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Benchmarking study on eighteen methods, including MP2, B2PLYP-D3, B2PLYP-D3B]J, ®B97xD, M05-D3,
MO06-D3, M052X-D3, MO6HF-D3, PBEO-D3, PBEO-D3BJ, B3LYP-D3, B3LYP-D3DJ, TPSS-D3, TPSS-D3BJ,
BP86-D3, BP86-D3BJ, BLYP-D3, BLYP-D3B] and ten basis sets: cc-pVDZ, cc-pVTZ, aug-cc-pVDZ,
cc-pVQZ, def2-SVP, def2-TZVP, def2-TZVPP, def2-QZVP, 6-311++G** and 6-31G**, for each method, have
been performed, calculating interaction energies in (1) unsaturated/unsaturated systems (2-butene

Keywords: dimers), (2) unsaturated/saturated system (between butane and 2-butene) and (3) saturated/saturated
iﬁ?ec:gark (butane dimers). The calculated interaction energies are compared with accurate CCSD(T)/CBS energies.
Alkanes The data show that most levels of theory have the highest errors for systems with butane dimers, and
Double bond calculated interaction energies in these systems are overestimated. The best levels, overall for all systems,

are BLYP-D3BJ/def2-QZVP and BLYP-D3BJ/cc-pVQZ with similar root mean square deviation (RMSD)
values of 0.056 kcal mol~! and 0.060 kcalmol~! compared to CCSD(T) values. The best level for (1)
2-butene dimers is B3LYP-D3BJ/aug-cc-pVDZ; for (2) interactions between 2-butene and butane is
BLYP-D3BJ/def2-SVP; while for (3) butane dimers is BLYP-D3B]J/def2-QZVP. The differences in calculated
energies among several methods are not high, however, it is important that most of the DFT methods

CCSD(T) calculations
DFT calculations

overestimate interactions in butane dimers.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Properties of molecules with double bonds show usually high
electron densities and large polarizabilities, that cause electrostatic
and dispersion dominated non-covalent interactions. It is one of
the reasons that non-covalent interactions of molecules with -
bonds are attractive to study [1-22]. Interactions of aromatic mole-
cules were often studied as models for interactions of m-systems
[1,2,7,8,23]. In addition, interactions of ethene (ethylene) have
been studied as systems for interactions of molecules with double
bonds [11-22]. Differences in behavior between saturated mole-
cules and unsaturated molecules with double bonds, as well as
differences between unsaturated molecules with cis- and trans-
double bonds are of great importance in various molecular systems
and processes [24-28]. Properties of cis- and trans- isomers may
differ and best examples are cis- and trans- unsaturated fatty acids.
The shapes of molecules are defined by the configuration of mole-
cule and therefore it effects their ability to pack. The cis-configura-
tion is rigid with less freedom of bending, hence molecules of

* Corresponding author.
E-mail address: mirjana@tmf.bg.ac.rs (M.Lj. Kijev€anin).

http://dx.doi.org/10.1016/j.comptc.2017.08.001
2210-271X/© 2017 Elsevier B.V. All rights reserved.

cis-fatty acids have lower ability to pack close. On the other hand,
trans-configuration enables fatty acids to pack close, influencing
blood vessels and trans-fatty acids raise risk for heart disease and
affects cardiovascular health [28]. For 2-butene, trans-configura-
tion is more stable than cis-configuration, while the explanation
of these relative stabilities is still a controversial. In recent work
detailed study on the stability of cis- and trans-2-butene isomers
was performed, showing that significant influence on stability of
isomers have middle part of the 2-butene molecule [29].

The simplest model system of unsaturated molecules with
cis- and trans-double bonds is 2-butene molecule. In our previous
study, we have studied the non-covalent interactions of cis- and
trans-2-butene, as well as interactions of butane, as systems with
saturated bonds [30]. Various contributions to the interaction
energies were analyzed performing the Symmetry-Adapted Pertur-
bation Theory (SAPT) decomposition analysis [31]. The analysis
indicate that for an interaction in each system dispersion is the lar-
gest contribution to the total energy. Comparison of the dispersion
in various systems show that the dispersion is the largest in
2-butene/butane systems, followed by 2-butene/2-butene systems,
while it is the weakest in butane/butane systems. The electrostatic
is attractive in all calculated systems; it is the strongest in
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2-butene/butane systems, while in butane/butane systems is the
weakest. At the same time, the repulsion is also the strongest in
2-butene/butane systems and the weakest in butane/butane sys-
tems [30]. These data indicate that existence of double bonds
increases dispersion and electrostatic, but also increases the
repulsion.

Several benchmark studies were performed on accuracy of var-
ious DFT and MP2 methods for non-covalent interactions of alka-
nes [32-36]. A study on 1200 chemically varied gas phase
dimers, including alkane dimers, showed that, generally, DFT-D
methods give interaction energies with accuracy of 1.0 kcal mol ™!
[32]. The results also indicated, as can be anticipated, that DFT
methods without dispersion correction underestimate interaction
energies. The dispersion correction is not equally important for
all DFT methods; it is, for example, very important for B3LYP
method [32]. Studies on unbranched alkane dimers showed linear
correlation of calculated interaction energies at MP2 and DFT-D
methods with experimental heats of vaporization and critical tem-
peratures [33] and good performance of semi-local MGGA density
functional in comparison to DFT-D methods [34]. DFT-D methods
overestimate interaction energies, while the error is high for longer
alkanes. For most of the methods, the error increases with increas-
ing size of basis set. However, the calculations with DFT-D meth-
ods showed that increase of basis set does not lead to increased
interaction energies for all DTF-D methods [33].

In our previous work, only interaction energies in cis-2-butene
dimers obtained with MP2 and several DFT methods, were com-
pared to CCSD(T)/CBS values [30], and the results at M052X-D3/
cc-pVDZ level were in the best agreement with CCSD(T)/CBS ener-
gies. As the SAPT analysis indicate somewhat different nature of
interactions in three systems (1) unsaturated/unsaturated, (2)
unsaturated/saturated, and (3) saturated/saturated systems [30],
one can assume that different DFT methods would be best for
the each of the particular systems. Our aim was to find the best
methods for these various systems and to check differences in
accuracy for list of several good performing methods. These results
can show if it is necessary to use different methods for systems
with saturated and double bonds, or it is acceptable to use the
same method for all systems. Hence, in this work we performed
detailed benchmark study using MP2 and seventeen DFT-D meth-
ods, with ten basis sets, which makes 180 levels of theory on all
possible parallel interactions in (1) 2-butene dimers, between (2)
butane and 2-butene, and in (3) butane dimers. To the best of
our knowledge benchmark study on these systems have not been
published so far. Our results show difference in performance of
used methods for systems with double and single bonds.

2. Methods

We have studied interactions in ten model systems with
2-butene and butane molecules where monomers have parallel
orientation and, also, middle bonds (double or single) are always
oriented parallel. For the calculations we used Gaussian09 (version
D.01) [37].

The detailed benchmark study of 180 level of theory was
performed, using eighteen methods: MP2 [38], BLYP-D3 [39],
BLYP-D3BJ [39], BP86-D3 [40], BP86-D3B] [40] MO05-D3 [41],
MO052X-D3 [42], M06-D3 [43], MO6HF-D3 [44], TPSS-D3 [45],
TPSS-D3BJ [45], PBEO-D3 [46], PBE0-D3BJ [46], B3LYP-D3 [47],
B3LYP-D3DJ [47], B2PLYP-D3 [48], B2PLYP-D3BJ [48], ®B97xD
[49], and ten basis set: Dunning’s correlation consistent basis sets
(cc-pVDZ [50], cc-pVTZ [51], cc-pVQZ [52], aug-cc-pVDZ [52]),
basis sets of Ahlrichs and coworkers [53] (def2-SVP, def2-TZVP,
def2-TZVPP, def2-QZVP) and Pople basis sets (6-31G™ [54] and
6-311++G** [55]). In each type we used the basis sets of various

sizes, in order to evaluate influence of the size and the type of
the basis set on the accuracy of the results. In this study ab initio
MP2 method and list of DFT methods have been used, as the DFT
methods are the most often methods for computational study of
non-covalent interactions, especially since great progress had been
made to include the dispersion interactions. We investigated the
next list of the DFT methods, the GGA functionals: BP86 and BLYP;
the meta-GGA functional: TPSS; the hybrid-GGA: B3LYP, PBEO; the
hybrid meta-GGA: MO6, M05, MO6HF, and M052X; and the double
hybrid GGA functional: B2PLYP. All these methods were used with
D3 Grimme’s dispersion correction [56]. For some methods the
version with Becke-Johnson damping functions was available and
it was implemented [57]. These two dispersion corrections, DFT-
D3 and DFT-D3BJ, were used, since they give good results for
non-covalent interactions [58].

The basis set superposition error correction was applied to all
interaction energies [59]. Calculated interaction energies were
compared with the CCSD(T)/CBS values for all possible parallel
interactions in 2-butene dimers, between butane and 2-butene,
and in butane dimers. The method suggested by Mackie and
DiLabio was performed for calculations on interaction energies at
CCSD(T)/CBS level [60]. The method calculates average values of
energies corrected and uncorrected for basis set superposition
error [59]. The MP2/CBS energies were estimated using average
values of basis sets aug-cc-pVDZ [50-52], aug-cc-pVTZ [51,52]
and aug-cc-pVQZ [51,52]. Starting from the assumption that the
difference in CCSD(T)/CBS and CCSD(T)/aug-cc-pVDZ binding ener-
gies is similar to the difference in MP2/CBS and MP2/aug-cc-pVDZ
[60] the values of CCSD(T)/CBS are estimated.

Two geometric parameters, normal distance, R, and parallel dis-
placement (offset) r, are used to describe geometries and they are
given in Fig. 1. The length between the planes of the two molecules
is defined as normal distance, R. The length between center of mid-
dle bond of one molecule and its projection on the plane of the cen-
ter of middle bond on the other molecule is defined as parallel
displacement (offset) r. The potential energy surfaces were made
by calculating the interaction energies, for parallel orientations,
as a function of the horizontal displacements (offsets r) in a single
point series calculations by varying the normal distance (R)
between molecules.

3. Results and discussion
In this work we performed detailed benchmark study using 180

levels of theory (eighteen methods and ten basis sets); the list of
the methods and basis sets is given in the Methodology section.

Fig. 1. Model system of cis-2-butene dimers showing normal distance, R and
parallel displacement (offset), r.
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The calculated interaction energies were compared with the CCSD
(T)/CBS energies. The calculations were performed on (1) unsatu-
rated/unsaturated systems (2-butene dimers), (2) unsaturated/sat-
urated systems (2-butene/butane) and (3) saturated/saturated
systems (butane dimers) (Figs. 2, 4, 6). Data on each system are dis-
cussed in separate sections below. The geometries used for the cal-
culations in this work are minima on potential energy surfaces that
were obtained in previous work [30].

3.1. (1) 2-butene dimer model systems

There are five geometries for (1) unsaturated/unsaturated sys-
tems, 2-butene dimers: parallel and antiparallel orientation of
cis-2-butene and trans-2-butene dimers, and one for cis- and
trans-2-butenes interaction (Fig. 2). For these systems the list of
the best levels with the calculated root mean square deviation
(RMSD), the mean error (ME), the mean absolute error (MAE),
the mean absolute relative error (MARE), and the standard devia-
tion (SD) of calculated energies compared to the CCSD(T) are given
in Table 1. Fig. 3 presents the MARE and the ME data for all levels of
theory used in this study. The RMSD values, the ME, the MAE, the
MARE and the SD values for set of 180 levels are given in Table S1
in Supporting Information. The best level for 2-butene dimers is
B3LYP-D3BJ/aug-cc-pVDZ with RMSD error of 0.020 kcal mol™!
and with MARE less than 1% (0.66%) and SD of 0.020 kcal mol~".
Moreover, data in Table 1 show that several other levels have sim-
ilar errors and standard deviations, like B3LYP-D3B]/cc-pVTZ, and
B2PLYP-D3/def2-QZVP with RMSD errors of 0.023 kcal mol . All
levels presented in Table 1 have RMSD below 0.05 kcal mol~’,
MARE lower than 1.1%, and SD lower than 0.04 kcal mol .

For the five model systems (1) with 2-butene dimers, from the
180 levels used in this study there are 48 (27%) theory levels that
have calculated RMSD errors below 0.100 kcal mol~! (Supplemen-
tary Information S5). Almost all energies calculated with B3LYP-
D3BJ, B3LYP-D3 and PBEO-D3 methods have the RMSD error below
0.100 kcal mol~!, independent of the used basis set.

Considering each of the 2-butene dimer model system sepa-
rately, there are 900 calculated energies, 180 levels for each of
the five model system. From these 900, 331 energies have errors

below 0.100 kcal mol~!, which is 36%. For each method we calcu-
lated 50 energies, namely, five systems calculated with ten differ-
ent basis sets. The method with most errors below
0.100 kcal mol~" is B3LYP-D3B] with 40 energies of 50 (80%), fol-
lowed by B3LYP-D3 with 38 energies (76%), PBEO-D3 with 37
(74%), TPSS-D3 with 35 (70%) and PBE0O-D3B] with 32 (64%). There
are 4 methods, M05, M06, MO6HF, B2PLYP-D3B]J, with less than
10% calculated energies with good agreement with CCSD(T) values
(errors less than 0.100 kcal mol~!). Only one method, M06 have
none of errors below the value of 0.100 kcal mol~'.

Fig. 3a presents the mean absolute relative error (MARE) in % for
every method with each basis set. In Fig. 3b are mean errors (ME),
that show if calculated energies are underestimated or overesti-
mated in respect to the CCSD(T)/CBS values. As data in Table 1,
the data in Fig. 3, show that B3LYP method, both with D3 and
D3BJ dispersion corrections gives results in very good agreement
with CCSD(T)/CBS values, with almost all used basis sets.

The data in Fig. 3 show that the basis set has the largest influ-
ence on the MP2 method, while for most of the DFT methods, basis
sets do not have significant influence on most of the calculated
energies, with exception of M06-D3, MO6HF-D3, B2PLYP-D3, and
B2PLYP-D3BJ. The increase in basis set size improves results with
MP2 method; MP2 method with the largest basis sets (aug-cc-
pVDZ, cc-pVQZ, and def2-QZVP) gives the best results. Although
for DFT methods B2PLYP and MO6 the influence of basis sets is
smaller than for MP2 method, it is still significant. The B2PLYP-
D3 method gives the best results with the largest basis sets
(def2-QZVP, cc-pVQZ, aug-cc-pVDZ, def2-TZVPP), while B2PLYP-
D3BJ overestimates interaction energies in 2-butene dimers with
large basis sets (Fig. 3b) and gives the best results with 6-311+
+G** basis set. The M06-D3 method overestimates energies, and
the best results are with small basis sets, cc-PVDZ and def2-SVP.
For MO6HF-D3 method some basis sets overestimate, while most
of them underestimate energies, and different basis sets give the
best results for different model system (Supporting Information
Table S1). The basis sets do not have significant influence for other
DFT methods, especially low influence, and very similar energies
for all basis sets, are for TPSS-D3, BP86-D3, BLYP-D3BJ, B3LYP
and PBEO (last two methods with both corrections D3 and D3BJ,

(e)

Fig. 2. The 2-butene dimer model systems: (a) parallel orientation of cis-2-butene dimer, (b) anti-parallel orientation of cis-2-butene dimer, (c) parallel orientation of trans-2-
butene dimer, (d) anti-parallel orientation of trans-2-butene dimer, (e) cis-2-butene/trans-2-butene.
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Table 1
The RMSD [kcal mol '], the ME [kcal mol~'], the MAE [kcal mol~'], the MARE [in %] and the SD [kcal mol~'] values for the best levels of theory for model systems of 2-butene
dimers.
Method Basis set RMSD ME MAE MARE SD
1 B3LYP-D3B] aug-cc-pVDZ 0.020 0.007 0.016 0.66 0.020
2 B3LYP-D3B] cc-pVTZ 0.023 —0.011 0.021 0.96 0.023
3 B2PLYP-D3 def2-QzvP 0.023 0.001 0.020 0.91 0.026
4 B3LYP-D3B]J def2-TZVP 0.026 0.011 0.021 0.94 0.026
5 B2PLYP-D3 cc-pvQz 0.027 0.015 0.022 0.98 0.024
6 PBEO-D3B] def2-QzvP 0.032 0.007 0.024 1.02 0.035
7 B3LYP-D3 def2-TZVPP 0.037 —-0.015 0.031 1.35 0.038
8 B3LYP-D3 cc-pVTZ 0.039 0.005 0.032 1.39 0.043
9 B3LYP-D3B] def2-TZVPP 0.039 —0.031 0.034 1.60 0.027
10 PBEO-D3B] cc-pvQzZ 0.040 0.021 0.026 1.07 0.037
80 ~
cc-pvDZ cc-pVTZ —M—aug-cc-pVDZ cc-pVQZ —@—6-311++G**
4l —4—6-31G** —p—def2-SVP def2-TZVP —k—def2-TZVPP —@—def2-QZVP
70 -
E |
60
b L &
50 —
_ V'
X
E‘ 40
< b L 4
= 30 —
b <*
A
20 — >
0\ P <
J < -
< 4
10 o _ A ; »
< \§Z4 > >~><‘k * < /: A 14
J — — -
T e = . ¢ I
0 —F— T T T T T T T T T T T T T T T T
3 3 8 8 8 3 3 3 8 2 8 8 3 38 8 38 3 8
] a =) » © ] ] ] a > < bl ] ) uw o © =
v > L %) [} T g T > oM N g T o T > [=}
o ] om o o o o [%)] _ ES 0 o © = © - =
> ] [ [ m w > %] o =] > Y =] o
> o o 2 o = 0 o s N
) o o == o o o
0 N
o
(a)
2.0
cc-pVDZ cc-pVTZ —M—aug-cc-pVDZ cc-pVQZ —@—6-311++G**
1 —€—6-31G** —p—def2-SVP def2-TZVP —k—def2-TZVPP —<—def2-QZVP «
1.6
1.2
0.8
IB N
£ 0.4+ <
© 1 < —1 /‘\ ./
g 0.0 b—;”d>\</>/>
PR RS g = = =
E 4
-0.4-]
-0.8
-1.2-

B3LYP-D3BJ +

B3LYP-D3

PBEO0-D3 +

TPSS-D3
BP86-D3 -

PBEO-D3BJ +

BLYP-D3BJ
TPSS-D3BJ

BLYP-D3 -
wB97xD
M052X-D3
B2LYP-D3BJ -
BP86-D3BJ

(b)

MO05-D3

MO6HF-D3 —

B2LYP-D3 +

MO06-D3
MP2

Fig. 3. (a) Mean Absolute Relative Error (MARE) [%], (b) Mean Error (ME) [kcal mol~!] for 2-butene dimers.
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with exception of one basis set, 6-31G**). All these methods, with
almost all basis sets are in very good agreement with CCSD(T)/
CBS energies. One can observe that basis set 6-31G™ gives low
agreement with high number of the methods (Fig. 3a), energies cal-
culated with this basis set are the most underestimated (Fig. 3b).
Data in Table 1 show that six of ten best levels are with D3BJ
correction. Data in Fig. 3 indicate similar; most of the methods,
independent of basis sets give similar accuracy with D3 and D3BJ
corrections, with exceptions of BP86 that is better with D3 correc-
tion, and BLYP and B2PLYP that are better with D3B] corrections.

3.2. (2) 2-butene/butane model systems

For (2) unsaturated/saturated systems there are three geome-
tries that represent interactions between 2-butene and butane:
one for cis-2-butene/butane and two for trans-2-butene/butane,
parallel and anti-parallel orientation (Fig. 4).

The list of the best levels for 2-butene/butane systems is given
in Table 2, while Fig. 5 presents data for all levels of theory used in
this study. Similar to the data for 2-butene dimer (Table 1) several
levels of theory have similar errors; the best level is BLYP-D3B]J/
def2-SVP (with RMSD error of 0.023 kcal mol~!, MARE of 0.74%,
and SD of 0.017 kcal mol~!), closely followed with three other
levels (Table 2). The ten best levels that are given in Table 2 have
RMSD values below 0.05 kcal mol~!, MARE less than 2.3% and SD
lower than 0.04 kcal mol~!. The 28 levels (16% from 180) have
RMSD values below 0.100 kcal mol~!; it is lower number than
above mentioned for 2-butene dimers, 48 levels. The RMSD values,
the ME, the MAE, the MARE and the SD values for 180 levels are
given in Table S2 (Supporting Information), while in Table S5 (Sup-
porting Information) is the list of levels that have the RMSD values
below 0.100 kcal mol~'. The BLYP-D3BJ method has RMSD values
less than 0.100 kcal mol~! for all basis set except for 6-311++G**.

Considering each of three 2-butene/butane model system
(Fig. 4) separately, we have 540 energies (180 levels applied on

three model systems). Of these 540 energies, 115 (21%) have errors
below 0.100 kcal mol~"'. For each method, 30 energies are calcu-
lated (10 different basis sets for each of the three model systems).
The best method is BLYP-D3B] since 90% of calculated energies (27
of 30) have the RMSD errors below 0.100 kcal mol~!. The next best
method is PBEO-D3BJ with 15 (50%) energies, followed by B3LYP-
D3BJ and TPSS-D3BJ with 13 energies (43%), MO6HFand B2PLYP-
D3BJ with 11 energies, and BP86-D3B] with 9 energies (30%). There
are eight methods, BLYP-D3, BP86-D3, M05, M06, TPSS-D3, PBEO-
D3, B3LYP-D3 and ®wB97xD that have less than 10% energies with
errors below than 0.100 kcal mol~'.

As was mentioned above, for 2-butene/butane system, BLYP
method, with D3B] dispersion correction, gives results in very good
agreement with CCSD(T)/CBS values, with almost all used basis
sets (Fig. 5). On the other hand, BLYP method with D3 correction
overestimates calculated energies with all basis sets. Several meth-
ods with D3B]J dispersion corrections give very good agreement
with CCSD(T)/CBS values (Fig. 5), while among ten best levels of
theory, eight have D3B] corrections. The data in Fig. 5 indicate that
for all method were D3BJ correction is available, data are better
with D3B]J than with D3 correction, except for D2PLYP where accu-
racy is very similar.

Similar to the results for 2-butene dimers (Fig. 3), for 2-butene/
butane systems basis set has the highest influence on MP2 method,
while for most of DFT methods, basis sets do not have significant
influence on calculated energies, with exception of M06, B2PLYP
and MO6HF (Fig. 5). The increase in basis set size improves results
with MP2 method; the largest basis sets (cc-pVQZ, def2-QZVP, aug-
cc-pVDZ) give the best results. Similar to the 2-butene dimer
(Fig. 3), B2PLYP-D3 method gives the best results with relatively
large basis sets (cc-pVTZ, def2-TZVPP, and def2-TZVP) (Fig. 5),
while B2PLYP-D3B] overestimate interaction energies with large
basis sets and gives the best results with cc-pVDZ and def2-SVP
basis sets. M06-D3 method significantly overestimates energies,
and the best results are with small basis sets. For MO6HF-D3

(a) (b) O]
Fig. 4. The 2-butene/butane model systems: (a) cis-2-butene/butane, (b) parallel orientation of trans-2-butene/butane, and (c) anti-parallel orientation of trans-2-butene/
butane.
Table 2
The RMSD [kcal mol~!], the ME [kcal mol~"], the MAE [kcal mol~'], the MARE [in %] and the SD [kcal mol~'] values for the best levels of theory for model systems of 2-butene/
butane.
Method Basis set RMSD ME MAE MARE SD

1 BLYP-D3BJ def2-SVP 0.023 -0.018 0.019 0.74 0.017

2 B3LYP-D3B] 6-31G~ 0.025 -0.015 0.023 0.85 0.024

3 BLYP-D3BJ aug-cc-pVDZ 0.027 0.025 0.025 0.92 0.013

4 BLYP-D3BJ cc-pvVDZ 0.027 —0.022 0.023 0.86 0.020

5 PBE0-D3B] 6-31G~ 0.032 0.0083 0.026 0.95 0.037

6 MOG6HF-D3 def2-TZVPP 0.036 0.022 0.022 0.79 0.036

7 MOG6HF-D3 def2-TZVP 0.038 -0.0017 0.031 1.20 0.046

8 BLYP-D3BJ def2-TZVP 0.038 0.018 0.031 1.2 0.041

9 PBEO-D3B] def2-SVP 0.039 —-0.008 0.036 1.4 0.046

10 BLYP-D3BJ cc-pVTZ 0.040 -0.032 0.033 1.26 0.031
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method some basis sets overestimate, while most of them give
quite good results; the results with def2-TZVPP and def2-TZVP
are in excellent agreement with CCSD(T)/CBS values (Table 2).

As was mentioned above, for most of the DFT methods basis
sets do not have significant influence. Several methods slightly
overestimate interaction energies, PBEO and B3LYP (with both D3
and D3BJ corrections; although the results with D3B] correction
are better), TPSS-D3, and BP86-D3; MO052X-D3, ®B97xD-D2,
BLYP-D3, and M05-D3 methods overestimate it significantly, while
two methods, TPSS and BP86, with D3B] corrections, slightly
underestimate energies. The BLYP-D3B] method, with almost all
basis sets, give results in very good agreement with CCSD(T)/CBS
data, moreover five of ten is among the best methods for
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2-butene/butane model systems (Table 2), as was mentioned
above. One can notice that for almost all methods, similar to
2-butene dimer systems, with small basis sets 6-31G*,
6-311++G™ and def2-SVP the calculated energies are the weakest
(Fig. 5). Differently than in case of 2-butene systems, since number
of methods overestimate interaction energies, the errors are the
smallest for these small basis sets.

3.3. (3) Butane dimer systems
Interactions in (3) saturated/saturated systems in butane

dimers, are represented with two orientations, parallel and
antiparallel (Fig. 6). The data in Fig. 7 and Table 3, as well as data
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Fig. 5. (a) Mean Absolute Relative Error (MARE) [%], (b) Mean Error (ME) [kcal mol~!] for 2-butene/butane.
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(a)

in Supporting Information Table S3 show that small number of
levels are in good agreement with CCSD(T)/CBS values for butane
dimers, differently than in cases of 2-butene dimers and
2-butene/butane systems (Tables 1 and 2 and S1 and S2 in
Supporting Information). The RMSD values, the ME, the MAE, the
MARE and the SD values for set of 360 levels (180 levels applied
on two model systems) are given in Table S3 in Supporting
Information. In Table S5 in Supplementary Information represent
the two model systems parallel and antiparallel butane dimer that
have calculated RMSD errors below 0.100 kcal mol~!. The most
important about interaction energies in butane dimer system is
that most of the methods, independently of the basis sets, signifi-
cantly are overestimated (Fig. 7b).

The best level for butane dimer system is BLYP-D3BJ/def2-QZVP
with the RMSD error of 0.004 kcal mol~!, MARE of 0.1%, and SD of
0.035 kcal mol~'. There are eight levels from 180 (4%) that have
RMSD values below 0.100 kcal mol~'; much smaller number than
in cases of 2-butene dimers and 2-butene/butane, 48 and 28 levels,
respectively. The best agreements show BLYP-D3B], TPSS-D3BJ and
MP2 methods with large def2-QZVP and cc-pVQZ basis sets. Only
three levels have MARE below 1%, while the tenth level for butane
dimer have MARE close to 5% (Table 3), indicating that errors for
butane dimer are the highest among the thee model systems (1)
2-butene dimers, (2) 2-butene/butane, and (3) butane dimers.

In Supporting Information, Table S3, shows the RMSD, the ME,
the MAE, the MARE and the SD values for butane dimers. Data indi-
cate that all DFT methods with D3BJ correction available, give bet-
ter results with D3B] correction, than with D3 correction, with
exception of B2PLYP where results are somewhat better for D3 cor-
rection (Fig. 7).

Considering each of two butane dimer model system (Fig. 6) sep-
arately, there are 360 energies (180 levels applied on two model
systems). From these 360 energies, 41 have RMSD values less than
0.100 kcal mol~!, which is only about 11%, significantly less than in
case of 2-butene dimer (27%) and 2-butene/butane systems (21%)
(Table S5 in Supporting Information). For each method we calcu-
lated 20 energies for two butane dimer model systems, using ten
different basis sets for each method. The best method that gives cal-
culated energies with almost all basis sets with the RMSD errors
less than 0.100 kcal mol~! is BLYP-D3BJ with 11 from 20 energies
(55%), followed by TPSS-D3B] with 10 energies (50%), and the next
method B2PLYP-D3B]J, has only 5 energies (25%) with error less than
0.100 kcal mol~". There are 13 from 18 methods that have less than
10% of RMSD values below 0.100 kcal mol~' and nine methods
(50%) that have none of RMSD values less 0.100 kcal mol~".

Basis set has the highest influence on MP2 and M06 methods,
and somewhat pronounced influence on B2PLYP, ®B97xD,

(b)

Fig. 6. The butane dimer model systems: (a) parallel orientation, (b) anti-parallel orientation.

MOG6HF and M052X. The increase of basis set size improves results
with MP2 method (Fig. 7), similar to other studied systems (Figs. 3
and 5). The B2PLYP method with large basis sets overestimates
interaction energies, while basis sets of intermediate size give
the best results (Table 3), as was mentioned above. The M06-D3
method overestimate significantly energies with almost all basis
sets, the largest error is for 6-311++G** basis set, while the smallest
errors are for the smallest basis sets. The MO6HF-D3 method over-
estimates energies with 6-311++G™* basis set and underestimates
them with other basis sets, giving the smallest error for aug-cc-
pVDZ (Table 3) and 6-31G** basis sets (Fig. 7). The other DFT meth-
ods depend only slightly on basis sets and most of them overesti-
mate interaction energies; only BP86-D3B] significantly
underestimate energies for butane dimer with parallel orientation
(Supplementary Information S3) and TPSS-D3BJ method slightly
underestimate energies for the same model system (Supplemen-
tary Information S3). Differently than in 2-butene dimer and in
2-butene/butane systems, one cannot notice that small basis sets
give similar behavior with most of the used DFT methods.

3.4. Overall benchmark

The best ten levels overall, considering all model systems for (1)
2-butene dimers, (2) 2-butene/butane, and (3) butane dimes
(Figs. 2,4 and 6), are shown in Table 4. The data indicate that num-
ber of levels have the RMSD values below or close to
0.100 kcal mol~! (Table S4 in Supporting Information). The best
level is BLYP-D3BJ/def2-QZVP  with RMSD error of
0.056 kcal mol~!, MARE of 1.8% and SD of 0.058 kcal mol~'. The
four best levels are BLYP-D3BJ and PBEO-D3B] with two large basis
sets, def2-QZVP and cc-pVQZ. Table 4 also reveals that ten best
levels of theory are with just several, quite large basis sets. Hence,
one could make conclusion that in spite that most of the DFT meth-
ods do not show high dependence on basis set, and in spite that
some calculated energies with small basis set are in good agree-
ment with CCSD(T)/CBS values, large basis sets give the best results
when all systems are considered together. Still one has to keep in
mind, that the differences in calculated energies with smaller basis
sets are very often not high.

For all model systems we calculated 1800 energies (18 meth-
ods, with ten basis sets for each method, used on ten model sys-
tems (Figs. 2, 4, and 6 and Table S4 in Supporting Information).
From these 1800 energies, 487 energies (27%) have RMSD errors
below 0.100 kcal mol~!. With each method we used ten basis sets,
and calculated energies for ten model systems, which is a total of
100 energies for each method. The best method overall is BLYP-
D3BJ with 61 energies (61%) with errors less than 0.100 kcal mol ",
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Fig. 7. (a) Mean Absolute Relative Error (MARE) [%], (b) Mean Error (ME) [kcal mol~!] for butane dimer.

followed with B2PLYP-D3 method with 55 energies (55%) with
errors less than 0.100 kcalmol™' (Table S4 in Supporting
Information).

When the RMSD values are considered for interaction energies
separately for (1) unsaturated/unsaturated systems (2-butene
dimers), (2) unsaturated/saturated systems (2-butene/butane)
and (3) saturated/saturated systems (butane dimers), as can be
anticipated, smaller errors are obtained (Tables 1-3). One can
notice that the best overall levels, BLYP-D3B]/def2-QZVP and
BLYP-D3BJ/cc-pVQZ, are not among best levels in model systems
(1) 2-butene dimers or in (2) 2-butene/butane, but it is listed

among the best levels in (3) butane dimers system. This is the con-
sequence of the largest errors of almost all levels in (3) butane
dimers system, hence the best methods for this system are the best
methods overall.

The data in Tables 1-3, as well as data in Figs. 3, 5 and 7, indi-
cate that used methods are better in reproducing interaction ener-
gies of unsaturated molecules, than saturated molecules. Also, the
calculated interaction energies in saturated molecules are overes-
timated. In our previous work we obtained data on nature of the
interactions in the same model systems using the SAPT analysis
[30]. As was mentioned in the Introduction, the data show that
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Table 3
The RMSD [kcal mol~'], the ME [kcal mol~'], the MAE [kcal mol~'], the MARE [in %] and the SD [kcal mol~'] values for the best levels of theory for model systems of butane
dimers.
Method Basis set RMSD ME MAE MARE SD
1 BLYP-D3BJ def2-QZVP 0.0041 —0.0016 0.0025 0.10 0.0035
2 BLYP-D3B]J cc-pvQZ 0.0087 0.0034 0.0075 0.31 0.011
3 B2PLYP-D3 def2-TZVP 0.016 —0.0016 0.013 0.51 0.018
4 TPSS-D3BJ def2-QZVP 0.051 0.038 0.038 1.6 0.011
5 TPSS-D3BJ cc-pvQZ 0.063 0.048 0.048 2.0 0.011
6 MP2 def2-QZVP 0.072 0.053 0.053 2.2 0.018
7 MP2 cc-pvVQZ 0.087 0.068 0.068 2.8 0.011
8 B2PLYP-D3 6-311++G” 0.087 0.073 0.073 3.0 0.011
9 B2PLYP-D3B]J cc-pvDZ 0.14 0.078 0.11 4.5 0.16
10 M052X-D3 def2-SVP 0.14 -0.12 0.12 49 0.039
Table 4

The RMSD [kcal mol~'], the ME [kcal mol~'], the MAE [kcal mol~'], the MARE [in %] and the SD [kcal mol~!] values for the best levels of theory overall for all model systems of

dimers, 2-butene/butane, and butane dimers studied in this work (Figs. 2, 4, 6).

Method Basis set RMSD ME MAE MARE in % SD

1 BLYP-D3B] def2-QzvP 0.056 —0.007 0.042 1.8 0.058
2 BLYP-D3B] cc-pvQz 0.060 —-0.012 0.049 2.1 0.061
3 PBEO-D3B] cc-pvQzZ 0.105 —0.059 0.083 3.3 0.091
4 PBEO-D3B] def2-QzvP 0.106 —0.068 0.084 3.3 0.085
5 B2PLYP-D3 aug-cc-pvDZ 0.107 —-0.010 0.095 4.0 0.1
6 TPSS-D3B] def2-QzvP 0.109 0.077 0.096 4.0 0.081
7 B2PLYP-D3 def2-TZVPP 0.109 0.010 0.099 42 0.11
8 B3LYP-D3BJ def2-QzvP 0.11 —0.095 0.095 3.8 0.059
9 B3LYP-D3BJ cc-pvQzZ 0.112 -0.097 0.097 3.9 0.058
10 MP2 cc-pvQzZ 0.115 -0.074 0.102 44 0.092

the most important attractive component is the dispersion, and the 50

dispersion is the weakest in saturated butane dimer systems. This 45

could indicate that the calculated dispersion corrections for butane o]

dimers are overestimated, causing larger errors. However, the lar- ’

gest dispersion component was calculated for 2-butene/butane 57

systems (larger than in 2-butene dimers), while the data in this . 307

work show that errors (and overestimation) of calculated energies 2 25

are larger in 2-butene/butane systems than in 2-butene dimers. It Eg 204

would mean that, in spite that dispersion component is the largest uf

in 2-butene/butane systems, correction is still overestimating it. = 00

On the other hand, since errors are the smallest in 2-butene '

dimers, one can assume that correction is the best adjusted to

unsaturated molecules.
In order to examine closer influence of dispersion corrections, 05+

D3 zero damping and Becke-Johnson damping, we compared

results for dispersion noncorrected, D3, and D3B]J corrected inter-
action energies for the three studied systems using def2-QZVP
basis set, for several DFT methods used in our study. The ME val-
ues of the noncorrected, corrected D3 and corrected D3B] are pre-
sented in Fig. 8. The data show, what is well known, that
calculated interaction energies are underestimated (they are
repulsive) without correction; while the energies with D3 correc-
tions are close to the CCSD(T)/CBS values. However, most of the
energies with D3 zero damping are overestimated, the calculated
energies are too attractive. The overestimation is the smallest for
2-butene dimers, while it is up to 0.5 kcal mol~' larger for systems
(2) and (3) with saturated butane. The energies calculated with
D3BJ correction are in better agreement with accurate energies,
with a few exceptions. For B2PLYP method D3 correction gives
better results for all three systems. One can notice that similar
to D3 corrected energies, the agreement of D3BJ corrected energies
is the best for systems with double bonds, 2-butene dimers. These
results indicate that both corrections are better for interactions of
unsaturated molecules, while the best results for alkanes are
obtained with D3B] correction. The data is represented in
Table S6 in Supporting Information.

T T T T T T
BLYP BP86 TPSS PBEO B3LYP B2PLYP

—#— noncorr 2-butene dimers  --O-- noncorr 2-butene/butane A noncorr butane dimers

—#— corr D3 2-butene dimers  --O-- corr D3 2-butene/butane 4 corr D3 butane dimers
—m— corr D3BJ 2-butene dimers --O-- corr D3BJ 2-butene/butane 4 corr D3BJ butane dimers

Fig. 8. Comparesment of the noncorrected, the D3 and the D3B] dispersion
corrected interaction energies for model systems of (1) 2-butene dimers, (2) 2-
butene/butane, and (3) butane dimers. In all calculations def2-QZVP basis set was
used.

3.5. Potential curves

On the 14th place from 1800 level of theory is the M052X-D3/
cc-pVDZ with the RMSD error of 0.120 kcal mol~! (Supporting
Information, Table S4). These data indicate that using the
MO052X-D3/cc-pVDZ level in our previous work [30] to calculate
potential curves was quite reasonable. In this work we found that
other methods give more accurate results. Hence, we recalculated
potential energy surfaces using levels which are in the best agree-
ment with the CCSD(T)/CBS at each group system (1) 2-butene
dimers, (2) 2-butene/butane and (3) butane dimers. For (1)
2-butene dimers B3LYP-D3Bj/aug-cc-pVDZ was used, for (2)
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2-butene/butane BLYP-D3BJ/def2-SVP and for (3) butane dimers
BLYP-D3BJ/def2-QZVP level was used. The potential curves were
calculated, as in the previous work, examining the interaction
energies as a function of the horizontal displacements (offsets, r)
by varying the normal distance (R) between the two molecules
(Fig. 1) in a single point series calculations, while the geometries
of the monomers were kept rigid. The offset values, r, of —3.0 A
to +3.0 A with step of 0.2 A were used for calculating energies.
For simplicity, the potential energy surfaces are shown as curves,
presenting the energies for optimal normal distances, R (Fig. 9).
The optimal normal distances in function of offset values are given
in Supporting Information, Figs. S4-S9. Table 5 presents the data

E, kcal/mol
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(e) trans-2-butene / butane
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on potential curves minima. The potential curves minima geome-
tries were fully optimized and optimized geometries are presented
in Supporting Information (Fig. S1-3).

The new potential curves have similar shapes as previously
obtained at M052X-D3/cc-pVDZ level [30]. New curves for sys-
tems (1) 2-butene dimers show stronger energies for almost all
offset values (Fig. 9a-c), whereas curves for interactions of satu-
rated butane in (2) 2-butene/butane and in (3) butane dimer
show less strong energies (Fig. 9d-f). It can be anticipated,
because the M052X-D3/cc-pVDZ level overestimates interactions
in (2) 2-butene/butane and in (3) butane dimer systems (Figs. 5
and 7).

T
E, kcal/mol

—m— parallel orient. cal. B3LYP-D3BJ/aug-cc-pVDZ —M—anti-parallel orient. cal. B3LYP-D3BJ/aug-cc-pVD:
parallel orient. cal. M052X-D3/cc-pVD —O— anti-parallel orient. cal. M052X-D3/cc-pVDZ

(b) trans-2-butene
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(d) cis-2-butene / butane
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(f) butane dimers

Fig. 9. Potential curves of interaction energies calculated from previous work at M052X-D3/cc-pVDZ level and (a) B3LYP-D3BJ/aug-cc-pVDZ level for parallel and anti-parallel
orientations of cis-2-butene dimers (b) and B3LYP-D3/aug-cc-pVDZ level for parallel and anti-parallel orientations of trans-2-butene dimers (c) B3LYP-D3/aug-cc-pVDZ level
for cis-2-butene/trans-2-butene (d) BLYP-D3B]/def2-SVP level for cis-2-butene/butane (e) BLYP-D3BJ/def2-SVP level for parallel and anti-parallel orientations of trans-2-
butene/butane (f) BLYP-D3B]/def2-QZVP level for parallel and anti-parallel orientations of butane dimers.
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Table 5
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Geometric data for minima on potential curves and energies of interactions for each model system.

r[A] R [A] AEmin [kcal mol™']  AEopt [kcal mol™'] AE (CCSD(T)/CBS)
[kcal mol~']
Previous®  This Previous®  This Previous®  This Previous®  This Previous®  This
work” workP? workP? workP” work”
(1) 2-Butene dimers
Parallel orientation of cis-2-butene dimer 24 2.2 33 33 -2.32 -2.37 -2.41 —2.44 -2.32 -2.36
Anti-parallel orientation of cis-2-butene 1.0 0.9 3.7 3.6 -2.29 -2.49 -2.30 -2.49 -2.48 -2.53
dimer
Parallel orientation of trans-2-butene dimer 2.3 2.2 33 33 -2.26 -2.27 —2.68 -2.65 -2.29 -2.29
Anti-parallel orientation of trans-2-butene 0.8 0.8 3.6 3.6 -1.84 -1.95 -2.52 -2.54 -1.95 -1.95
dimer
cis-2-butene/trans-2—butene 13 14 3.7 3.7 -1.98 -2.14 -2.78 -2.93 -2.13 -2.15
(2) 2-butene/butane
cis-2-butene/butane 1.0 0.8 3.8 3.8 —2.82 —2.77 -3.19 -2.90 -2.73 —2.74
Parallel orientation of trans-2-butene/ 0.2 0.0 3.8 3.8 -2.86 -2.82 -3.26 -2.94 -2.80 —-2.82
butane
Anti-parallel orientation of trans-2-butene/ 0.2 0.0 3.8 3.8 -2.60 -2.52 -2.78 -2.53 -2.49 -2.50
butane
(3) Butane dimers
Parallel orientation of butane dimer 1.2 1.2 4.0 39 -2.53 -2.43 -2.74 -2.59 -2.40 —2.44
Anti-parallel orientation of butane dimer 0.0 0.0 4.0 39 -2.70 -2.55 -2.74 -2.54 -2.51 -2.58

[a] Calculated at M052X-D3/cc-pVDZ level.

[b] Calculated at this work:

(1) 2-Butene dimers at B3LYP-D3BJ/aug-cc-pVDZ level.
(2) 2-Butene/butane at BLYP-D3B]/def2-SVP level.

(3) Butane dimers at BLYP-D3B]/def2-QZVP level.

Data in Table 5 indicate that geometries on the potential curves
minima are very similar in this and in previous work [30], with some
small differences. Calculated energies at minima using M052X-D3/
cc-pVDZ level in previous work and B3LYP-D3BJ/aug-cc-pVDZ,
BLYP-D3BJ/def2-SVP, and BLYP-D3BJ/def2-QZVP levels in this work,
show some differences with the same trend that one can observe
from potential curves in Fig. 9. Namely, energies calculated in this
work for 2-butene dimer are somewhat stronger, while energies
for 2-butene/butane and butane dimers are less strong (Table 5).
The largest differences were observed for 2-butene dimers and for
butane dimer; for the anti-parallel orientation of cis-2-butene dimer
and for cis-2-butene/trans-2-butene the new energies are stronger
for 0.20 and 0.16 kcal mol~!, respectively, while for anti-parallel ori-
entation of butane dimer the energy is weaker for 0.15 kcal mol~!,
making relative differences between two model systems as high
as 0.35 kcal mol™!, what is approximately 15% of calculated interac-
tion energies. For optimized geometries, the differences between
previous and new interaction energies are even larger, for several
systems differences are 0.20 kcal mol~!, while the largest difference
is for parallel orientation of trans-2-butene/butane; the new energy
is less strong for 0.32 kcal mol~! (Table 5).

The data in Table 5 present also values of CCSD(T)/CBS energies
calculated by using geometries of minima at potential curves
obtained in previous and in this work. The data show that energies
calculated in previous work are similar with energies calculated in
this work, the differences are less than 0.10 kcal mol~'. The new
energies are somewhat stronger for several model systems, since
better methods used for calculations in this work give somewhat
better geometries. The largest difference is observed for anti-
parallel butane dimers, the energy calculated in this work is
0.070 kcal mol~! stronger (Table 5).

The CCSD(T)/CBS interacting energies calculated in this work
on, in some cases better geometries, show, as well as energies from
previous work, that the interactions in the 2-butene/butane sys-
tems are the strongest. Also in agreement with previous work,
the model system of parallel trans-2-butene/butane has the stron-
gest interaction, while trans-2-butene dimer has the weakest inter-
action (Table 5).

4. Conclusions

Benchmark study for interactions in (1) unsaturated/unsatu-
rated systems (2-butene dimers), (2) unsaturated/saturated sys-
tem (between 2-butene and butane) and (3) saturated/saturated
(butane dimers) was performed. In the study interaction energies
calculated by 18 methods, with ten different basis sets for each
of the method, were compared with accurate CCSD(T)/CBS ener-
gies. The results indicate that most of the methods, with all basis
sets, have largest errors for systems with saturated bonds, butane
dimers. Also most of the methods overestimate interaction ener-
gies in systems with butane. The overall best levels are BLYP-
D3BJ/def2-QZVP and the BLYP-D3B]J/cc-pVQZ with similar RMSD
values of 0.056 kcal mol~! and 0.060 kcal mol~!, whereas the next
several levels are also close with errors less than 0.11 kcal mol 1.

The best level for (1) 2-butene dimers is B3LYP-D3BJ/aug-cc-
pVDZ with RMSD value of 0.020 kcal mol~!, for (2) interactions
between 2-butene and butane is BLYP-D3B]/def2-SVP with RMSD
value of 0.023 kcal mol~!, whereas for (3) butane dimer is BLYP-
D3/def2-QZVP with RMSD value of 0.004 kcal mol~!. However,
number of the theory levels show similar accuracy, with the RMSD
values below 0.100 kcal mol~!. The potential surfaces were calcu-
lated with a method that is the best for each model system (1),
(2), and (3). These potential surfaces are similar with potential sur-
faces calculated in previous work at M052X-D3/cc-pVDZ level,
with the difference in the calculated energies on the new and pre-
vious curves of as much as 0.2 kcal mol~'. The values of CCSD(T)/
CBS calculated for minima on potential surfaces are for several
model systems somewhat stronger than calculated previously [30].

The results on different methods show that although difference
in calculated energies among several methods are not high, the
comparison of strength in 2-butene dimers with strength in butane
dimers can show significant differences, as some of the methods
underestimate strength of interactions in 2-butene dimers while
overestimating it in butane dimers. Hence, generally, one should
be careful in choosing DFT method, which is good for systems with
double bonds, and systems with single bonds, since interaction
energies in saturated systems can be significantly overestimated.
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In our future work we will study properties and interactions of sys-
tems with double and single bonds, hence, these results are impor-
tant for our future studies that will combine experimental data on
mixtures with calculations on interactions in the mixtures.
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