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Abstract

The present endeavor has been inspired by the vital role of orbital energies, and
not only the ones relating to electron affinities (EAs) or ionization potentials (IPs),
in elucidating the electronic nature of chemical species and molecules via advanced
spectroscopic studies. These often aided by Density Functional Theory (DFT) calcu-
lations. Thus, we offer a rigorous classification of a plethora of 45 functionals that have
been implemented in calculations of 26 diverse reference chemical moieties. The DFT
methods that incorporate a large amount of HF exchange seem to recover a substantial

part of HFs deficiency. The leading DFs are the long range corrected LC-wHPBE or the
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ones containing empirical dispersion only: wB97, wB97XD. Following the meta-GGA
with a sufficient amount of HF exchange such as M05-2X, M06-2X, M08-HX, and the

long range corrected M11, and the BMK as well.

Introduction

Currently, most of the published results in computational chemistry are being produced after
performing Density Functional Theory (DFT) quantum chemical calculations. It is also a
common place that DF'T computational studies are routinely carried out not only by theo-
reticians but also by experimentalists. The latter group apply user friendly computational
packages to support and elucidate their own laboratory findings. One of the numerous fields
in which electronic structure calculations have become very popular among chemists is the
calculation of eigenvalues of orbitals that, along with other, are holding a key role in molec-
ular electronic structure and reactivity. Furthermore, they can be easily combined with
powerful experimental techniques, as for example the widely applied ultra-violet - visible
Photoelectron Spectroscopy (UV-VIS-PES) that is used for the elucidation of the electronic
structure of molecules and materials. This is very well explained in recent studies by Morita
and Eko! and Borges et al.,? and in the eloquent review by Ozaki et al.?

In the present study we worked towards a critical evaluation of the predictive capability of
Density Functionals (DFs) in the calculation of that much of eigenvalues of Kohn-Sham (KS)
orbitals as they are observed in PES studies. This is reasoned by the fact that such eigen-
values, which define the nature of a given chemical moiety, cannot be directly determined
by any other higl level ab-initio approach. In particular, Moller-Plesser perturbation theory
or coupled cluster approaches that comprise the treatment of dynamic electron correlation
effects via standard perturbative techniques.

At this point it is fair to mention that electron affinities (EAs) and ionization potentials
(IPs) via the corresponding HOMO and LUMO energies have extensively studied. In 2003
Zhan et al? implemented the B3LYP?® functional in the calculation of HOMO and LUMO



orbitals in order to examine the role of the size of a basis set on the calculation of EAs
and IPs. Later, Vydrov and Scuseria® performed calculations on IPs and EAs, targeting in
comparison of the LC-wPBE" functional to other commonly used functionals. Similar IPs
and EAs calculations performed by Sun et al® on adenine-thymine nucleobase pairs showing
that LC-DFT can reasonably describe the requested energies. Knight et al® introduced the
GW methods, "™ (that is the self energy is calculated as a product of the Green function
and the screened Coulomb interaction W) in similar orbital energies studies of molecules
suitable for applications in organic electronics. Kang et al'? have also calculated IPs and
EAs to demonstrate the predictive capability of the combination of DFT and GW methods.
We also mention a recent study in predicting band gaps via the DFT+4U approach by Dabo
et al.!3

With the present study we moved this evaluation some steps further. Thus, except from
the energy of the frontier orbitals, namely HOMO and LUMO, we have considered a larger set
of eigenvalues of orbitals relying on available UV-Vis- photoelectron spectroscopic reference
data of organic molecules bearing different bonding features.

To prepare the ground for such a study we first formed a set of reference compounds rang-
ing from aliphatic hydrocarbons, alcohols and thioalcohols to ethers, amines, and chloro- or
fluoro- substituted molecules, for which experimental data have been reported and anal-
ysed by means of UV-Vis-PES. Then, we carefully chose the "tools" for this evaluation, thus
we relied on a purposely adapted metric space approach applied on results obtained by a
representative group of functionals; from the oldest to more recently developed ones. Specif-
ically, the present manuscript is organized as follows: In a first step, we briefly introduce
the procedure we followed as to calculate the eigenvalues of the orbitals. Then, we present
in some detail the tool applied, that is the metric space approach, in order to evaluate the
performance of the different DFs used in this study. What is next, is the discussion of the
evaluated results. Due to the large amount of the acquired data our discussion of the method

performance will be based on the representative findings related to butane. Furthermore,



we added a further discussion on their performance in groups of molecules such as alkanes,
aliphatic hydrocarbons, and mono or double halogen substituted hydrocarbons (i.e. ethyl-
and propyl-fluoride as well as ethyl-, propyl-, n-butyl and isopropyl-chloride, and cis-1,2-
dichloroethylene and 1,1-dichloroethane). Our overall remarks can be found in Conclusions
section where the DFs with the most and least acceptable behavior in this type of calculations

have been presented.

Computational Protocol

Calculation of Eigenvalues of Kohn-Sham Orbitals

All orbital energy eigenvalues have been calculated at the METHOD/(cc-pvtz 5d 7f14)
(METHOD € {HF or any of the DFs mentioned in next subsection}) with Gaussian 16'°
program. These values have been scaled by using the scheme ASCF.1%!7 In brief, for every
molecule we first optimized its geometry as to calculate the eigenvalues of the orbitals of
its neutral state (Ey). Then, we performed another calculation, assuming there is not a
change in the geometry when we removed 1 electron and we recalculated the eigenvalues of
KS orbitals (Ey_;, where N=number of electrons). The energy difference E-Ey_; equals
to vertical ionization potential (IP). Then we subtracted this value from the energy of the
HOMO from the neutral state to obtain a correction factor that has to be added to all
neutral eigenvalues of the KS orbitals (Ex). The present study does not focus solely on the
HOMO energies but to the rest HOMO-1, HOMO-2, ... etc. For each molecule we have con-
sidered that many eigenvalues as they are experimentally available and reported in standard

reference texts.!®

Density Functionals

To facilitate the discussion we have chosen to organize the functionals considered in this

work as follows:



« Group A: B3{LYP,P86,PW91},5192¢ BI{LYP, B95} 252 O3LYP,*” X3LYP,? half and
half BHandHLYP, BHandH?2?).

» Group B: Long range Corrected (LC) functionals, that tend to recover the inade-
quacy of exchange correlation functional, to describe the tails of the density: CAM-
B3LYP,3Y LC-{BLYP, BP86, BPW91, wHPBE}.1*2?43! In addition, the following
wB97,%? wBITXD,3 wB97X,3? have been constructed as to cure the inherent defi-

ciency of DFs in describing the long range effects.

o Group C: PBE1IPBE?*3¢ SoGGA11-x,3" HSEH1PBE,** % OHSE2PBE, 3% mPW1PW91,3¢
mPW91PBE, mPW3PBE, PBEh1PBE,* the HCTH 93, HCTH 147 and tHCTH-
hyb, 46749 TPSSh5°52 and the BMK.%

e Group D: Minnesota functionals, developed by Truhlar’s group MO05,%* M05-2X,5%
MO06,% M06-2X,56 MOG-HF 575 | M06-L,% MOS-HX,5% M11-L,6! M11,62 MN12-SX,53
N12-SX,6 MN15,% MN15-L,65 PWGB95. 60

Metric Space and Evaluation of the Results

In the well established metric space approach,%” we have different objects characterized by
certain variables or coordinates, thus forming a set or space with dimensions equal to the
number of coordinates. To calculate the distance between these objects, or in other words to
define their proximity, we apply a function (that is the metric) that evaluates the coordinates
of each one of the individual objects and returns a number. The reason why this approach
fits well in the present study will be explained in brief. For every molecule the each one of
the applied quantum chemical method is the object, and the set of objects form a space of
theoretical descriptions. In the current study, each object (method) is defined by the number
of eigenvalues of KS orbitals. In other words, every member is a vector and the eigenvalues
are its coordinates in that space. To answer the main question of the present study that is the

performance of the functionals, we have to calculate the distance between the already formed



vectors as well as between a reference vector built by the experimental orbital energies. The
experimental orbital energies have been retrieved by Handbook of Chemistry and Physics. '8
To achieve this in a multidimensional space (the number of dimensions is equal to the number
of coordinates which is in this case are the eigenvalues of KS orbitals) a metric function should

be applied. Therefore, a generalization of the Euclidean distance to n—dimensions has been

set as the metric of Eq. 1:

Q’L « Q ',a)2
’] \/Z max;,; Q’L a : Qj,a)Q’ (1)

InEq. 1 i# jand i, j € (METHODS), a € ("orbital"), last Q is the eigenvalue that
corresponds to any given «. A normalization of the obtained distances has been achieved
via the presence of the denominator maz; ;(Qi o — Qja)*

Thus, the set itself along with the metric define the metric space. When the distances
obtained from Eq. 1 are evaluated with the Prim algorithm % this could provide an undi-
rected graph with the methods being the edges and the branches the respective d; ;’s. The
shortest and without loops path, often called minimum spanning tree (MST), that connects
the edges provides enough information on the methods that are lying in the same neighbour-
hood and subsequently forming clusters. These methods are expected to perform more or
less in the same manner for a given problem. These distances could be further transformed
into similarities (.5; ;) by using the following formula:

Si;j=1- _ iy (2)

maxi,jdi,j
The existence of the denominator of Eq. 2, allows us for having values of S; ; € [0, 1]. It

is profound that the higher the value of S; ; the higher the proximity between methods ¢ and

j. The already discussed approach has been introduced by Maroulis and his coworkers™ 72

and has been successfully applied in diverse studies. "¢

The so-called radar plot has been chosen for the visualization of the calculated similarity



values, namely Sy prmop,psp (Exp for experimental). In such a graphical representation,
different layers correspond to different values of similarity. In the present study the closer to
periphery is a given value the more similar to the experiment is, thus, the better performance
of the functional that corresponds to. Therefore, the methods that are lying in deeper layers
and closer to the center, are the ones with the poorest performance. Last, in addition, to
calculated results and experimental data we have produced two more sets deviating 5 %
and 10 % from the experimental values. These sets have been included in the search of the
proximity of methods in order to address in a more direct way the meaning of the calculated
similarities. That is when the relative performance of a deviation standard value (either
the 5 % or 10 %) is known the other methods will find their place accordingly. Therefore,
we have included in all graphs two reference lines as guides that correspond to the crucial
thresholds of 5 % (green circle) and 10 % (red circle) of the reference experimental data, as

they have calculated within the metric space approach.

Discussion

Given the number of the density functionals used in calculations, the number of molecules and
their respective eigenvalues of KS orbitals, a large amount of calculated and evaluated data
has been collected, and is available as supplementary material. What we have observed after
this procedure is an almost similar performance of certain groups of methods. Therefore,
it is fair to base our discussion on the performance of groups of DFs on the representative
data obtained for butane. For this reason we have included a graphical representation of
the similarities of DFs towards experimental data (Syermop esp) in Fig. 1. In addition,
we took advantage of the calculated d;;’s and constructed the MST (see Fig. 2) to obtain
insights on clusters of methods of similar performance. Since, the other leg of the present
study concerns the performance of DFs towards groups of molecules, we based our discussion

on the graphical representation of the similarity values between DFs and experimental data



(see Fig. 3,4, 5, 6, 7). The groups of molecules have been constructed by having in mind
that we would like to gain insights on the subject by examining the effect of saturation (e.g.
ethane vs ethylene, propane vs propene, butane vs 2-butene etc). Furthermore, to study the
effect of halogen substitution such as fluoride and chloride we studied ethyl-, propyl- fluoride
and chloride, butyl- chloride and isopropyl-chloride. In addition, we are presenting results of
calculations on methanol and ethanol, whereas more results of compounds containing -SH
and -NHs, can be found in supplementary material.

Group A: The well known Becke’s B3 hybrid scheme when combined with the correlation
functionals LYP and PW91 (resulting to B3LYP and B3PW91 in Gaussian, ' respectively),
does not produce results in close similarity with the set of nine experimental data we have
considered. The relative values have been tabulated in Table 1. Whereas, their relative
performance has been depicted in Fig. 1, where the green and red lines have been used as
borders to separate the functionals that are producing eigenvalues of KS orbitals that are
by less than 5 % or 10 %, corresponding to similarity values of 0.72 and 0.44, respectively,
far from the reference ones. As it can be seen in this figure, both functionals are in between
the red and green lines with similarity values of 0.7. On the other hand, the combination
with P86 correlation functional, resulting to B3P86 approximation, gave Sp3pss gzp=0.88,
thus clearly, outperforms the other two as it can be seen in Table 1. In the same table
one would find the results of the X3 scheme along with the LYP correlation functional
(X3LYP functional) with a Sxsryp p.p=0.7, that mimics the performance of B3LYP and
B3PW91 methods. Even worse is the performance of the O3LYP functional, that lies closer
to the red line, given its Sosry p,Exp=0.58. Among the first batch of "hybrid" functionals the

73776 (the observed inadequacy of

O3LYP seem to be the less effective in diverse calculations
the B3 scheme is further manifested by the fact that the mPW1PW91 functional produces
results characterized by large similarity to reference values). Another "hybrid" approach,

that is also based on the philosophy introduced by Becke, has been introduced via the Bl

scheme (1 is for one parameter). This part has been combined with both LYP and B95



leading to BILYP and B1B95 functionals, respectively. However, neither of them seem to
be able to produce highly ranked results as it can be seen in both Fig. 1 and the respective
SBiLy P,Ezp=0.69 and Sp1p9s, 52p=0.70 values. Noteworthy is the performance of the Gaussian
16 modified version of the so called "half and half" functionals (BHandHLYP and BHandH):
SBHandHLY P,Ezp=0.89 and Sprand, £2p=0.86. It can be said that they are well performers, in
general, with two noticeable downfalls in the case of Ethyl Chloride and 2-Chloroethanol.
The last member of the "hybrids" is the prominent”™ APFD functional that has been also
implemented in our calculations, however its performance should be characterized as poor,
as the value Saprp, Esp=0.72 reveals. Among the functionals of this group the B3P86 seems
to be adequate for calculation of eigenvalues of orbitals.

Group B: The so called "long range correction" scheme has been applied to BLYP, BP86,
BPW91 and wHPBE functionals (respective values are in Table 2). The most affected seem
to be the BP86 since it produces results that are (constantly) well below the other three:
Src-BLy P,Eap=0.85, Src—BPss,Eep=0.78 and Spc_ppwoi,gzp=0.82. Their performance in
absolute values has been tabulated in Table 2. On the contrary the LC-wHPBE is the leading
one since it is most of the times quite close to experimental results, as it is in the case of
butane with a SrcwrpPBE Ezp=0.89. Some other members, like wB97, B97X and wB97XD
most of the times are also among the best performing DFs. What is worth noting, and can be
easily observed in all graphs, is the fact that when the latter group is on the top the group of
LC-B{LYP,P86,PW91} comes after and vice versa that is when the LC-B{LYP,P86,PW91}
group goes to the top the other follows from a distance.

The most prominent representative of Group C is the PBE1PBE functional, that mixes
PBE and Hartree-Fock energy. This group contains PBEIPBE (Sysgmippre e = 0.73),
HSEHIPBE (Sysemipee.psp = 0.72), OHSE2PBE (Sonse2rpe.pmp = 0.82), PBEhIPBE
(SpBENMPBE,Ezp = 0.73), mPWI1PBE (S,,pwo1ppE,E2p = 0.73), mPW3PBE (S,.pwsrsEe,pup
= 0.70) and LC-wHPBE;, as well. The results obtained (see Table 3) with this large group

are most of the times on the region of the less than 5 % difference from the reference value



as it can be seen in Table 3. Among them the LC-wHPBE that combines the long range
correction scheme along with the GG approximation is the one that ranks at the top of the
similarity scale. Of the same quality is the SOGGA11-x functional, that scores a value of
SsoGaA11z, Exp=0.86. Last, two distinct subsets of this group are the HCTH family (HCTH93,
HCTH147, tHCTHhyb) and the TPSSh, that is meta-GGA, with both sets to lie very low in
the ranking list and in between the red and green lines, as it can be seen in the Fig. 1. It is
worth noting that the improved version (by including the term of the kinetic energy density
plus a modification on the value of the exact mixing coefficient) of the HCTH functionals
that is the BMK functional clearly manages to substantially improve the obtained results
with Spak Exp=0.85. Thus, it is the latter functional along with SOGGA11-x and the LC-
wHPBE that are the leaders in the race of good performers. However, after taking into
account their overall performance, it is fair to propose only LC-wHPBE for this type of
calculations.

The Group D, containing some Minnesota Functionals, is another group of DFs tested in
the present study. Truhlar and co-workers have produced a vast number of density function-
als characterized by extensive parametrization, while the optimized parameters have been
produced upon fitting on more sophisticated data sets. The fruits of this effort, among oth-
ers, have been the M05 and M05-2X, M06, M06-2X and M06-HF, M08-HX, M11-L, M11,
MN15-L, MN12-SX, MN15 and N12-SX functionals. Moreover they have experimentalized
with the amount of the "optimal" amount of HF that a functional should contain. That
is the 2X corresponds to an increment of the percentage of the HF that is included in the
exchange part of the functional. In practice this has been applied in M05 and M05-2X (from
28% to 56%, respectively) as well as in M06 and M06-2X (from 27 % to 54%, respectively),
functionals. This choice sufficiently improves the quality of the obtained results as it can
be seen in the similarity values: Spso5 gzp=0.69 and Sro5-2x,22p=0.89, Snro6,E2p=0.72 and
Smos—2x,Exp=0.89. This is also proven by the results included in Table 4. However, it is not

to be said that the more HF it is included the better the obtained results, since the use of the
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MO06-HF, that includes 100 % of the HF, resulted to poorer performance (Sa06—m F g2p=0.56).
The MN15 is a hybrid functional whereas MN15-L is a local one, with the first of the them
to produce better results as the values Synis E2p=0.81 and Synisr, Eap=0.67 clearly show.
Among the other members M08-HX and M11 are also capable of producing results that lie
close to experimental findings: Syros—mx, Ezp=0.89 and Sar11,£-p=0.89. Therefore, it can be
expected that M05-2X, M06-2X, M08-HX and M11 DFs could provide reliable results.

Before discussing the performance of methods in groups of molecules we present in Fig. 2
the way methods cluster when they exhibit the similar performance. For example the meth-
ods that seem to lie on the vicinity of experimental values are LC-wHPBE, M05-2X, wB97,
BhandHLYP, M06-2X, M08-HX, LC-wPBE and M11. Close to this cluster we can find two
smaller neighbourhoods: one consists of wB97X, SoGGA11-x, BMK and CAM-B3LYP, and
the other one with OHSE2PBE, MN15 and wB97XD. Even further from the reference data
is the cluster that contains PW6B95, mPW1PW91, mPWI1PBE, PBEh1PBE, PBE1PBE,
HSEH1PBE, APFD, N12-SX, mPW3PBE, B3PW91, X3LYP, BILYP, M05, MN15-L, tHC-
THhyb and TPSSh. The O3LYP, M06-L, tHCTH and HCTH147 functionals form the last
cluster lying at the edges. There are also functionals that are not grouped and they most of
the time lie aside of the larger clusters.

Our findings are in agreement with what has been found in existing studies, however
dealing only with the HOMO and LUMO KS energy eigenvalues. For example, the adequate
performance of LC-wPBE has been also observed in the studies by Vydrov and Scuseria®
and by Sun et al® where they concluded that in general the LC-DFT perform well. Further
studies by Kang et al'? and Brédas et al™® who reported on electron affinities and ionization
energies of molecular crystals, respectively, also came to the same conclusion. A similar study

t™ on short- through long-chain [n]acenes and [n]phenacenes revealed

by Rayne and Fores
the acceptable performance of M06-2X and MN12-SX functionals, as well.
The above presented analysis is based on the findings on a particular molecule, that is,

butane. However, similar results have been obtained for the rest of the members of the
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set of molecules under study. This is manifested in multiple figures (see Fig. 3, 4, 5 and
6) where Sy ErHOD.cp Values have been depicted to support, on the one hand, the already
discussed findings and on the other to assist the discussion that follows, where we examine
the performance of functionals in groups containing homologue compounds.

After having discussed the performance of DFs in general it is of some importance to focus
on their performance in respect to groups of molecules. Starting with ethane, propane and
butane (see Fig. 3) one can easily recognize the large dispersion of the relative performances
of the DFs. In addition, it seems that the convergence of the calculated values to the reference
ones is benefited by the increment of the carbon chain, at least for these first members of
n-alkanes group. The results for the unsaturated compounds of the same group have been
depicted in Fig. 4. The information that can be retrieved from these figures is that the
smaller the compound the less the dispersion of the performance of the density functionals.
We further investigated the subject by observing the sequence propane, propene and propyne
(see Fig. 5). What we found is that for this group the less the saturation the better the
performance, meaning that Syermop rzp values are increasing in the order single, double
and triple bond of a 3 atom carbon chain. From all the above it is obvious that we can’t
conclude to an overall finding.

The effect of the substitution of one hydrogen of the chain with either fluoride or chloride
has been also studied. The pictures from ethyl fluoride and n-propyl fluoride are both charac-
terized from a large dispersion of similarity values. A larger set of substituted hydrocarbons
containing chloride has been tested. The findings suggest that from a rather chaotic picture
in the case of ethyl chloride we are moving gradually to a highly ordered picture in the case of
n-butyl chloride through propyl-, isopropyl-chloride, as well as cis-1,2-dichloroethylene (see
Fig. 6).

Rather smooth is the convergence of DFs to reference values in the case of methanol and
ethanol (see Fig. 7) as well as mercaptan and n-propyl thiol. However, an abrupt change of

this picture is observed when chloride or -NH, groups are added to these systems, as in the
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case of ethanol chloride and 2-amino-ethanol.

Conclusion

We have collected a significant amount of results related to computed DFT eigenvalues of
orbitals of a wide range of simple but reference chemical moieties for which experimental
estimates are available via UV-VIS-PES. Our findings clearly suggest that an amount of
Hartree-Fock exchange correlation is mandatory. Most of the functionals that follow the
"hybrid" scheme are in fair agreement with the reference values. However, when the Hartree-
Fock portion is pronounced, as in the case of the M06-HF, the opposite effect is delivered.
The quality of results seems to be negatively affected, as well, when the B3 and B1 terms
are chosen. Such an effect has been observed also in the case of B3LYP and B3PW91
methods, whereas a better performance is revealed when the B3P86 functional has been used.
The long-range-corrected functionals produce results characterized of better quality. This is
depicted in the performance of both wB97 and LC-wHPBE, which seem better performers
in the calculation of ground state eigenvalues of orbitals, than other long range corrected
schemes applied in the present study. The latter along with the BMK are the ones that
also ranked high in the list of the reliable functionals among the DFs that further include
the generalized gradient correction approximation. Last, M05-2X, M06-2X and MO08-HX
functionals are also leading the race of good performers.

In terms of bonding features we found that for saturated hydrocarbons the larger the
carbon chain the better the performance of DFs. The inverse has been observed in the case of
their unsaturated analogues. The effect of saturation has been further studied in the case of
a 3 carbon chain containing single, double and triple bonds (propane, propene and propyne,
respectively) with functionals to perform better in this order. Quite descriptive is the effect
of chloride substituted hydrocarbons. In this group we have seen that the larger the carbon

chain the better the behaviour. Similar findings have been extracted in the OH and SH
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substituted ethyl and propyl hydrocarbons. However, when both OH and Cl or OH and

NH, are present, the behaviour of the DF methods could not be characterized as acceptable.
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Table 1: Differences between experimental and calculated orbital energies of butane, defined
as Eeyp — Enyypraop of the Group A class (in parenthesis are the calculated energies)

HOMO-n, n= B3LYP B3P8 B3PW91 B1B95 BILYP X3LYP O3LYP BhandH BhandHLYP

0 0.11 0.61 0.04 0.02 0.07 010  -0.21 0.23 0.58
(-11.20) (-11.70)  (-11.13) (-11.11) (-11.16) (-11.19) (-10.88) (-11.32) (-11.67)
1 -045 0.10 2047  -052  -0.50  -0.46  -0.72 -0.20 0.04
(-11.21) (-11.76)  (-11.19) (-11.14) (-11.16) (-11.20) (-10.94) (-11.46) (-11.70)
2 078  -0.20 078  -082  -0.84  -0.79  -1.05 -0.42 -0.30
(-11.52) (-12.10)  (-11.52) (-11.48) (-11.46) (-11.51) (-11.25) (-11.88) (-12.00)
3 -077 026 082  -084  -080  -0.79  -1.08 -0.57 -0.21
(-11.97) (-12.48)  (-11.92) (-11.90) (-11.94) (-11.95) (-11.66) (-12.17) (-12.53)
4 -074  -0.19 075 -077 =077 -0.75  -1.04 -0.40 -0.14
(-12.46) (-13.01)  (-12.45) (-12.43) (-12.43) (-12.45) (-12.16) (-12.80) (-13.06)
5 -059  -0.03 2060  -0.58  -0.60  -0.59  -0.93 -0.09 0.14
(-13.61) (-14.17)  (-13.60) (-13.62) (-13.60) (-13.61) (-13.27) (-14.11) (-14.34)
6  -076  -0.13 072 -069  -0.78  -0.75  -1.08 -0.06 -0.02
(-13.83) (-14.46)  (-13.87) (-13.90) (-13.81) (-13.84) (-13.51) (-14.53) (-14.57)
7 -098  -0.37 2095  -092  -099  -097  -1.30 -0.33 -0.21
(-14.02) (-14.63)  (-14.05) (-14.08) (-14.01) (-14.03) (-13.70) (-14.67) (-14.79)
8  -082  -0.21 080  -072  -081  -0.80  -1.20 0.00 0.09
(-15.17) (-15.78)  (-15.19) (-15.27) (-15.18) (-15.19) (-14.79) (-15.99) (-16.08)
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Table 2: Differences between experimental and calculated orbital energies of butane, defined
as Eerp — Evpraop of the Group B class (in parenthesis are the calculated energies)

HOMO-n, n= LC-wPBE LC-wHPBE CAM-B3LYP LC-BLYP LC-BP86 LC-BPW91 wB97D wB97XD

0 0.60 0.60 0.39 0.72 0.84 0.76 0.59 0.29
(-11.69) (-11.69) (-11.48)  (-11.81)  (-11.93) (-11.85) (-11.68)  (-11.38)
1 0.08 0.08 -0.15 0.23 041 0.32 0.02 -0.27
(-11.74) (-11.74) (-11.51)  (-11.89)  (-12.07) (-11.98) (-11.68)  (-11.39)
2 -0.20 -0.20 -0.45 -0.01 0.21 010  -0.26 -0.57
(-12.10) (-12.10) (-11.85)  (-12.29)  (-12.51) (-12.40) (-12.04)  (-11.73)
3 -0.18 -0.18 -0.45 -0.06 0.08 001  -0.23 -0.55
(-12.56) (-12.56) (-1229)  (-12.68)  (-12.82) (-12.75) (-12.51)  (-12.19)
4 -0.06 -0.06 -0.37 0.09 0.27 019  -0.13 -0.48
(-13.14) (-13.14) (-12.83)  (-13.29)  (-13.47) (-13.39) (-13.07)  (-12.72)
5 0.25 0.25 -0.14 0.45 0.65 0.57 0.18 -0.25
(-14.45) (-14.45) (-14.06)  (-14.65)  (-14.85) (-14.77)  (-14.38)  (-13.95)
6 0.16 0.16 -0.26 0.39 0.67 0.57 0.07 -0.38
(-14.75) (-14.75) (-14.33)  (-14.98)  (-15.26) (-15.16) (-14.66) (-14.21)
7 -0.05 -0.05 -0.48 0.17 0.42 033  -0.15 -0.60
(-14.95) (-14.95) (-14.52)  (-15.17)  (-15.42) (-15.33) (-14.85)  (-14.40)
8 0.28 0.28 -0.23 0.56 0.82 0.73 0.19 -0.36
(-16.27) (-16.27) (-15.76)  (-16.55)  (-16.81) (-16.72) (-16.18)  (-15.63)
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Table 3: Differences between experimental and calculated orbital energies of butane, defined
as Eeyp — Evypruop of the Group C class (in parenthesis are the calculated energies)

HOMO-n, n= PBEIPBE PBEHIPBE SOGGAIll-x HSEHIPBE OHSEH2PBE HCTH93 HCTHI47 tHCTHhyb TPSSH mPWIPBE mPW3PBE BMK APFD mPWIPW91 mPW91PBE

0 0.07 0.08 047 0.06 033 042 027 003 -0.05 0.09 0.0 0.38 0.07 0.12 0.0
(-11.16) (-11.17) (-11.56) (-11.15) (-1142)  (-1067)  (-10.82) (-11.12)  (-11.04) (-11.18) (-11.13)  (-11.47) (-11.16) (-11.21) (-11.18)
1 -0.43 0.42 -0.10 0.44 017 -0.91 -0.76 052 -0.55 -0.42 -0.46 4 0.39 -0.42
(-11.23) -11.24) -11.56) (-11.22) (-1149)  (-10.75)  (-10.90) (-11.14)  (-11.11) (-11.24) (-11.20) (-11.27) (-11.24)
2 -0.72 0.71 -0.41 0.73 -0.47 124 -1.09 086 -0.96 -0.72 0.77 0.70 -0.72
(-11.58) (-11.59) (-11.89) (-11.57) (-11.83)  (-11.06)  (-11.21) (-11.44)  (-11.34) (-11.58) (-11.53) (-11.60) (-11.58)
3 -0.78 -0.77 -0.37 -0.80 0.52 -1.31 118 20.86  -0.89 -0.76 0.82 0.73 0.76
(-11.96) (-11.97) (-12.37) (-11.94) (-12.22)  (-1143)  (-11.56) (-11.88) (-11.85) (-11.98) (-11.92) (-12.01) (-11.98)
4 -0.69 -0.69 -0.30 0.71 -0.44 -1.28 114 083 -0.88 -0.68 0.75 0.65 -0.68
(-12.51) (-12.51 (-12.90 (-12.49) (-12.76)  (-11.92)  (-12.06) (-12.37)  (-12.32) (-12.52) (-12.45) (-12.55) (-12.52)
5 -0.51 -0.51 -0.06 -0.54 -0.26 -1.22 -1.08 20.69  -0.74 -0.50 -0.59 0.47 -0.50
(-13.69) (-13.69) (-14.14) (-13.66) (-13.94)  (-12.98)  (-13.12) (-13.51)  (-13.46) (-13.70) (-13.61) (-13.73) (-13.70)
6 -0.60 -0.60 -0.19 -0.63 -0.36 -1.37 122 085 -0.94 -0.60 -0.70 0.58 -0.60
(-13.99 (-13.99) (-14.40) (-13.96) (-14.23)  (-13.22)  (-13.37) (-13.74)  (-13.65) (-13.99 (-13.89) (-14.01) (-13.99)
7 0.84 0.84 -0.41 -0.87 -0.60 -1.61 -1.46 SL08 -L14 -0.83 0.94 0.81 -0.83
(-14.16) (-14.16) (-14.59) (-14.13) (-14.40)  (-13.39)  (-13.54) (-13.92) (-13.86) (-14.17) (-14.06) (-14.19) (-14.17)
8 -0.66 -0.65 -0.15 -0.69 0.42 157 -L4l 094 -0.99 -0.65 -0.78 0.63 -0.65
(-15.33) (-15.34) (-15.84) (-15.30) (1557)  (-1442)  (-14.58) (-15.05)  (-15.00) (-15.34) (-15.21)  (-15.84) (-15.27) (-15.36) (-15.34)
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Table 4: Differences between experimental and calculated orbital energies of butane, defined
as Eerp — Evpraop of the Group D class (in parenthesis are the calculated energies)

HOMO-n, n=  M05  M06 MO6-HF MO6-L MOSHX  MII MII-L  MI5 MIsL M052X M06-2X MNI2-SX  MNI5 NI2-SX DPW6B95
-0.01 0.09 122 023 0.59 050  -0.12 033 -0.01 0.59 0.59 0.20 0.33 0.04 0.16

0 (-11.08) (-11.18) (-12.31) (-10.86) (-11.68) (-11.59) (-10.97) (-11.42) (-11.08) (-11.68) (-11.68)  (-11.29) (-11.42) (-11.13) (-11.25)
053 -0.39 109 -0.69 004 001 043  -024  -0.56 0.13 0.04 029 024 -047 -0.40

2 (-1113) (-11.27)  (-1275) (-10.97) (-11.70) (-11.65) (-11.23) (-11.42) (-11.10) (-11.79) (-11.70)  (-11.37) (-11.42) (-11.19) (-11.26)
085  -0.66 056  -0.96 025  -035  -0.60 052  -082  -027  -0.25 057 052 -0.78 -0.71

2 (-1145) (-11.64) (-12.86) (-11.34) (-12.05) (-11.95) (-11.70) (-11.78) (-11.48) (-12.03) -12.05)  (-11.73) (-11.78) (-11.52) (-11.59)
085  -0.81 096  -1.11 024 024 100 -0.56  -0.93  -0.14  -0.24 065  -056  -0.80 -0.70

3 (-11.89) (-11.93) (-13.70) (-11.63) (-12.50) (-12.50) (-11.74) (-12.18) (-11.81) (-12.60) (-12.50)  (-12.09) (-12.18) (-11.94) (-12.04)
079  -0.71 087  -1.02 015  -016  -0.85  -049  -085  -0.08  -0.15 056 049  -0.73 -0.65

4 (-1241) (-1249)  (-14.07) (-1218)  (-13.05) (-13.04) (-12.35) (-1271) (-12.35) (-13.12) (-13.05)  (-12.64) (-12.71) (-12.47)  (-12.55)
062  -0.58 143 -0.96 0.10 016  -0.82  -026  -0.70 0.24 0.10 041 026  -0.55 -0.45

5 (-13.58) (-13.62) (-15.63) (-13.24) (-14.30) (-14.36) (-13.38) (-13.94) (-13.50) (-14.44 (-14.30)  (-13.79) (-13.94) (-13.65) (-13.75)
077 -0.63 106 -1.03 0.01 000  -0.71  -037  -0.76 0.07 0.01 047 037 -0.67 -0.59

6 (-13.82) (-13.96) (-15.65) (-13.56) (-14.60) (-14.59) (-13.88) (-14.22) (-13.83) (-14.66) (-14.60)  (-14.12) (-14.22) (-13.92) (-14.00)
098  -091 100 -1.30 022  -018  -1.08 060 -1.04  -011  -0.22 073 -060  -0.89 -0.81

7 (-14.02) (-14.10) (-16.00) (-13.70) (-14.78) (-14.82) (-13.92) (-14.40) (-13.96) (-14.89) (-14.78)  (-14.27) (-14.40) (-14.11) (-14.19)
081  -0.75 157 124 0.04 015  -1.08 032  -0.85 0.24 0.04 057 032 -0.71 -0.60

8 (-15.18) (-15.24) (-17.56) (-14.75) (-16.03) (-16.14) (-14.91) (-15.67) (-15.14) (-16.23) (-16.03)  -1542) (-15.67) (-15.28) (-15.39)
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Figure 1: Similarity of calculated values with a number of theoretical approaches towards
experimental findings for butane. The green (red) line denotes the similarity between ex-
perimental values and an artificial data produced as 5 % (10 %) of these values. The results
that are more proximal to periphery are the most similar to experimental value.
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Figure 2: Clusters of methods after obtaining the minimum spanning tree for butane.
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Figure 3: Similarity of calculated findings, with a number of theoretical approaches towards
experimental results for ethane, propane and butane. The green (red) line denotes the
similarity between experimental values and an artificial data produced as 5 % (10 %) of

these values.
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Figure 4: Similarity of calculated findings with a number of theoretical approaches towards
experimental results for ethylene, propene and 2-butene. The green (red) line denotes the
similarity between experimental values and an artificial data produced as 5 % (10 %) of these
values.
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Figure 5: Similarity of calculated findings with a number of theoretical approaches towards
experimental results for propane, propene and propyne. The green (red) line denotes the
similarity between experimental values and an artificial data produced as 5 % (10 %) of these
values.
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Figure 6: Similarity of calculated findings with a number of theoretical approaches towards
experimental results for chloro- substituted hydrocarbons.
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Figure 7: Similarity of calculated findings with a number of theoretical approaches towards

experimental results of methanol and ethanol.
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