarized

version, Eq. 1 can be combined with the Wang and Perdew

interpolation function [17]:

Cðfðr~ÞÞ ¼ 1

2
ð1þ fðr~ÞÞ2=3 þ ð1� fðr~ÞÞ2=3
h i� �3

; ð3Þ

where f is the relative spin-polarization

f ¼
q" � q#

q
: ð4Þ

The total correlation energy of a system is then given by

ERC
c ¼

Z
Aðrsðr~ÞÞCðfðr~ÞÞd3r; ð5Þ

where

Aðrsðr~ÞÞ ¼
3

4pr3
s

eRC
c ðrsðr~ÞÞ: ð6Þ

The functional described above is a local functional which

can be trivially implemented in any DFT calculation pro-

gram. Furthermore, it does not contain fitted parameters.

The functional dependence of ec from rs was determined by

a modified Colle–Salvetti approach and the values of the

constants which appear in Eq. 1 were obtained by applying

the resulting expression to the homogeneous electron gas in

the two limit cases of high- and low densities.

2.2 The TCA correlation functional [15]

The simplest way of introducing dependence from the

density gradient in the RC functional is to look for a

functional having the following general expression:

ETCA
c ¼

Z
Aðrsðr~ÞÞBðsðr~ÞÞCðfðr~ÞÞd3r; ð7Þ

where Aðrsðr~ÞÞ and Cðfðr~ÞÞ are given in Eqs. 6 and 3,

respectively, s is the reduced density gradient
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s ¼ 3

2p

� �1=3

r~rs

��� ��� ¼ r~q
��� ���

2ð3p2Þ1=3q4=3
; ð8Þ

and Bðsðr~ÞÞ is a function to be determined. As the

functional is supposed to be an extension of the RC one,

a natural condition on B is

Bð0Þ ¼ 1: ð9Þ

Furthermore, it is known that, in the large gradient limit

(s ? ?), the correlation energy vanishes [6]. Thus, we

must have

lim
s!1

BðsÞ ¼ 0: ð10Þ

Conditions 9 and 10 are satisfied if the following simple

expression of Bðsðr~ÞÞ is assumed:

Bðsðr~ÞÞ ¼ 1

1þ rsðr~Þa ; ð11Þ

where r and a are positive constants. The values of these

constants have been determined by an average gradient

analysis following (and extending) an approach previously

developed by Zupan et al. [18, 19]: r and a were found to

have values of 1.43 and 2.30, respectively.

2.3 The RevTCA correlation functional [16]

In the RevTCA model, the approximate functional is

required to satisfy a further exact condition. The correla-

tion energy of a monoelectronic system must be zero. This

simple and very natural condition is not verified by most of

the currently used correlation energy functionals (a notable

exception is LYP [8]). In other terms, they are affected by a

correlation self-interaction error (cSIE). This error can be

partly corrected in the TCA scheme by modifying the

general expression given in Eq. 7 as follows:

ERevTCA
c ¼

Z
A rs½ �B s½ �C f½ � 1� D rs; s; f½ �ð Þd3r ð12Þ

As RevTCA is conceived as an extension of TCA, the

function D, which couples the three variables rs, s, and f,

must satisfy two natural conditions:

D rs; 0; f½ � � 0; ð13Þ

and

D rs; s; 0½ � � 0: ð14Þ

Thanks to the first one the functional recovers the RC

approximations in the homogeneous case, while the second

one makes RevTCA and TCA identical for non spin-

polarized systems. A further condition

�1\D� 1 ð15Þ

is needed in order to be sure that the correlation energy

density is negative everywhere and equal to zero when the

reduced density gradient tends to infinity. But the condition

which more strongly characterizes the RevTCA correlation

functional is the following:

D rs Hyd;
�� s Hyd;

�� 1
� �

¼ 1; ð16Þ

which means that Ec
RevTCA = 0 for all the hydrogenoid

atoms.

Conditions 13–16 are satisfied if the following expres-

sion of D is chosen:

D rs; s; f½ � ¼ f4 1� Sinc
ps

ars

� �� �2
 !

; ð17Þ

where Sinc is the sine cardinal function Sinc(u) = sin(u)/u,

and a ¼ ð4=9pÞ1=3:
In such a way RevTCA corrects the

cSIE. The correction is complete for all the exact densities

of the hydrogenoid atoms, and partial for all the other

monoelectronic systems. Numerical tests, however, indi-

cate that the residual correlation energy for these latter

systems is indeed very small.

2.4 The exchange counterparts

The RC functional was quite naturally combined with the

Slater local exchange [4] giving the SRC approximation.

The TCA correlation was combined with the PBE

exchange. Some arguments supporting this choice were

given in [15]. On the other hand, in the RevTCA case, the

choice was less easy. Although the RevTCA correlation

could be combined with the PBE exchange on the basis of

the same arguments previously used for TCA, in practice,

this choice does not work; the results are definitely less

accurate than those obtained by TCA. As the RevTCA

correlation is more accurate than the TCA one, it appears

that there is some mechanism of error compensation which

is more effective in one case than in the other. Fortunately,

the PBE exchange can be improved in a simple way. In

fact, it contains two coefficients, l and j [6]. The first one

determines the exchange behavior at small gradients. It was

determined by Perdew and coworkers in order to recover

the LDA linear response regime. As it was discussed in

Ref. [15], this condition is verified with excellent accuracy

when the PBE exchange is combined with the TCA cor-

relation. Thus, l does not need to be changed. Conversely,

j deals with large values of the reduced gradient and was

fixed in order to respect the local Lieb–Oxford bound [6].

As it was pointed out by Zhang and Yang [20], the original

Lieb–Oxford bound is an integral condition which does not

need to be respected locally. If one requires that the local

Lieb–Oxford bound (as improved by Chan and Handy [21])
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is verified in the so-called ‘‘physical interval’’ [18, 19], that

is s [ I = [0, 3], one obtains j = 1.227. In Ref. [20],

where a similar value of j was proposed (j = 1.245, while

the original PBE value is 0.804), it was shown by numeri-

cal calculations that the integral Lieb–Oxford condition is

verified in practice. In conclusion, in contrast with RC and

TCA, RevTCA has its own exchange contribution, which

has the same expression as in the PBE case, but with the j
value modified as specified above.

3 Activation barriers for pericyclic reactions

Pericyclic reactions are of fundamental importance in

organic chemistry. Many experimental and theoretical

studies have been devoted to the understanding of the

mechanisms underlying these transformations, so that very

accurate descriptions of them are now available. Recently,

Guner et al. [22] have benchmarked 11 hydrocarbon peri-

cyclic reactions and Ess and Houk [23] 18 dipolar

cycloadditions. These reference data sets have been shown

to be useful for the performance assessment of density

functionals (see for instance Ref. [24]). In this section, we

report the results we have obtained by the functionals

presented above for the activation enthalpies of these

reactions.

Calculations were carried out using the development

version of the Gaussian package [25]. As recommended in

Refs. [22, 23], the 6-31G* basis set was used. All the

geometries were fully optimized and frequency calcula-

tions were performed in order to establish if the resulting

stationary points were true minima or saddle points. The

activation enthalpies were evaluated by

DHact
0K ¼ DHTS

0K �
X

DHreactants
0K : ð18Þ

They include zero-point energies (ZPE), but no thermal

corrections. Only closed-shell calculations were performed

since open-shell structures have been shown to be less

stable.

Statistic treatment was used in order to quantify the

performances of the methods, including linear regressions

and calculations of the mean signed errors (MSE) and

mean absolute errors (MAE). For the hydrocarbon peri-

cyclic reactions, the reference values are the experimental

ones, whereas the multi-component CBS-QB3 values [26]

define the standards for dipolar cycloadditions.

Table 1 collects the results we have obtained for ten

hydrocarbon pericyclic reactions. They include three

electrocyclic reactions, three sigmatropic shifts, three

cycloadditions and one cycloreversion. We have not

included reaction 11 of Ref. [23] in our tests because the

precision of the corresponding experimental value is low

Table 1 Computed activation enthalpies DH0K
act (in kcal/mol) and mean errors for three electrocyclic, three sigmatropic shifts, three cycload-

ditions and one cycloreversion reactions using various exchange-correlation functionals

Ref.a 31.9 30.2 28.1 36.8 23.7 34.5

SVWN 34.8 21.1 20.5 23.7 19.7 19.7

SRC 34.4 21.1 20.5 23.8 19.7 20.0

PBE 32.7 25.2 22.7 29.5 22.7 26.2

TCA 32.2 26.5 23.5 31.0 23.6 27.8

RevTCA 31.8 28.1 24.0 33.0 24.5 29.9

B3LYPa 33.9 30.3 27.3 36.6 26.9 34.1

MSE MAE

Ref.a 25.0 23.7 15.9 24.3 – –

SVWN 0.1 1.2 -2.1 23.0 -11.2 11.8

SRC 0.6 1.7 -1.6 22.4 -11.2 11.6

PBE 12.2 13.4 11.5 19.7 -5.8 6.0

TCA 15.1 16.4 14.9 18.5 -4.5 4.5

RevTCA 20.4 21.6 20.9 17.9 -2.2 3.4

B3LYPa 21.4 22.3 21.2 21.5 0.1 2.0

The 6-31G* basis set is used
a From Refs. [22, 23]
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and the activation enthalpy is much greater than all the

other ones.

Comparing SRC with LDA (Slater exchange and

Vosko–Wilk–Nusair correlation (SVWN) [27]), it appears

that they give similar results, with a strong underestimation

of the barriers, with the exception of the cyclobutene

opening. In the cases where SRC and SVWN do not give

the same results, those obtained by SRC are slightly better.

However, there is one exception: it is given by the last

transformation, the cycloreversion. This transformation

seems to be a particular case: it is the only one for which

the results obtained by the GGA functionals are worse than

those given by the local ones. Considering the similarity of

the SRC and SVWN results, as well as the fact that they are

far from the experimental values, we have not extended the

investigation of these two functionals to the second data

set.

The same tendency (underestimation of the activation

enthalpies except for the first reaction) is shared by PBE,

but the errors are divided by 2 (MAE equal to 6.0 instead of

11.8 kcal/mol). Further improvements are obtained by

TCA (MAE equal to 4.5 kcal/mol) that provides higher

barriers than PBE (except for the cyclobutene opening and

the cycloreversion). Similar remarks apply to the compar-

ison between TCA and RevTCA. The latter (MAE equal to

3.4 kcal/mol) gives results which compete with those

obtained by B3LYP. A clear tendency can be drawn: from

SRC to RevTCA, via PBE and TCA, the barriers for

reactions 1 and 10 decrease while all others increase.

The second set of reference data is comprised of eigh-

teen 1,3-dipolar additions, as depicted in Fig. 1. The

evolution of the barriers and consequently of the errors are

similar to the first set. It can be noticed (see Table 2) that

RevTCA and B3LYP are the only functionals that give

balanced results, in the sense that they are sometimes

lower, sometimes higher, than the reference ones. It is the

reason why their MSE is near to zero for the reactions

involving acetylene. TCA reduces the errors for 33% with

respect to PBE, whereas they are divided by 2 when going

from TCA to RevTCA.

A particular point deserves attention: no transition state

has been found for the reaction of formoazomethine ylide

with ethylene using the PBE functional. In order to get

insights into this anomaly, we have investigated the relaxed

potential energy surface by varying the distance d between

the dipolarophile and the dipole. The results are plotted in

Fig. 2 (where the energy origin corresponds to an infinite

value of d). It appears that there is a maximum in the TCA

and B3LYP cases, while the PBE energy monotonously

increases. So, the form of the energy surface depends on

the functional used for its computation.

X

Y

Z
B

A

Z

Y

X
A

B

Fig. 1 The 1,3-dipolar cycloaddition

Table 2 Computed activation enthalpies DH0K
act (in kcal/mol) and mean errors for 18 1,3-dipolar cycloaddition reactions using various exchange-

correlation functionals

N

N

O

N

N

HN

N

N

H2C

N

HC

O

N

HC

HN

N

HC

H2C

HN

H2C

O

HN

H2C

HN

HN

H2C

H2C MSE MAE

Ref.a 27.9 20.3 14.6 13.0 7.2 5.9 13.8 6.6 0.9 – –

PBE 18.3 12.6 10.2 6.9 3.4 3.3 7.6 0.9 – -5.9b 5.9b

TCA 20.0 14.6 12.3 8.5 5.3 5.3 9.7 3.3 1.1 -3.3 3.4

RevTCA 24.9 19.3 16.3 12.0 9.2 9.2 14.3 7.9 5.2 0.9 2.0

B3LYPa 25.1 19.5 16.6 13.3 8.7 8.8 13.7 6.9 3.5 0.7 1.5

N

N

O

N

N

HN

N

N

H2C

N

HC

O

N

HC

HN

N

HC

H2C

HN

H2C

O

HN

H2C

HN

HN

H2C

H2C MSE MAE

Ref.a 27.9 20.1 15.2 14.1 8.5 7.4 14.0 8.1 1.5 – –

PBE 17.6 11.8 10.2 7.3 3.9 4.2 6.9 2.2 -0.5 -5.9 5.9

TCA 19.2 13.7 12.1 8.8 5.6 6.1 9.7 3.3 1.1 -4.0 4.0

RevTCA 23.9 18.2 15.9 12.0 9.2 9.8 13.4 9.5 5.1 0.0 1.9

B3LYP 24.5 18.6 16.4 13.7 9.1 9.5 13.0 8.5 3.6 0.0 1.4

The 6-31G* basis set is used
a From Ref. [23]
b Only for the first eight reactions
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Another item which requires some discussion is the

negative values obtained in the cases of the dimerization

of cyclopentadiene with local approximations and of the

last dipolar one with PBE. In all these cases, the tran-

sition state exists but it does not directly connect the

reactants taken infinitely separated with the final product,

but it connects the final product with another minimum

that is an adduct formed by the reactants. Besides, this

adduct is more stable that the independent reactants. For

instance, for the case represented in Fig. 2, TCA finds an

adduct at d = 3.13 Å. Such an energy profile is similar to

the one found in nucleophilic substitutions where a

complexation energy is defined. Following for instance

Ref. [28], the DH0K
act could be renamed the overall barrier

(to illustrate this point, we can take the example of the

last dipolar addition computed with PBE for which the

overall barrier is equal to -0.5 kcal/mol and the activa-

tion barrier is equal to 1.0 kcal/mol, the adduct being

characterized by a distance between both reactants equal

to 3.07 Å).

Then, in the spirit of Refs. [22, 23], we plotted in Figs. 3

and 4 the DFT results against the reference values and we

performed linear regressions. The ideal case is represented

by the black dotted line, which corresponds to a perfect

correlation. The main coefficients of the regressions are

collected in Table 3 and offer a complementary way of

evaluating the performances of the functionals, giving hints

about the homogeneity of the performances going from one

reaction to another. For the hydrocarbon reactions, the best

regression coefficient R2 for the GGAs is obtained by TCA,

whereas RevTCA is the most accurate for the dipolar

additions. However, the best slope (B closest to 1) is

obtained by PBE for the first set and by RevTCA for the

second one.

Finally, some remarks about our computational protocol

will be made. Indeed, as already stated, the 6-31G* basis

set has been chosen, following references 22 and 23.

However, as stressed by Grimme et al. [29], this basis set is

far from complete and the good B3LYP performances for

dipolar cycloaddition reactions can be partly ascribed to the

cancellation of errors stemming from the particular use of

rather small double-f basis sets. In order to deepen this

point, we test the four functionals with the corresponding

Pople triple-f 6-311G(d,p). The results obtained from the

full optimizations of the corresponding minima and tran-

sition states are gathered in Table 4. As it immediately

appears, all of the activations barriers increase when

2.4 2.5 2.6 2.7 2.8 2.9 3.0

-6

-5

-4

-3

-2

-1

0

1

HN

H2C

H2C d

d

∆E
 (

kc
al

/m
ol

)

d

PBE

 TCA

 B3LYP

Fig. 2 Relaxed energy scan for the reaction of the formoazomethine

ylide with ethylene using various density functionals and the 6-31G*

basis set (d in Å)
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Fig. 3 Plot of computed activation enthalpies versus reference values

for the ten pericyclic reactions (full lines) and of the corresponding

linear regressions (dotted lines; the black dotted line corresponds to

the perfect correlation)
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Fig. 4 Plot of computed activation enthalpies versus reference values

for the 18 dipolar cycloadditions (full lines) and of the corresponding

linear regressions (dotted lines; the black dotted line corresponds to

the perfect correlation)
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augmenting the basis set size. Accordingly, since PBE and

TCA tend to underestimate the barriers at the double-f
level, their performances improve when the basis set size is

increased. Conversely, as RevTCA and B3LYP provide

more balanced results with the small basis set, their MAEs

using the large one increase. Using the large basis set, TCA

is the approximation which gives the best results. Another

remarkable point is that the basis set extension enables

PBE to locate a first-order saddle-point for the reaction of

formoazomethine ylide with ethylene. It is not only a

change for the activation barriers that a largest basis set can

induce: the potential energy curve itself can be deeply

modified. Nevertheless, the variations for MSE remain

moderate when comparing Tables 2 and 4: for instance,

they are equal to 2.1 kcal/mol (PBE), 1.6 kcal/mol (TCA)

for reactions involving ethylene, and to 1.9 kcal/mol

(RevTCA) and 2.2 kcal/mol (B3LYP) with acetylene.

These values show that the average basis shifts are not

strongly functional-dependent.

4 Conclusions

In this paper, we have assessed the performances of some

recently proposed functionals by calculations of the acti-

vation enthalpies of pericyclic reactions. The local RC

functional gives results very close (in fact slightly better) to

the LDA ones. These results complete those reported in a

previous work [13], where other class of chemical reactions

were studied. In that work, we found that SRC reduced

significantly the MAE with respect to SVWN for Hydro-

gen-transfer (16%), heavy atom transfer (15%), and

unimolecular and association reactions (24%), while the

two approximations were found to be essentially equivalent

for nucleophilic substitutions.

TCA and RevTCA strongly improve the results with

respect to PBE, RevTCA being the most versatile among

these three approximations. This is the same trend that we

found in a preceding work [16], where we considered the

reactions mentioned above as well as proton-transfer

Table 3 Coefficients of the linear regressions y = A ? Bx

x = DH0K,ref
act Hydrocarbon reactions Dipolar additions

y = DH0K,comp
act PBE TCA revTCA B3LYP PBE TCA revTCA B3LYP

A -5.529 -1.798 5.740 3.847 -2.073 -0.057 3.879 2.981

B 0.989 0.903 0.710 0.865 0.717 0.708 0.729 0.795

R2 0.693 0.742 0.706 0.811 0.967 0.966 0.973 0.976

Table 4 Computed activation enthalpies DH0K
act (kcal/mol) and mean errors for 18 1,3-dipolar cycloaddition reactions using various exchange-

correlation functionals

N

N

O

N

N

HN

N

N

H2C

N

HC

O

N

HC

HN

N

HC

H2C

HN

H2C

O

HN

H2C

HN

HN

H2C

H2C MSE MAE

Ref.a 27.9 20.3 14.6 13.0 7.2 5.9 13.8 6.6 0.9 – –

PBE 21.0 14.5 11.5 8.8 4.3 4.0 9.0 2.6 -0.2 -3.8 4.3

TCA 23.0 16.7 13.7 10.7 6.3 6.2 11.3 5.1 2.1 -1.7 2.0

RevTCA 27.8 21.5 17.8 14.3 10.3 10.2 16.0 9.8 6.3 2.7 2.7

B3LYP 28.6 21.9 18.5 15.7 10.2 10.1 15.6 9.1 5.0 2.7 3.1

N

N

O

 
N

N

HN

N

N

H2C

N

HC

O

N

HC

HN

N

HC

H2C

HN

H2C

O

HN

H2C

HN

HN

H2C

H2C MSE MAE

Ref.a 27.9 20.1 15.2 14.1 8.5 7.4 14.0 8.1 1.5 – –

PBE 20.3 13.8 11.6 9.4 5.1 5.1 8.6 4.2 0.3 -4.3 4.3

TCA 22.1 15.8 13.7 11.2 7.0 7.2 10.9 6.5 2.4 -2.2 2.4

RevTCA 26.8 20.4 17.5 14.6 10.8 11.0 15.4 10.9 6.3 1.9 2.1

B3LYP 28.0 21.2 18.4 16.3 10.9 11.0 15.3 10.2 5.2 2.2 2.2

The 6-311G(d,p) basis set is used
a From Ref. [23]
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reactions. The performances of TCA and RevTCA are not

far from those of B3LYP and become even better for 1,3-

dipolar cycloaddition when a large basis set is used. This is

especially interesting, considering that TCA and RevTCA

do not contain fitted parameters, while B3LYP was opti-

mized for systems containing light atoms such as those

considered in the present work. This result does suggest

that functionals belonging to the GGA class are not

intrinsically less accurate than more elaborate and more

time-consuming approaches.
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