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Origin of the Immiscibility of Alkanes and Perfluoroalkanes
Robert Pollice, Peter Chen*
Abstract

Perfluoroalkanes are considered generally to have weak inter- and intramolecular forces compared to
alkanes explaining their relatively low boiling points, low surface tensions and poor solvent properties.
However, currently accepted models do not satisfactorily explain several trends in their properties, for
instance boiling point trends as size increases. Herein, we report a comprehensive computational study
of the intermolecular interaction of alkanes and perfluoroalkanes demonstrating that perfluoroalkanes
have a higher intrinsic ability for dispersive interactions than their alkane counterparts and that
dispersion in perfluoroalkane dimers mainly stems from fluorine—fluorine interactions. In addition,
the reasons for relatively weak intermolecular forces in perfluoroalkanes compared to alkanes are
their ground-state geometries, which are increasingly unsuitable for intermolecular interactions as the
carbon chain length increases, and their rigidity, which makes deformation from the ground-state
geometries unfavorable. Overall, these trends are reflected in a dependence of the bulk properties of
perfluoroalkanes on the carbon chain length as the fluorine content decreases and the interaction
geometries become increasingly unsuitable.

Introduction

Perfluoroalkanes differ from alkanes on many accounts:*™ One of the most fundamental difference is
the larger size of perfluoroalkanes compared to their counterparts.® For comparison, looking at
various steric parameters, it was shown that a trifluoromethyl group is at least as large as an isopropyl
group.* In addition, the electronegative fluorine atom depletes the carbon chain of electrons and
results in a negatively polarized shell in perfluoroalkanes, whereas in alkanes the hydrogen atoms are
slightly positively polarized. Furthermore, perfluoroalkanes are significantly more rigid than alkanes’
and the low miscibility of perfluoroalkanes with alkanes is generally known as fluorophobic effect,®**
sometimes referred to as fluorous effect. Perfluoroalkanes are generally assumed to have weak
intermolecular interaction energies compared to alkanes, both in bulk media and in molecular
complexes, explaining their relatively low boiling points, small cohesive energies as well as the
fluorophobic effect.>*#1%13 |t has been argued that, due to the low atomic polarizability of the fluorine
atom, perfluoroalkanes have a low propensity to interact with any other molecule (by London
dispersion'?) and therefore segregate to minimize intermolecular contacts with non-fluorous matter
thereby maximizing the contact of non-fluorous matter with itself.>® However, several trends in their
properties are not readily explained by that model, for instance the boiling point inversion of linear
alkanes and perfluoroalkanes as a function of chain length.*#!2 Additionally, high-level ab initio
calculations of molecular dimers of methane and perfluoromethane found CFs-dimer to be significantly
stronger bound than the CHs-dimer suggesting that the ubiquitous and general assumption that
perfluoroalkanes show weaker intermolecular forces needs to be reassessed.*>’

We herein report on a computational study of the interaction energies of homo- and heterodimers of
alkanes and perfluoroalkanes of increasing carbon chain length in which:

i.  We observe that several state-of-the-art computational methods have problems to estimate
accurately the interaction energies of alkane-perfluoroalkane and perfluoroalkane-
perfluoroalkane complexes compared to benchmark results;



ii. We find that dispersion in interacting perfluoroalkanes originates mainly from contacting
fluorine atoms;

iii. We show that perfluoroalkanes have a higher intrinsic ability for intermolecular dispersion
than alkanes with the same carbon chain length;

iv. We establish that the preferred geometries of perfluoroalkanes get increasingly unsuitable for
interactions with either alkanes or perfluoroalkanes as the carbon chain length increases,
which is the principal reason for the interaction energies being weaker than expected from
shorter analogues.

V. We demonstrate that trends in interaction energies and various experimental properties are
determined by the concomitant decreasing fluorine content and the increasingly unsuitable
interaction geometries.

Test Systems

In this work, we study the interactions of alkane-alkane (HH), alkane-perfluoroalkane (HF) and
perfluoroalkane-perfluoroalkane (FF) complexes wherein the interacting molecules have the same
number of carbons. The number of carbons is varied systematically from one to six. The abbreviations
used to refer to particular molecules and molecular complexes are explained in Table 1.

Table 1. Explanation of abbreviations used in this work with two examples.
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2-F 5-HF3

One or two-letter code describing
the molecule(s) (H=alkane,
F=perfluoroalkane)

Number of carbon atoms in the
molecule(s)

Optional number to distinguish
between several conformers

Additionally, a consistent color-coding will be used in Figures and Tables when a particular subclass of
the molecular complexes is investigated. Magenta will be used for HH, for HF and for

Computational Details and Definitions

Computed energies discussed in this work are either bond association energies (BAEs), i.e. the
relaxation of the interacting fragments to their respective ground-state geometries is included, or bond
interaction energies (BIEs), i.e. the corresponding relaxation is not included. Various programs were
employed in this study including (but not limited to) Orca (versions 3.0.3 and 4.0.1),'3° PSI4 (versions
1.1 and 1.2),2%%! Molpro (version 2015.1.18),%2 Gaussian (version 09, revision D.01),2> ADF (version
2016)* and Q-Chem (version 4.3).% A more detailed description of all the programs and methods used
is included in the Supporting Information.



For benchmarking of computational methods, we look at the following statistical measures describing
the deviation of a dataset with values x; from a reference dataset with values xif (Equations 1 — 4). It
should be noted that the relative mean absolute deviation (MAD,) is sometimes also referred to as
mean absolute relative deviation (MARE) in the literature. Notably, the MAD from the mean is always
smaller than the corresponding standard deviation, i.e. the MAD gives a lower estimate of the
deviation in the data.

Mean Absolute Deviation: MAD = ¥; | x; — x1/ | (1)
Xi— x_ref
Relative Mean Absolute Deviation: MAD,; = X; |——— (2)
X.
L
Mean Signed Deviation: MSD = ¥;(x; — x*) (3)
Xi —x-ref
Relative Mean Signed Deviation: MSD,..; = %, —%— (4)
X.

4

One central measure of interest is the relative molar content of a certain atom type X in a molecule
(Equation 5) describing the atomic composition.

Number of X Atoms

Relative Molar Content of X: n,..;(X) = (5)

Total Number of Atoms

Results

Benchmarking. We set out this study by looking for literature of computational benchmark data of
complexes of alkanes (H) and perfluoroalkanes (F) in order to select suitable computational methods
for geometry optimizations and subsequent single point calculations. We realized that the available
benchmark data for perfluoroalkanes are extremely sparse'® 2627 and therefore decided to begin by
benchmarking computational methods against interaction energies from high-level ab initio methods.
We chose DSD-PBEP86/def2-TZVP(spd) as density functional theory (DFT) method for geometry
optimizations because of its good performance over a wide range of benchmarks, which indicates its
robustness.?® To assess the performance of DSD-PBEP86 in geometry optimizations for our test
systems we performed rigid geometry scans of the intermolecular separation of interacting molecules
using MP2/CBS and DLPNO-CCSD(T)/QZ.2°73! These results suggest that DSD-PBEP86 geometries are
appropriate for all the molecular complexes under study (Details in the Supporting Information).

On the basis of general literature benchmarks for noncovalent interactions and dispersion3*3% we

selected CCSD(T)/CBS and CCSD(T)-F12/VTZ as reference methods for single point energies; we looked
for a cheaper method that reproduces these interaction energies best. CCSD(T)-F12/VDZ, which has a
significantly lower computational cost, shows only minor deviations (Details in the Supporting
Information). Using CCSD(T)-F12/VDZ, we were able to perform benchmark calculations for most of
our complexes under study. To do that, we determined DSD-PBEP86 geometries and single point
energies to find the lowest energy conformers for each complex. These conformers were then used to
benchmark interaction energies using various methods (Details in the Supporting Information). The
performance of all the DFT and wavefunction theory (WFT) approaches tested against the CCSD(T)-
F12/VDZ reference values is illustrated in Table 2.

Table 2. Benchmark of various WFT and DFT methods against CCSD(T)-F12/VDZ energies of most of the
molecular complexes studied. Numbers in parentheses indicate the corresponding standard



deviations. B97M-V34/def2-QZVP, wB97M-V35/def2-QZVP, DLPNO-CCSD(T)/CBS beyond TightPNO and
B3LYP-XDM?3¢39/aTZ perform best across the three subclasses.

HH HF FF Overall
Method MAD;| MSD; MAD;| MSD;e MAD| MSD; MAD,| MSD,
[%] [%] [%] [%] [%] [%] [%] [%]
B97M-V 7(5) 5(7) 3(2) 3(3) 3(1) 0(3) 4(3) 3(5)
ExtremePNO 2(1) -1(2) 3(4) 3(4) 9(4) 9(4) 4(4) 3(4)
WB9I7M-V 5(3) 5(3) 4(2) -4(2) 7(4) -7(4) 5(3) -2(6)
B3LYP-XDM 3(1) 1(4) 2(2) 2(2) 14(3) 14(3) 5(5) 4(6)
VeryTightPNO 2(1) 0(2) 5(2) 5(2) 13(4) 13(4) 6(5) 5(5)
TightPNO 1(1) 1(1) 6(2) 6(2) 17(5) 17(5) 7(6) 7(6)
CCSD((T:)E/P%S;)LPNO' 3(3) 1(5) 11(2) 11(2) 7(3) 7(3) 8(4) -7(6)
RI-MP2 4(3) -3(4) 5(5) 5(5) 17(7) 17(7) 8(7) 5(9)
PBE-XDM 10(13) -8(15) 7(8) -6(9) 16(8) 12(14) 10(10) -3(13)
SAPT2+ 4(2) 4(3) 9(3) 9(3) 20(5) 20(5) 10(7) 10(7)
DSD-PBEP86 5(5) -5(5) 12(2) 12(2) 28(1) 28(1) 13(9) 10(12)
BLYP-XDM 9(7) 5(10) 10(4) 10(4) 26(3) 26(3) 13(8) 12(10)
MO6L 9(12) 8(13) 13(13) 13(13) 19(15) 19(15) 13(13) 13(13)
B3LYP-NL 22(10) 22(10) 7(4) -5(6) 20(4) -20(4) 14(9) -1(17)
CCSD(T)/CBS(MP2) 3(2) -2(3) 19(5) -19(5) 19(3) -19(3) 14(9) -14(9)
PBE-D3 22(16) -22(16) 8(8) 1(11) 23(14) 22(15) 15(14) -1(21)
GFN2-xTB 24(13) 23(14) 9(8) -6(10) 19(12) 2(24) 15(12) 4(19)
MO06-2X-D3 6(4) -4(6) 15(5) 15(6) 27(5) 27(5) 15(9) 12(13)
BLYP-NL 28(18) 28(18) 9(6) -5(10) 20(6) -20(6) 17(13) 1(22)
B3LYP-dDsC 22(15) -20(18) 8(7) 7(8) 29(8) 29(8) 17(13) 4(21)
NormalPNO 4(4) 4(4) 18(4) 18(4) 33(5) 33(5) 17(12) 17(12)
MO06L-D3 18(9) -15(14) 19(6) -17(11) 14(4) -3(15) 18(7) -14(14)
B2PLYP-D3 11(4) 11(4) 18(3) 18(3) 30(2) 30(2) 18(7) 18(7)
TPSS-D3 10(10) -3(14) 20(8) 19(9) 39(18) 39(18) 21(15) 17(19)
B3LYP-D3 3(1) 1(3) 23(3) 23(3) 40(3) 40(3) 21(14) 20(15)
GFN1-xTB 27(18) 27(18) 14(5) 14(5) 37(5) 37(5) 23(14) 23(14)
wB97X-D3 13(7) -13(7) 20(5) 20(5) 65(13) 65(13) 28(21) 20(29)
vdW-DF10 14(9) -14(9) 36(7) -36(7) 32(12) -32(12) 29(13) -29(13)
PBE-dDsC 37(6) -37(6) 34(6) -34(6) 22(6) -22(6) 32(8) -32(8)
BLYP-D3 12(9) 12(9) 36(6) 36(6) 58(5) 58(5) 34(18) 34(18)
MO06-2X 16(6) 16(6) 42(10) 42(10) 46(9) 46(9) 35(15) 35(15)
B97-D3 18(9) -18(9) 33(8) 33(8) 67(22) 67(22) 36(21) 26(33)
SCS-MP2 38(3) 38(3) 41(6) 41(6) 50(6) 50(6) 42(7) 42(7)
SSAPTO 53(13) 53(13) 64(11) 64(11) 79(14) 79(14) 64(15) 64(15)

Table 2 shows that B97M-V performs best across all methods together with DLPNO-CCSD(T)/CBS in
conjunction with ExtremePNO parameters (Supporting Information). In general, DLPNO-CCSD(T)/CBS
methods with TightPNO parameters and beyond provide good results. However, MP2°/CBS energies
are not considerably worse than DLPNO-CCSD(T)/CBS numbers using TightPNO parameters, at a
significantly smaller computational cost (especially when RI-MP2%42 js used). Additionally, B97M-V
and wB97M-V are very considerably computationally less expensive compared to the DLPNO-CCSD(T)
methods but perform equally well. It is also worth to mention the relatively good performance of all



the XDM-corrected®®3° methods using various functionals (i.e. B3LYP, PBE and BLYP, cf. Table 2).
B3LYP-XDM is only outperformed by DLPNO-CCSD(T)/CBS in conjunction with ExtremePNO
parameters, which is very considerably more expensive, as well as B97M-V and wB97M-V. Overall,
B97M-V is the most efficient approach to compute accurate interaction energies across all the classes
of complexes, especially for HF and FF, with B3LYP-XDM being slightly better for HF and B3LYP-D3
being most efficient for HH.

Energy Decomposition Analysis. After benchmarking, we moved on to carry out energy decomposition
analysis (EDA) using symmetry adapted perturbation theory (SAPT).*** The corresponding results are
illustrated in Figure 1.

a) All energy components. b) Only exchange, dispersion and their sum.
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Figure 1. Interaction energy decomposition of the molecular complexes using SAPT2+ illustrated by
plotting the energy components against the corresponding overall BIEs. a) Pauli repulsion and
dispersion show the biggest change with interaction energy. b) The sum of Pauli repulsion and
dispersion is overall still attractive.

When plotting the SAPT2+ energy components against the corresponding BIEs for all the test systems
(Figure 1a) the relative importance of the energy components is essentially invariant, irrespective of
whether the system belongs to HH, HF or FF. Figure 1a also shows that induction is almost zero across
all the complexes whereas the electrostatic component does show a small but significant contribution.
Exchange and dispersion are much larger in magnitude and steeper in slope but are of opposite sign in
both energy and slope. Additionally, the sum of exchange and dispersion is overall attractive for all
complexes showing that dispersion outweighs repulsive exchange (Figure 1b). Looking into the sum of
exchange and dispersion in the three subsystems HH, HF and FF separately, it can be seen that FF
provide overall more stabilization due to dispersion than the corresponding HF or HH (Details in the
Supporting Information), at least in the SAPT partitioning.

Next, we compared dispersion from SAPT and LED**® and found an excellent correlation (Supporting
Information). Additionally, we used LED-DLPNO-CCSD(T)/QZ to gain insight into the contributions of
specific groups and atoms towards dispersion by dissecting the dimers into fragments containing only
one atom type (Scheme 1, Details in the Supporting Information).



Scheme 1. Decomposition of dispersion energy of complex A-B into contributions of atoms and bonds.
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The overall intermolecular dispersion is dissected into the interactions of the carbon chains, the C-X
bonds and the X atoms with each other (where X = H,F) resulting in nine terms overall (Scheme 1).
Looking into the relative importance of these terms for each of the three complex subclasses revealed
differing main contributors (Figure 2).
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Figure 2. Decomposition of dispersion using LED into contributions from atoms and bonds for methane
complexes divided into the subclasses a) HH, b) HF and c) FF. Only non-zero contributions are depicted.

Figure 2 shows that while in 1-H fragments the dispersion originates from the carbon atoms and the
C—H bonds, the dispersion in 1-F fragments originates from the fluorine atoms and the C—F bonds.
Consequently, almost all of the intermolecular dispersion in 1-FF originates from interactions between
fluorine atoms, while in 1-HH and 1-HF it is distributed more equally between different interactions.
When looking at model systems with longer carbon chains, for HH and HF the relative contributions of
the different interactions do not change significantly (Supporting Information). However, for FF the
relative contribution of the F1—F2 interactions decreases as the chain length is increased and
correlates linearly with the relative molar fluorine content (Supporting Information).

An alternative approach to interrogate the origin of dispersion is provided by the dispersion interaction
density (DID) developed recently by Wuttke and Mata.*® DIDs are determined on the basis of local
orbital spaces using wavefunction methods and extract the origin of dispersion as a 3D scalar field in
molecules.*® This scalar field can be visualized using voxel plots showing the extent of dispersion
provided by a specific region in a molecule. The DID plots of 1-HH1, 1-HF1 and 1-FF1 are depicted in
Figure 3 (DID plots of additional complexes are provided in the Supporting Information). They show
again that dispersion in 1-H originates mainly from the electron density of the C-H bonds and the
carbon atom and in 1-F mainly from the contacting fluorine atoms. This is fully consistent with the
results from LED (vide supra).



a) 1-HH1. b) 1-HF1. c) 1-FF2.
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Figure 3. DID plots of complexes of 1-H and 1-F. a) 1-HH1. b) 1-HF1. c) 1-FF2. Red depicts strong
contributions towards dispersion, blue depicts weak contributions.

Yet another approach to gauge the origin of dispersion is to estimate atomic polarizabilities using a
quantum theory of atoms in molecules (QTAIM) approach.>® We employed the software PolaBer™!
which uses the partitioning of molecular (hyper)polarizabilities proposed by Keith and implemented in
AIMAII>*> The atomic polarizabilities were determined from MP2/def2-TZVPPD relaxed electron
densities and visualized by tri-axial ellipsoids. The three axes of the ellipsoids represent the anisotropic
polarizabilities with their volumes proportional to the corresponding isotropic values (Figure 4). The
atomic polarizabilities in 1-H and 1-F are compared to the isolated ground-state values in Table 3.

a)1-H b) 1-F

Figure 4. PolaBer plots visualizing the atomic polarizabilities of a) 1-H and b) 1-F using tri-axial ellipsoids
representing the anisotropy with volumes depicting the isotropic values.

Table 3. Polarizabilities of carbon, hydrogen and fluorine as free atoms and in CH4 or CF, molecules,
respectively, as obtained from PolaBer.

Polarizabilities [A3]

Atom Type Free Atom CH. CF,
C 1.76% 0.867 0.283
H 0.667% 0.376 -
F 0.55753 - 0.618

The results show that in 1-H the atomic polarizability of the carbon atom is the biggest while in 1-F the
atomic polarizabilities of the fluorine atoms are larger (cf. Figure 4). This is in contrast to the relative
magnitude of the polarizabilities of atomic carbon and fluorine (atomic carbon is more polarizable than
atomic fluorine, cf. Table 3).>° This suggests that London dispersion in FF systems originates mainly
from fluorine atoms because not only are they most polarizable, they are also on the outside of the
molecules.



Simple Interaction Models. After EDA, we were interested in using simple interaction models to
describe trends in dispersion. The idea was to use the London dispersion formula®® (Equation 6) to
approximate the interaction between the interacting molecules, which would effectively be treated as
interacting spheres having the properties of the whole molecules:

E _ 3 11]2 a1a,
asP= 2 L+ 1, RS

(6)

For this admittedly crude model, we used MP2/CBS(34) ionization potentials and MP2/def2-TZVPD
molecular polarizabilities. When using the average distance of the two carbon chains the resulting
energies correlated poorly to benchmark BIEs (Supporting Information). Using the R®-weighted
distance between the atoms mainly responsible for dispersion, i.e. using carbon atoms in H and
fluorine atoms in F, a linear correlation was obtained (cf. Figure 5a).

a) Molecular London Dispersion Model. b) Atom-pairwise London Dispersion Model.
0.0 =
i, =0.79(2) x - 0.08(6 . 004
g :- 1097( ) () 2 g Ay = 104 keal®* mol 2 .
- 2 P = Ac = 17.8 keal® mol =3 Vg
g -10{R°=096 2 2 £ g Ac=188keal?mol 0t 7
N=48 * A & it
5 © / g y = 1.007(9) x e
2 5. P 5 F=11672 »
@ . o ® o -204 R'=099% &
) 3 2 N =46 "
L 5 o e A 0O
2 o © A
[~ - o J
g —301 P - B 3041 /,/
%) o 3 A}"/
o 3 == correlation % // : - correlation
%5 4.0 ) - HH 2 404 J/ ' = HH
g - hE 3 » o HF
:(:) FF & 4 EE
= -50 T T T - y S -50+— R e T -
5.0 4.0 3.0 2.0 1.0 0.0 < 5.0 4.0 3.0 2.0 1.0 00
BIE |CCSDIT)F'2) kcal mol BIE I'CCSD(I'IF‘IZI kcal mol

Figure 5. a) Intermolecular dispersion was estimated with the London dispersion formula (Equation 6)
using molecular ionization potentials and molecular polarizabilities and compared to CCSD(T)-F12 BIEs.
b) Intermolecular dispersion was estimated using atom-pairwise London dispersion by optimizing
atom-type-dependent pre-factors A (cf. Equation 8) to reproduce the benchmark BIEs. The
corresponding best set of A parameters is provided in the top-left of the diagram.

As an alternative, we also applied an atomistic interaction model using the London dispersion formula
(Equation 6), very much akin to the approach of atom-pairwise dispersion corrections.’” We
determined all atom-pairwise contributions to the overall BIEs using the atomic polarizabilities of the
isolated non-interacting molecules as obtained from PolaBer. Then, we optimized the atom-type
dependent parameters for the ionization potential contributions to best reproduce the benchmark
energies. To do that, we used an approximation of the London dispersion formula explained in the
following section simplifying the ionization potential pre-factor (which we term Ai;) as product of
atom-type dependent pre-factors A; and A; (cf. right-hand side of Equation 8). The motivation for using
this approximation is explained in the following section. The corresponding results are depicted in
Figure 5b. It shows that with the optimized set of A pre-factors the overall BIEs are reproduced well
across all the complexes. Additionally, based on this model, we decomposed the overall dispersion into
contributions of atom type pairs. The corresponding results provide even quantitatively comparable
results to LED (Details in the Supporting Information).



Interaction Descriptors. After having looked into interaction models, we were interested in simple
interaction descriptors that would characterize the dispersive interaction capabilities of Hand F. Dunitz
proposed the ratio Q of polarizability a and volume V, a dimensionless quantity, as a simple measure
to quantify dispersion of atoms and molecules:?

Q= (7)

<IR

However, as he also acknowledged,® he ignored the linear dimensions of the molecules and did not
account for the actual polarizabilities of the atoms in the molecules and their spatial distribution. When
comparing the definition of Q (Equation 7) and the London dispersion formula (Equation 6) one can
see that the dimensionless fraction of the product of polarizabilities a; and a; divided by the sixth
power of the distance R is effectively the product of two Q values (Q; and Qu):

E _ 3 1112 a1, _ 3 1112 a1, _
@sP = 2 L+, RS 2L+ 1, R3R3 ~

A1z Q102 = A14; 010, (8)

From this comparison, it is clear that the volume in Equation 7 should not be an atomic or a molecular
volume but rather the “interaction volume” R3, i.e. a volume derived from the interaction distance of
the atoms. Using “interaction volumes” one explicitly accounts for the linear dimensions of molecules
and the spatial distribution of polarizability therein. Therefore, we defined an alternative atomic Q
metric called Qatom as the fraction of the atomic polarizability of an atom in a molecule and the
interaction volume R3® of the atom with respect to a specific point in space. Hence, Qatom is a function
of the reference point used for its computation. It quantifies the dispersive interaction capability of
specific atoms in a molecule with respect to that point in space and explicitly accounts for the position
of an atom in a molecule. Using this definition, we computed the maximum Qatom Of hydrogen, carbon
and fluorine in H and F of different carbon chain lengths with respect to points on their van der Waals
surface (Details in the Supporting Information). The corresponding results are depicted in Figure 6a
showing that the maximum Qatom Of fluorine in F is larger than the value of either hydrogen or carbon
in H. However, in F the value of carbon is reduced significantly compared to H.

a) Qatom against carbon chain length. b) P.tom against carbon chain length.
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Figure 6. a) Maximum Qatom values on the van der Waals surface for all atom types in H and F (cf.
Equation 7). b) Maximum Paiom values on the van der Waals surface for all atom types in H and F (cf.
Equation 9). Cy refers to carbon atoms in H, Cr to carbon atoms in F.



To judge also the total dispersive interaction capability of a molecule we defined a second type of Q
metric termed Qo as the sum of all Q..om of @ molecule and hence it quantifies the dispersive
interaction capability of a molecule with respect to a specific point in space. This metric explicitly
accounts for the linear dimensions and the spatial distribution of polarizability of a molecule. Using
this definition, we computed the average Q:o: of H and F with respect to points on their van der Waals
surface (Details in the Supporting Information). We find that Q:ot of F having one to six carbon atoms
is about 83% of Qio: of the corresponding H. The main reasons for the lower Qit in F are the significantly
reduced Qatom Of carbon in F compared to H and the larger size of fluorine compared to hydrogen.
Using Dunitz’ Q metric (i.e. using molecular polarizability and molecular volume) one would estimate
the corresponding ratio to be only 64%. These results show that Dunitz’ Q metric significantly
underestimates the interaction capabilities of F and, hence, stress the importance of accounting for
linear dimensions and spatial polarizability distributions.

These results also show that, from Qu.t, one would estimate the dispersive interaction capabilities of F
to be generally weaker than H. However, when looking again at the London dispersion formula
(Equation 8, vide supra) we can see that in order to determine the dispersion energy we need the
product of Q; and Q; as well as the pre-factor A1. In the London dispersion formula, the pre-factor is
estimated from the ionization potentials I, and I, of the interacting atoms. When comparing the
dispersive interaction capability of different classes of compounds, which likely have distinct atomic
ionization potentials, the pre-factor needs to be taken into account. We assumed that A1, can be
separated into the product of atom-type-dependent factors A; and A, (cf. Equation 8, right-hand side).
We determined these factors for carbon, hydrogen and fluorine by reproducing the benchmark BIEs
of all our model systems using the atom-pairwise London dispersion model (vide supra). With the
optimized parameters, the benchmark energies could be reproduced with an overall MAD of 5% and
all subsystems were reproduced equally well. Using these atom-type-dependent factors, we defined a
new measure to quantify dispersive interaction capabilities termed P. It is the product of the atom-
type-dependent factor A and Q and has the dimension of the square root of energy. It is defined such
that the dispersion energy could be estimated as the product of two P measures, P; and P; (cf. right-
hand side of Equation 8):

P=A4Q= A% (9)
Analogously to Qatom and Quot, we defined Patom and Pior and determined Paom values of hydrogen,
carbon and fluorine atoms in H and F. The results are depicted in Figure 6b. Compared to the relative
magnitudes of the corresponding Qatom Values, the Patom Values of carbon and fluorine are elevated, the
values of hydrogen reduced (the ratio of the pre-factors is Apy: Ac: Ar=0.55:0.94 : 1.0). In addition,
we also determined the corresponding P:.: values and found that the average value of F is about 116%
of the corresponding value of H. Furthermore, the ratios of Pi,: of F and H decrease linearly with the
relative molar carbon content (Details in the Supporting Information). However, since the relative
molar carbon content in H and F is always between a fifth and a third, based on this linear correlation,
the lowest possible ratio of the Pi: of F and H is 108%. This suggests that, at least in the respective
extended conformer, no fully saturated F with a weaker intrinsic dispersion interaction capability than

the analogous H can exist.

It should be noted that the difference in Py of H and F is only properly reflected in the interaction
energies of 1-FF and 1-HF compared to 1-HH but not in the complexes with longer carbon chains. This
suggests that the main reason for FF and HH having about equal interaction energies in longer systems



(and HF having weaker interaction energies) is not the respective intrinsic capability for dispersive
interactions but rather the interaction geometries. Therefore, we will investigate them in more detail
in the following section.

Interaction Geometries. We already used DID plots to visualize the origin of disperion in the
intermolecular complexes (vide supra). An alternative way to visualize non-covalent interactions (NCls)
is provided by the NCl plots.>® They are based on the analysis of electron densities and their derivatives
and provide a visualization of interaction surfaces together with information about which portions of
the surface are attractive or repulsive.’® Notably, they are based solely on electron density and cannot
distinguish between different types of van der Waals interactions.”® They provide orthogonal
information compared to DID plots as they allow assessing how well molecular complexes are aligned.
Figure 7 shows 3D NCI plots of complexes of 5-H and 5-F. The striking difference between the
interaction surfaces in 5-HH1, 5-HF4 and 5-FF1 is the very regular shape in 5-HH1 compared to the
increasingly irregular shapes observed in 5-HF4 and 5-FF1. Only certain portions of the interaction
surfaces of 5-HF4 and 5-FF1 show strong interactions (attractive or repulsive) while in 5-HH1 strong
interactions are distributed uniformly over the whole intermolecular interface. These observations
suggest that the preferred intramolecular geometries of F are unsuitable for intermolecular
interactions with either H or F which results in lower interaction energies for these complexes than
would otherwise be attainable.

a) 5-HH1 b) 5-HF4 _ c) 5-FF1

e i

Figure 7. 3D NCI plots of complexes of pentanes: a) 5-HH1. b) 5-HF4. c) 5-FF1. Red depicts repulsive
interactions, green depicts neither attractive nor repulsive interactions, and blue depicts attractive
interactions. The selected conformers have the strongest BIEs of the corresponding type of complex.

Consequently, we sought to collect further evidence about the interaction geometries. Therefore, we
looked into the scaling of the total surface area and the interaction surface area of the different
complex classes. The total surfaces of H and F and the interaction surfaces of HH, HF and FF increase
linearly with the carbon chain length (Details in the Supporting Information). Using simple geometric
models of cuboids to represent the interacting molecules we deduced that in FF only about 81% and
in HF only about 85% of the additional interaction surface is used for interactions when the chains are
elongated (Details in the Supporting Information). These results corroborate the visual impression of
Figure 7 and confirm that in both HF and FF not all the potential surface is used for intermolecular
interactions.

To obtain more direct evidence for the differences in interaction geometries of HH, HF and FF we
introduced a new geometric measure to characterize the alignment between two interacting
fragments, which we term the number of van der Waals contacts (ncontact). We defined one contact as



two atoms at a distance equal to the sum of their van der Waals radii (Rvaw). To have a continuous scale
for atoms that are closer or farther apart than Ryaw and to account for the distance dependence of van
der Waals interactions we defined the number of contacts between two atoms as follows:

6
_ RvdW (10)
Ncontacts = R6

The number of contacts between two interacting molecules then is the sum of all atom-pairwise
contacts. We computed this new geometric measure for all complexes under study and investigated it
as a function of carbon chain length (Figure 8a). There are several things to be noted. First, all the
complexes with one carbon atom in the monomers have about the same number of contacts. Secondly,
all classes of intermolecular complexes show a linear correlation of Neontacts With the number of carbon
atoms. Additionally, HH have a significantly larger increase of the number of contacts with the carbon
chain length than either HF or FF. Furthermore, HF shows a marginally larger increase of the number
of contacts with the carbon chain length than FF. These results provide additional evidence for the
poor interaction geometries in HF and FF. Moreover, to test our newly introduced parameters, we
correlated the BIEs of all the complexes against the product of neontacts and the Piwot values of the
respective interacting molecules and observed a reasonable correlation (cf. Figure 8b).
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Figure 8. a) Number of van der Waals contacts (Ncontacts) in HH, HF and FF as a function of carbon chain
length. b) BIE of the intermolecular complexes correlated against the product of Neontacts and the Piot
values of the respective interacting molecules.

Computed Microscopic and Macroscopic Mixing Behavior. Having established reliable methods to
compute the interaction energies of H and F we compared the relative BAEs of HH, HF and FF as a
function of carbon chain length (Figure 9a). As the carbon chain length is increased, the relative BAEs
of both HF and FF get weaker compared to HH. The effect is most pronounced in HF and somewhat
less so in FF. Furthermore, assuming that HH, HF and FF have comparable interaction geometries both
in the molecular complexes and in the bulk phase (i.e. including packing effects), we estimated the
bulk BAEs in pure H, pure F, as well as in mixed bulk phases of H and F. To do that, we multiplied the
association energies by the average coordination numbers derived from the molecular and the
interaction surfaces, which is a treatment of the bulk phase at the level of Flory-Huggins solution
theory (Details in the Supporting Information).>*° The corresponding results are illustrated in Figure
9b.



a) Relative Microscopic BAEs. b) Relative Macroscopic BAEs.
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Figure 9. Relative BAEs of strongest binding isomers of HF and FF compared to the respective HH from
one to six carbon atoms (labelled C; to Cg). a) Microscopic BAEs, b) bulk BAEs.

Additionally, we also looked into the relative energies of mixing of HH and FF to form two complexes
of HF (Table 4, “CCSD(T)"). The relative energies of microscopic and macroscopic mixing on the basis
of CCSD(T)-F12 change from favorable (C1) to increasingly unfavorable (C to Cg). As the carbon chain
length is increased, two HF complexes are increasingly unfavorable compared to one HH and one FF
complex. The mixing properties are almost equally determined when using the interaction energies of
the crude molecular London dispersion model (Table 4, “London”). The trends of these energies are
governed by the distances. When the ionization potential pre-factor and the polarizabilities are
assumed to be one (with the appropriate unit), i.e. only the distances are taken into account, the
computed mixing remains unaffected (Table 4, “Distance”).

Table 4. Relative energies of mixing as a function of carbon chain length: HH + FF = 2 HF.

- - — i
Chain Accounted Relative Energies of Mixing [kcal mol1]

CCSD(T) CCSD(T) London London Distance Distance
Length Isomers . . . . . . . . .
Microscopic  Macroscopic  Microscopic Macroscopic  Microscopic Macroscopic

1 Strongest -0.20 -0.19 -0.06 1.29 -4.0- 10> 33-10°
Average 0.07 0.32 0.04 0.14 1.9-10° 11-10°

) Strongest 0.18 0.67 0.17 0.24 4.9-10° 9.5-10°
Average 0.24 0.93 0.12 0.15 3.7-10° 3.8-10°

3 Strongest 0.73 0.79 0.81 1.85 10-10° 16 - 10
Average 0.62 0.95 0.68 1.53 8.2-10° 13-10°

4 Strongest 0.75 6.31 0.37 0.21 3.2-10° 0.02 - 10>
Average 0.25 2.91 -0.02 0.25 -0.2-10° 1.2-10°

5 Strongest 0.85 3.23 0.67 1.98 3.7-10° 6.8 - 10>
Average 0.72 3.01 0.36 0.75 1.8-10° 2.0-10°

6 Strongest 1.84 6.01 0.93 0.93 3.5-10° 3.4-10°
Average 0.99 6.08 0.46 1.66 1.5-107° 4.4-10°

“Strongest” denotes that only the strongest isomer was considered. “Average” denotes that the energies of all isomers were
averaged. “CCSD(T)” values are based on CCSD(T)-F12/VDZ energies (Details in the Supporting Information). “London” values
are based on the molecular London dispersion model (cf. Figure 5a). “Distance” values are based on the R¢-weighted average
distances assuming the other factors to have numerical values of 1 with the appropriate units.

Trends in Experimental Properties. The last step was to look into trends of experimental properties of
H and F and compare them to our computational results. The properties considered and the
corresponding information they provide are summarized in Table 5.

Table 5. Experimental bulk properties of H and F selected and the information they provide.

Symbol Bulk Property Unit Information




AvopH® Enthalpy of Vaporization kcal mol1 Strength of intermolecular interactions and packing in the liquid.
Strength of intermolecular interactions, packing in the liquid and
conformational flexibility.

Strength of intermolecular interactions and dependence on
intermolecular orientation in the fluid.

1% Surface Tension mN m-? Strength of intermolecular interactions and packing in the liquid.
Dependence of strength of intermolecular interactions on

Thoil Boiling Point K

a/b Critical Parameters Ratio kcal mol-!

/s Internal Pressure MPa . . Lo
T incremental volume changes and packing in the liquid.
K Bulk Modulus MPa Pependence of strength of mterm.ole.cular |.nte-ract|ons on
incremental volume changes and packing in the liquid.
- Dependence of strength of intermolecular interactions on
6r Isothermal Compressibility GPal P &

incremental volume changes and packing in the liquid.

n Dynamic Viscosity mPa's Strength of intermolecular interactions and shape of molecules.
Number of internal degrees of freedom and barrier height
between them.

Strength of homomolecular and heteromolecular interactions
and orientational dependence of energies in the gas.

Cp Molar Heat Capacity cal mol1 K1t

Bj; Second Virial Coefficients dm3 mol?

Most of the bulk properties investigated provide direct or indirect information about the strength of
intermolecular interactions, about the packing in the liquid or a combination thereof. However, since
they are based on distinct experimental measurements they provide mutually supporting evidence
about the corresponding molecular origins. The comparison of the trends of all these experimental
measures for H and F with respect to the carbon chain length is illustrated in Table 6. Individual values
with the corresponding references are provided in the Supporting Information. All properties
considered except for the dynamic viscosity and the molar heat capacity show an inversion when F and
H with increasing carbon chain length are compared. The enthalpies of vaporization show an inversion
between seven and eight carbon atoms, the boiling points show an inversion between three and four
carbon atoms and all the other properties show an inversion between one and two carbon atoms.
Notably, the boiling point differences and the differences in the critical parameters ratio correlate
reasonably with the relative molar carbon content in the molecules (Details in the Supporting
Information). The ratio of surface tensions also correlates somewhat with the relative molar carbon
content and the differences in the enthalpies of evaporation correlate with the number of carbon
atoms.

Table 6. Comparison of trends of experimental bulk properties in F and H. The second column specifies
whether the difference between F and H or the ratio of F to H was used to compare the properties.

Legend: :|F>H :|F=H |:|F<H

. Carbon Chain Length
Property ~ Comparison

1 2 3 4 5 6 7 8 9

AyopH® Difference 0.88 0.35 0.50 0.46 0.31 0.29 0.17 -0.17 -0.33
Thoil Difference 341 10.4 2.9 -2.0 -6.6 -11.6 -16.5 -19.7 n.a.?
a/b Difference 0.25 -0.08 -0.17 -0.26 -0.32 -0.39 -0.44 -0.45 n.a.2
y Ratio—1 0.28 -0.22 -0.23 -0.30 -0.37 -0.38 -0.34 -0.34 n.a.2
nr Difference 21 -26 -41 -67 -67 -59 -46 -26 n.a.2
K Ratio—1 0.48 -0.33 -0.54 -0.57 -0.52 -0.42 -0.40 -0.38 n.a.2
Br Ratio—1 -0.32 0.21 0.94 0.76 1.35 0.92 0.58 0.39 n.a.?

n Difference 0.05 0.11 0.19 0.38 0.62 0.97 1.31 2.02 n.a.2

Cp Difference 5.8 13.6 19.9 30.0 35.4 37.7 45.1 n.a.2 n.a.2

an.a. means data not available.



In addition to the properties compared in Table 6, we used experimental second interaction virial
coefficients®? ™ to assess energies of mixing of H and F having equal carbon chain length (cf. Figure
10a). First, it should be noted that all the second interaction virial coefficients are negative indicating
that they are measured below the respective Boyle temperature and, hence, in the attractive regime
of intermolecular gas interactions. Secondly, the sum of the homomolecular second interaction virial
coefficients is more attractive than the corresponding heteromolecular coefficients indicating that
interactions between H and F are less favorable than interactions of H with H and F with F. Additionally,
Knobler et al.’¥®® found the interactions in hydrocarbon-fluorocarbon mixtures to be about 10%
weaker than estimated by the geometric mean. On average, we obtain comparable results when
looking at CCSD(T)-F12 energies, the London dispersion interaction model and the R®-weighted
distances (11%, 9% and 9% weaker interactions on average, respectively, Details in the Supporting
Information).

a) Second Interaction Virial Coefficients. b) AvapH® against bulk BAEs.
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Figure 10. a) Comparison of experimental second virial coefficients of homomolecular (red) and
heteromolecular (blue) interactions as a function of carbon chain length. Homomolecular interactions
are more attractive. b) Experimental enthalpies of evaporation (AvapH®) of H and F of increasing carbon
chain length correlated against computed bulk BAEs from CCSD(T)-F12/VDZ.

Lastly, we also compared the estimated bulk-phase interaction energies in H and F against
experimental enthalpies of evaporation (Figure 10b). For these values to be as comparable as possible,
we chose experimental values at rather low and comparable temperatures (Details in the Supporting
Information). Figure 10b shows a good correlation suggesting the computational BAEs to be a good
estimate of the strength of intermolecular interactions. However, it needs to be emphasized that we
are only considering enthalpies here and, hence, neglect entropy.

Discussion
Summarizing our results leads to four main conclusions:

i Most well-established computational methods for describing dispersion have difficulties to
properly describe the interactions in alkane-perfluoroalkane and perfluoroalkane-
perfluoroalkane complexes.

ii.  The dispersive interactions in perfluoroalkane dimers come mainly from interactions between
fluorine atomes.



iii. Perfluoroalkanes have a higher intrinsic ability for intermolecular dispersion than alkanes with
equal carbon chain length but the unsuitable interaction geometries of perfluoroalkane dimers
compared to alkane dimers result overall in roughly equal interaction energies.

iv. The differing trends of various experimental porperties of alkanes and perfluoroalkanes with
increasing carbon chain length can be explained by the concomitant increasing relative molar
carbon content and the increasingly unsuitable interaction geometries of perfluoroalkanes.

We will investigate these four claims in detail.

Benchmarking Interaction Energies. The accurate description of noncovalent intermolecular
interactions, especially of London dispersion, has been one of the main themes of research in the field
of computational chemistry in recent years.>”®*®® In DFT, several dispersion correction schemes have
been developed®® in order to obtain accurate intermolecular interaction energies of (partially)
dispersion-bound molecular complexes and many of them have been shown to be accurate in
describing the interactions of “ordinary” organic molecules.®”%7880.70-77 \jjthin this work, we made
use of the D3 correction,8? the XDM correction,3¢739%3 the dDsC correction,? % the VV10 correction,?’
Minnesota functionals®®° with implicit treatment of dispersion and the vdW-DF10 density functional®®
to test their performance in the computation of intermolecular complexes of H and F. In WFT, CCSD(T)
energies at the CBS limit are considered the gold standard for computing interaction energies of
dispersion-bound systems.1666.759195 |n addition, recently, the low scaling DLPNO-CCSD(T) approach
has been developed which promises near CCSD(T) accuracy at significantly lower computational cost,
especially for medium-sized molecules with 20 — 200 atoms, or even larger systems.>?-319%9 However,
the systematic investigation of interaction energies of perfluoroalkanes has not received wide
attention'>72627 gnd, to the best of our knowledge, there are currently no good benchmark data
available for the interaction between linear perfluoroalkanes of increasing chain length. Our CCSD(T)-
F12/VDZ interaction energies fill that gap. Surprisingly, we find that many computational methods
designed to describe dispersion accurately fail in reproducing benchmark interaction energies of HF
and, especially, FF. Even DLPNO-CCSD(T), the most systematic low-cost computational method we
tested, requires tighter than usual cutoff parameters to obtain most accurate results and even then
the errors still amount to 9% of the benchmark energies for FF.

We find that the most robust and efficient level of theory to determine the interaction energies of
alkane and perfluoroalkane dimers is B97M-V.3* Most notably, it performs as well as DLPNO-CCSD(T)
with extremely tight parameters (ExtremePNO, Details in the Supporting Information) across all the
systems, and performs by far the best for FF with an MAD.. of only 3% (cf. Table 2). wB97M-V performs
only slightly worse but is also more expensive. Additionally, the XDM dispersion correction performs
very well compared to most of the alternative corrections. B3LYP-XDM yields excellent results for both
HH and HF, and is acceptable for FF despite significant underestimation of the corresponding BIEs.
Overall, many DFT and WFT approaches show different problems in calculating the BIEs of our model
systems and, therefore, there is likely not one universal explanation for their failure (Details in the
Supporting Information). While most approaches perform well for estimating the interaction energies
of HH, HF and FF seem to be problematic for most of the methods used. The ad-hoc explanation for
that failure is the absence of good benchmark data for these types of interactions. Therefore, the
benchmark data provided will contribute to the development of more accurate (cheap) electronic
structure methods. Additionally, the benchmarking was the stepping-stone for all subsequent analyses
to understand the quality and quantity of the intermolecular interactions in the investigated
complexes.



Energy Decomposition Analysis and Interaction Models. The decomposition of interaction energies
of molecular complexes is one of the main computational approaches to gain physical and chemical
insight into structure and reactivity.!®® Symmetry-adapted perturbation theory (SAPT)**~* belongs to
the more widely used methods of EDA. It decomposes the overall interaction energy into electrostatics,
exchange, induction and dispersion in a well-defined way. Local energy decomposition (LED), which is
based on DLPNO methods, is a very recent addition to the multitude of EDA methods.*’ However, only
the dispersion energy components of LED and SAPT can be directly compared because the underlying
theoretical framework for the other components is different. Therefore, we decided to use SAPT for
interpretation of all the energy components provided therein and only looked into the dispersion
energy components of LED. In addition to classical EDA methods, an increasing number of methods for
the visualization of intermolecular interactions and their origin have been developed, of which DORI,***
NCI,'%2 DID* and PolaBer®® are just a few more recent examples. Their appeal lies in the connection
of computed numbers indicating interaction strengths and visual images illustrating the results, which
makes them easier for the human brain to grasp.

As would be expected for complexes of nonpolar molecules,® SAPT determines repulsive exchange and
dispersion to be the major energy components in our test systems. Based on Figure 1, no significant
difference in the contributions of the energy components between HH, HF and FF can be seen,
suggesting that the general type of interaction is of the same nature. However, when looking closer at
the effective dispersion contributions in the three subclasses, the contribution of dispersion increases
slightly when going from HH via HF to FF (Supporting Information). These results are in contrast to the
results of previous EDA studies of H and F homo- and heterodimers which found effective dispersion
to be weakest in HF and strongest in HH.2 Notably, SAPT does not estimate the electrostatic component
to be bigger in HF than in either HH or FF, which has also been found by previous EDA studies.® This
might seem surprising as the hydrogen and fluorine atoms on the outside of the interacting molecules
have opposite polarization. However, for every attractive electrostatic contribution stemming from
interactions between hydrogen and fluorine atoms there are repulsive electrostatic contributions
between hydrogen and carbon atoms and between carbon and fluorine atoms which compensate the
attractive components.?

The major finding of LED, the DIDs and the PolaBer plots is the identification of fluorine atoms being
the major dispersion energy donors in F. The strong electronegativity difference between carbon and
fluorine results in an Umpolarisierung of the isolated atomic polarizabilities, a phenomenon well-
known in the computational community but its implications are wusually not clearly

39,57,6482,104105 This Umpolarisierung can be readily understood using Sanderson’s

expressed.3®
electronegativity equalization principle.’%1% Fluorine atoms are much more electronegative than
carbon atoms. Hence, electronegativity equalization estimates transfer of electron density from
carbon to fluorine until the corresponding local electronegativites are equal. The local
electronegativity of fluorine bonded to carbon will be lower than its isolated atomic electronegativity.
The corresponding local electronegativity of carbon will be higher. Polarizability was shown to be

111 resulting in the estimation that the polarizability of

correlated reasonably well to electronegativity
fluorine bonded to carbon will be higher than its isolated atomic polarizability and that the
corresponding polarizability of carbon will be lower with the caveat that the presence of the bond
between the two atoms reduces both polarizabilities. Alternatively, the change in local polarizabilities
can also be explained using hardness and softness from conceptual density functional

109,110,112,113

theory, which are closely related to the concept of hard and soft acids and bases

(HSAB).11#11> Electronegativity equalization of fluorine and carbon will lead to a local positive charge



on carbon and a local negative charge on fluorine. The local positive charge on carbon will increase its
local hardness and, hence, decrease its local softness. Softness has been shown to be correlated
reasonably well to polarizability’®!° inferring a concomitant decrease in polarizability. The local
negative charge on fluorine will decrease its local hardness and increase its local softness leading to a
concomitant increase in polarizability. Therefore, Umpolarisierung, i.e. effective transfer of
polarizability from one bonding partner to another, is expected to occur whenever polar covalent

bonds are formed and can therefore be understood using well-established chemical principles.

Further support is obtained from the simple interaction models used to estimate the BIEs in the
complexes (cf. Figure 5). Using the molecular interaction model, only when dispersion was assumed to
originate from carbons in H and fluorines in F were we able to reproduce the general BIE trends (Figure
5a). This simple interaction model using only molecular polarizabilities, molecular ionization potentials
and the R*®-weighted average interaction distance demonstrates that qualitative trends in dispersion
can be estimated using very crude approaches. While many of the electronic structure methods show
distinct deviations in the three subclasses of complexes (cf. Table 2), the molecular London dispersion
model shows uniform systematic deviations from the benchmark BIEs indicating its robustness. Using
the atom-pairwise dispersion interaction model, the benchmark BIE values were reproduced with an
MAD: of 5% which is not much worse than the best ab initio methods employed (cf. Table 2). Together
with the fact that also the decomposition into atomic contributions compares surprisingly well with
the LED results, it suggests that the underlying model is physically meaningful and its parameters can
be used and interpreted quantitatively. However, notably, the atom-pairwise interaction model
estimates effective dispersion, which is a sum of the attractive and repulsive contributions to the
overallinteraction. This complicates the direct interpretation of the pre-factors obtained as differences
in the repulsive part of the interaction potential will also impact their values.

Interaction Descriptors and Interaction Geometries. The recent paradigm shift in the recognition of
the importance of dispersion in small molecules'’®' has initiated a search for reliable dispersion
energy donor descriptors that could quantitatively assess the ability of substituents in molecules for
dispersion. Already several years ago, Dunitz proposed the ratio Q (Equation 7) as dimensionless
quantity to gauge the potential of molecules for dispersive interactions.!’” He estimated atomic Q
values for hydrogen, carbon and fluorine using polarizabilities and volumes of the free atoms and
found that Q of fluorine is significantly smaller than Q of either carbon or hydrogen.? He also found the
corresponding molecular Q values (using molecular polarizabilities and molecular volumes) of F to be
significantly lower compared to Q values of H. Consequently, he assigned these low Q values as the
origin of the distinct properties of F compared to H.}

Based on that work we defined an alternative Q measure using the “interaction volume” instead of the
molecular volume. This is important because it explicitly accounts for the spatial distribution of
polarizability within a molecule and the fact that close contacts result in higher dispersion. Using the
molecular volume instead leads to a significant underestimation of the dispersive interaction abilities
of F because the biggest portion of the polarizability is on the outside of these molecules (cf. Figure 4
and Table 3). To adequately quantify dispersive interaction capabilities across different classes of
compounds, we introduced the P measure, which also accounts for the influence of the ionization
potential of atoms on dispersion. The London dispersion formula estimates stronger dispersive
interactions the larger the ionization potential of an atom. It is instructive in that regard to note that
the trends of the ionization potentials in the periodic table are opposite to the trends of polarizabilities



which suggests that only looking at polarizabilities when estimating the strength of dispersion is
insufficient.

The average Pt on the van der Waals surface estimates F between one and six carbon atoms to have
a stronger dispersive interaction ability compared to the corresponding H. In that regard it gives the
opposite answer about F to the Q values proposed by Dunitz® and even the modified Q values proposed
in this work. Additionally, it is counter to the general notion in literature that F have a low propensity
to interact with other molecules,®® despite the fact that both experimental®!? and computational*>’
results show that, at least for 1-FF, the interactions are significantly stronger compared to 1-HH (vide
supra). The average Pt on the van der Waals surface does not quantify how strong molecules actually
interact by dispersion but rather how strong molecules in principle could interact by dispersion if
interaction geometries were ideal. However, they are not ideal in HF and FF with more than one carbon
atom (cf. Figure 7) which is a consequence of the ground-state geometries of F being unsuitable for
interaction and of the rigidity of F, a property well-established within the field of organofluorine
chemistry.” Deformation of F from the ground-state geometries requires a significant portion of
additional energy and is overall unfavorable. The ground-state geometries of short chain H are already
ideal for intermolecular interaction and therefore no significant deformation is required for HH.

There is another notable aspect to the differences in the interaction geometries of HH and FF. While
two molecules of H try to bring mainly the carbon atoms close together, two molecules of F try to bring
as many fluorine atoms as possible close together to gain intermolecular interaction energy. Therefore,
even if F was not too rigid the ideal interaction geometries of FF would still differ from HH because
carbon atoms are in the center of the structures while fluorine atoms are on the outside of F. This is
reflected in the interaction geometries of 2-FF and 3-FF. Figure 11 shows that while 3-HH prefers the
conformer which is based on inversion followed by translation normal to the plane of the carbon
atoms, 3-FF prefers the conformer that is based on inversion followed by translation in that plane (with
some additional displacement normal to the plane). This observation supports our conclusions even
further because this intrinsic difference in the interaction geometry preference also makes the ground-
state geometries of dimers of increasingly long F less ideal for intermolecular interactions compared
to H. It is easier for H to aligh many carbon atoms than it is for F to align many fluorine atoms.

a) 3-HH1 b) 3-FF2

Figure 11. Comparison of most stable conformers of a) 3-HH and b) 3-FF.

The number of contacts (Ncontacts, Cf. Equation 10) is a quantitative measure to assess the interaction
geometries and determines the number of van der Waals contacts between two interacting molecules.
The idea is to define one van der Waals contact as two atoms at a distance corresponding to the sum
of their van der Waals radii. This basic concept is closely related to the normalized contact distance
which is commonly used in the analysis of intermolecular interactions in crystal structures.'® The main
difference is the use of the sixth power of the ratio of distances to account explicitly for the distance
dependence of van der Waals interactions. The number of contacts does not suffer from significant
systematic discrepancies for the different atom types as can be gleaned from the close values for 1-



HH1, 1-HF1 and 1-FF2, which all have close to ideal interaction geometries. In addition, for each group
of complexes, Ncontacts Shows a linear correlation with the number of carbon atoms demonstrating that
Neontacts SCales linearly with interaction surface (the interaction surface scales linearly with the number
of carbon atoms in these complexes, cf. Supporting Information) which is a very attractive property of
this purely geometric measure. The newly introduced parameters Piwt and Neontacts are a first step
towards simple quantitative parameters to describe London dispersion between molecules or groups
of atoms, which is demonstrated by the reasonable correlation observed between BIEs and the
product of Neontacts and the Py values of the interacting molecules (cf. Figure 8b). While Py quantifies
the average strength of a dispersive contact, Neontacts quantifies the number of contacts. Hence, in order
to judge the overall interaction energy, both parameters need to be considered.

Based on these results, we propose that the reason for the weak interactions of F compared to H is
their ground-state geometries, which are not ideal for intermolecular interactions. This is fully
consistent with the cavity-based solubility model used to explain the solvent properties of fluorous
solvents.>'* |t is observed that molecular size plays an important role whether a solute is soluble in F
or not. It is commonly stated in literature that, because of low intermolecular forces, F have large
cavities in the bulk phase.*!'° These cavities can be occupied readily by small molecules of suitable
size. We would argue that the main reasons for the formation of cavities are the ground-state
geometries and the high rigidity of F.” Hence, we effectively argue for an inversion in the cause-effect
relationship. Not the relatively weak intermolecular interactions are the reason for the presence of
cavities but rather the presence of cavities are the reason for the relatively weak intermolecular
interactions. This is the case for both intermolecular complexes, in which “cavities” refers to molecular
surface not used for interaction, and bulk phases, in which there are real cavities.

Mixing Behavior and Trends in Experimental Properties. The widely known fluorophobic effect or
fluorous effect refers to the low miscibility of F with H in the liquid state.®*! Notably, the immiscibility
of F with common organic solvents increases with carbon chain length of F. Additionally, the fluorous
properties of F only begin to appear at a certain chain length. Compounds with perfluoroalkyl groups
of six carbon atoms are already well soluble in typical fluorous solvents.? The critical solution
temperature of mixtures of 5-H and 5-F, i.e. the temperature above which mixtures of two liquids
always form one homogeneous phase, is -8 °C,'?° for mixtures of 6-H and 6-F it is 22.7 °C.**! Therefore,
it is reasonable to say that fluorous properties of linear F start to become significant for 5-F and 6-F,
which are the two longest linear F investigated in this work. This also suggests that it is not the fluorine
content making an organic molecule fluorous, but rather the number of carbon atoms bound to
fluorine.

Itis commonly argued that fluorous molecules, because of the low polarizability of fluorine, have a low
propensity for interaction with any other molecule, even themselves, compared to nonfluorous
molecules and therefore favor phase separation to minimize unfavorable interactions.® However, our
relative microscopic and macroscopic BAEs of HH, HF and FF show that, except for 1-HF, all the HF
complexes have a smaller BAE than the corresponding HH and FF complexes. These observations argue
against the notion that F are interacting weakly with any other molecule compared to H, i.e.
indifference for interaction with anything, but rather support the view that homo-aggregation of
fluorinated molecules is preferential, at least for F with up to six carbon atoms.

From the microscopic and macroscopic energies of mixing (cf. Table 4), the overall mixing behavior can
be decomposed into the contribution of the distances and the contribution of the intrinsic dispersive



interaction ability. The distances quantify the impact of the interaction geometries on the mixing
behavior. The system has a choice between one HH, which has close to ideal interaction geometry,
plus one FF, which has non-ideal geometry, and two HF, which both have non-ideal geometry. In the
absence of other influences, one ideal plus one non-ideal geometry is preferred over two non-ideal
geometries. In that regard, the interaction geometries of F show indifference for interaction with any
other molecule. On the other hand, the intrinsic dispersive interaction ability shows preferred homo-
aggregation of both H and F, respectively. To put it simply, F have a stronger intrinsic dispersion ability,
H have a weaker intrinsic dispersion ability, which is estimated based on their average Pt measures
(vide supra). In the absence of other influences, the system has a choice between one HH, which is a
contact between two weaker interactors, plus one FF, which is a contact between two stronger
interactors, and two HF, which is a contact between one weaker and one stronger interactor. Because
the overall interaction energy is mathematically described as product of two P measures (cf. Equations
8 and 9), one strong-strong interaction plus one weak-weak interaction is generally favored over two
strong-weak interactions. It is intriguing that these two very different mechanisms of unmixing favor
the exact same outcome. Additionally, it is important to point out that this reasoning is based purely
on enthalpic arguments. They compete with the entropy of mixing which favors mixing of H and F,
which is the reason for the temperature-dependent phase separation of H and F.

We also carried out a comprehensive trend comparison of experimental bulk properties (cf. Table 5
and Table 6) of F and H. Several of the properties investigated show an inversion, i.e. they change from
being smaller in H to being larger, or vice versa, when the carbon chain is elongated. All the properties
showing an inversion, i.e. enthalpy of evaporation, boiling point, critical parameter ratio, surface
tension, internal pressure, bulk modulus and compressibility, provide information about
intermolecular interactions and the corresponding interaction geometries. They can be roughly
divided into properties quantifying the interaction energy (enthalpy of evaporation, boiling point,
critical parameter ratio and surface tension) and properties quantifying the change of interaction
energy with volume (internal pressure, bulk modulus and compressibility). Looking more closely into
the properties considered, the high compressibilities of the longer F have been rationalized by the
presence of cavities in the bulk liquid explaining their higher gas solubilities compared to H. The
inverted trend for 1-F suggests less cavities which likely relates to the good interaction geometries we
found in 1-FF complexes (cf. Figure 8a). From the properties not showing an inversion, the molar heat
capacity actually does not even quantify intermolecular interactions. However, we looked into it
because an inversion has been suggested in the literature.'?> However, using current experimental
values we could not find evidence for it. In addition, the consistently higher viscosity of F compared to
H can mainly be explained by the higher roughness of F and is therefore not a consequence of
differences in intermolecular interaction energies.'?

To the best of our knowledge, only the boiling point inversion between H and F has been pointed out
in the literature before. It was first reported by Grosse and Cady in 1947.1% In that paper, which
reported results obtained during the Manhattan Project at Columbia University during World War I,
the physical properties of perfluorinated and partially fluorinated hydrocarbons were determined and
documented comprehensively. To the best of our knowledge, no satisfactory explanation has been
provided for the observed boiling point inversion. All the observed inversions in experimental bulk
properties, including the boiling point inversion, can be explained by two synergistic mechanisms. First,
we found that the dispersive interaction abilities of F, quantified by Pit, relative to H, decreases with
increasing carbon chain length because of a concomitant decrease in the relative molar fluorine
content. Secondly, the interaction geometries of dimers of increasingly long F are less ideal compared



to the corresponding dimers of H as quantified by the trends of Neontacts (Figure 8). F with a short chain
length have a higher intrinsic interaction ability than the corresponding H and the corresponding
interaction geometries are still good which results in overall stronger intermolecular interactions.
Increasing the carbon chain length results in a decrease of the intrinsic interaction abilities of F
compared to H and also in less ideal interaction geometries. Overall, this explains the inversions of all
the bulk properties considered.

Understanding the mixing behavior of fluorous substances is critical for solving the current problems
associated with perfluorooctanoic acid (PFOA) and its salts. PFOA is extremely persistent and
bioaccumulative because of its chemical inertness under environmental conditions'?* and its mixing
properties.’®® In humans, it accumulates in serum and has been detected in populations worldwide.**
Furthermore, it is, including other toxicities, toxic to the liver, to reproduction and the immune system
and is carcinogenic.*®® However, PFOA owes its main applications as emulsifier for the production of
fluoroelastomers and fluoropolymers like polytetrafluoroethylene (PTFE)!?® or as oil and dirt repellent
in textile and paper production'?’ to its fluorous properties which govern its mixing properties. Because
of its toxicity, PFOA was added to the restricted substances of REACH and by July 2020 will be forbidden
to be produced or distributed in the European Union.?” Therefore, good substitutes for PFOA are
required, which retain its attractive properties as much as possible. Understanding the origin of the
fluorous properties of PFOA is one step towards suitable substitutes which underlines the importance
of our findings. They suggest that potential substitutes could be molecules with sufficient rigidity and
ground-state geometries unsuitable for interaction with both themselves and other molecules.

We would like to close this section by pointing out two relatively recent experimental studies, which
found stronger than expected interaction energies of perfluorinated molecules but did not put the
corresponding results into the right perspective. First, in a recent study of the binding of
benzenesulfonamides substituted with either alkyl or perfluoroalkyl groups to human carbon
anhydrase Il it was found that both groups favor binding to a similar extent both enthalpically and
entropically.'?® The authors concluded that the favorable enthalpic contributions are a result of non-
optimal hydration of the hydrophobic wall of human carbon anhydrase Il (HCA Il). However, in order
to reach that conclusion, they explicitly disregarded the possibility of equally strong dispersive
interactions of the alkyl and perfluoroalkyl analogues because of considerably smaller bulk
polarizabilities of perfluoroalkanes.’?® However, based on our results, equally strong interactions of
alkyl and perfluoroalkyl substituents with a carbon chain length of one to five with the hydrophobic
pocket of HCA Il cannot be excluded as explanation for the observed similarly strong enthalpic binding
energy contributions. On the contrary, our results suggest they are even likely to be similar in strength.
Secondly, in the recently conducted HYDROPHOBE challenge,'®® a computational challenge for
reproducing experimental host-guest binding free energies in water, it was found that using state-of-
the art quantum mechanical methods on the basis of PBEh-3¢'*° geometries and DLPNO-CCSD(T)/CBS
single point energies with TightPNO cutoff parameters resulted in significantly underestimated binding
of perfluorohexane and perfluorocyclohexane. Experimentally, it was found that the perfluorinated
molecules have very similar Gibbs free energies of binding, within 1 kcal mol™?, compared to the
unfluorinated analogues. However, the computed values showed deviations of up to 8 kcal mol™*.1%°
On the basis of our benchmark results (cf. Table 2), this is not surprising, as DFT-D3 methods without
other means of accounting for dispersion significantly underestimate the interactions of F, which hints
towards possible errors in the computed geometries. Additionally, TightPNO cutoff parameters for
DLPNO-CCSD(T) calculations were shown not to be sufficiently accurate for F as well (cf. Table 2) and
this would likely lead to significant underestimation of the interaction energies in the corresponding



host-guest complexes. These two recent instances of underestimated binding energies of
perfluorinated molecules demonstrate the general implications of this study.

Conclusions

In this work, we report an extensive computational investigation of the interaction energies of alkane
and perfluoroalkane homo- and heterodimers. We conclude that most well established computational
approaches used to describe dispersion-bound systems are inappropriate to describe the interaction
energies in perfluoroalkane homo- and heterodimers accurately. Therefore, we provide a systematic
benchmark set of high-level computed interaction energies of alkanes and perfluoroalkanes that will
likely contribute to the development of more robust (cheap) ab initio methods to describe dispersion
in general, not only in fluorinated molecules, as well as to the development of accurate force fields for
fluorous molecules. We also found that the B97M-V functional performs best among all tested
methods and is most efficient for the estimation of the corresponding interaction energies.

Additionally, spatial energy decomposition revealed that perfluoroalkanes provide most of their
intermolecular dispersion via the fluorine atoms. Not only are the fluorine atoms on the outside, but
the large electronegativity difference between carbon and fluorine also results in Umpolarisierung so
that the fluorine atoms are at least about equally polarizable as the carbon atoms in perfluoroalkanes.
As a result, when both the influence of polarizabilities and ionization potentials are accounted for,
perfluoroalkanes show a higher intrinsic ability for intermolecular dispersion compared to analogous
alkanes, as quantified by the newly proposed Pi.t measure. However, the higher ability for dispersion
is impeded by the ground-state geometries of perfluoroalkanes, which are unsuitable for interaction
with either perfluoroalkanes or alkanes, as well as their high rigidity, which make deformation of the
ground-state geometries highly unfavorable. The result is that intermolecular homodimers of linear
alkanes and the corresponding perfluoroalkanes with up to six carbon atoms have, except for methane
and perfluoromethane, roughly equal interaction energies. Overall, we propose the unsuitable
interaction geometries to be the main reason for the notion that perfluoroalkanes interact weakly with
other molecules by dispersion compared to alkanes. Additionally, our study contributes to the
understanding of dispersion in molecules in general. P« can be used as a simple measure to gauge the
potential for dispersion of any molecule and is therefore a first stepping-stone towards the
development of simple quantitative dispersion energy donor descriptors. Further work investigating
the use of P measures for the quantitative description of dispersion energy donors is underway.

Moreover, as the carbon chain is elongated, the relative molar fluorine content decreases and, hence,
the number of attractive fluorine-fluorine contacts per carbon atom decreases. Additionally, the
geometries of perfluoroalkanes become less ideal for intermolecular interactions. These synergistic
trends directly influence their intrinsic ability for dispersion and has important consequences for their
bulk properties. This is apparent from the inversion of various properties of perfluoroalkanes
compared to analogous alkanes. Overall, our findings contribute towards the understanding of
fluorous phases in general. They implicitly propose a mechanism for the transition of an increasingly
fluorinated molecule from non-fluorous behavior towards fluorous behavior. As more fluorine atoms
are incorporated into a molecule, its ground-state geometry is altered favoring phase separation
because of indifference. Furthermore, the growing fluorous regions of the molecule also favor self-
aggregation because of stronger dispersive contacts compared to contacts with non-fluorous regions.
After surpassing a critical fluorine content, the synergism between these two mechanisms make phase
separation of fluorous and non-fluorous matter favorable.
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1 Computational Methods

The following programs were employed for all the computations in this study:
e Orca (versions 3.0.3 and 4.0.1) 12
e PSI4 (versions 1.1 and 1.2)34
e Molpro (version 2015.1.18)°
e Gaussian (version (09, revision D.01)%
e ADF (version 2016)7
e Q-Chem (version 4.3)8
e postg?1?
e BootD31112
e xtb (version 5.8)'
e Paraview (version 5.5.0-RC3) 415
e PolaBer (version 0.02)'°
o AIMAII (version 17.11.14)'7
e multiwfn (version 3.4.1)'®
e NCIPLOT (version 3.0) %20
e PyMol (version 1.8.4)%!
e Chemcraft (version 1.8, build 536b)*?

e Python (version 3.6.0)%

1.1 Geometry Optimizations for Benchmarking

Geometry optimizations were performed in Orca (version 3.0.3) using the DSD-PBEP862* /def2-
TZVP-spd?>% level of theory employing the RIJCOSX?2"28 approximation in conjunction
with the def2-TZVP/J* and def2-TZVP/C* fitting basis sets. We performed systematic
exploration of the conformational space of the intermolecular complexes by starting DFT

geometry optimizations from various initial geometries having distinct spatial arrangements
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of the interacting molecules. The exploration was performed starting from 1-HH, 1-HF
and 1-FF by increasing the carbon chains of the interacting molecules by one and finding
the most stable intermolecular complexes for 2-HH, 2-HF and 2-FF by systematically
varying the position of the newly introduced groups and the spatial arrangement of the
two interacting molecules. In addition, in a second cycle, we started from the most stable
intermolecular complexes for 6-HH, 6-HF and 6-FF and systematically reduced the carbon
chain length by successively removing distinct end groups from the complexes. That way,
the conformational space was explored step-by-step by systematically changing the carbon
chain length from one to six and from six to one and performing conformational exploration
at every step. The most stable conformers, judged on the basis of DSD-PBEP86/def2-QZVP
single point energies, were selected for benchmarking. For HH and FF, the two lowest
energy conformers in each class of complexes was selected for further benchmarking. For
HF, except for 1-HF for which we selected only two conformers, the four lowest energy

conformers in each class of complexes was selected for benchmarking.

1.2 Single Points

Wavefunction Theory (WFT) methods and Density Function Theory (DFT) methods were
used for single point calculations. Single point calculations were performed using DSD-
PBEPS86/def2-TZVP-spd geometries. Two-point complete basis set (CBS) extrapolations
were performed using two single point energies calculated using the either the cc-pVTZ3! and
ce-pVQZ3! or the aug-cc-pVTZ3? and aug-cc-pVQZ3? basis sets and are abbreviated herein
as CBS(34) and CBS(aug34), respectively. For DLPNO-CCSD(T) calculations, we also used
the following non-standard sets of thresholds together with the TightPNO?3? keyword in
Orca:

e VeryTightPNO:3* TCutPNO = 1-10~%, TCutPairs = 1-107%, TCutMKN = 1-10~*

e ExtremePNO: TCutPNO = 1-107?, TCutPairs = 1- 1077, TCutMKN = 1-107°
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1.2.1 Semiempirical Methods

GFN-xTB!? and GFN2-xTB?% calculations were performed using xtb (version 5.8).

1.2.2 WFT
Method Basis set Software Comments
CCSD(T)-F1236:37 cc-pVTZ-F1238 Molpro -
CCSD(T)-F1236:37 cc-pVDZ-F1238 Molpro _
CCSD(T)39-40 CBS(34) Molpro -
CCSD(T) 3940 aug-ce-pVDZ 32 Molpro CBS(aug34) extrapolation was performed using Orca (version
4.0.1) with RI-MP2.41:42
CCSD(T)39:40 aug-ce-pVDZ? Molpro CBS(aug34) extrapolation was performed using Orca (version
4.0.1) with LPNO-CEPA/1.43
The NormalPNO,33 TightPNO,33 VeryTightPNO and Ex-
DLPNO-CCSD(T) 4445 CBS(34) Orca 4.0.1  tremePNO sets of threshold parameters were used, respectively.
The RI-JK 46 approximation for HF calculations was used.
MP247 CBS(34) Orca 4.0.1 _
RI-MP241:42 CBS(34) Orca 4.0.1  The RI-JK*6 approximation for HF calculations was used.
RI-SCS-MP241:42,48 CBS(34) Orca 4.0.1  The RI-JK*6 approximation for HF calculations was used.
RI-MP341:42,49,50 CBS(34) Orca 4.0.1  The RI-JK*6 approximation for HF calculations was used.
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1.2.3 DFT

Method Basis set Software Comments
BO7TM.V 51 def2-QZVP 25 PSI4 1.2 The RI-J52754 approximation with the def2/JK 5°
' fitting basis set was used.
B97TM.V 56 def2-QZVP 25 PS4 1.2 The RI-JK4® approximation with the def2/JK 33

fitting basis set was used.

B3LYP5759-XDM 60-64

aug-cc-pVTZ32

Gaussian, postg

PBE 65_XDM 60-64

aug-cc-pVTZ 32

Gaussian, postg

DSD-PBEP86 24

def2-QZVP 25

Orca 3.0.3

The RIJCOSX27:28 approximation with the def2-
TZVP/J?9 and def2-TZVP/C3? fitting basis sets

was used.

BLYP 57’58—XDM 60-64

aug-cc-pVTZ 32

Gaussian, postg

The RI-J32754 approximation with the def2/J%?

MOG6L 66 def2-QZVP 25 Orca 4.0.1
fitting basis set was used.
The RI X 27,28 imati ith the def2-
BALYP 57-59_NI,67.68 def2-QZVP 25 Orea 4.0.1 e RIJCOS approximation with the de
TZVP/J?° fitting basis set was used.
_752-54 ; : : 55
PBES5-D3(BJ) 11:69 def2-QZVP 25 Orca 4.0.1 The RI-J approximation with the def2/J
fitting basis set was used.
The RI X 27,28 imati ith the def2-
M06-2X 79-D3(ZERO) 1169 def2-QZVP 25 Orca 4.0.1 e RLICOS approximation with the de
TZVP/J? fitting basis set was used.
_752-54 ; ; : 55
BLYP 57-58_NT, 67,68 def2-QZVP 25 Orca 4.0.1 The RI-J approximation with the def2/J
fitting basis set was used.
B3LYP 57 59_qDsC 71 73 QZAP T ADF Density fitting was performed using the RI approx-

imation 7*75 with the QZ4P 7 fitting basis set.
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Method

Basis set

Software

Comments

The RI-J%2-5¢ approximation with the def2/J 55

MO06L%6-D3(ZERO) 11,69 def2-QZVP 2% Orca 4.0.1
fitting basis set was used.
The RIJCOSX27:28 approximation with the def2-
B2PLYP 76-D3 1169 def2-QZVP 25 Orca 4.0.1 TZVP/J?9 and def2-TZVP/C3? fitting basis sets
were used.
_752-54 ; : : 55
TPSS77-D3(BJ) 11:69 def2-QZVP 25 Orca 4.0.1 The RI-J approximation with the def2/J
fitting basis set was used.
27,28 ; : ; _
B3LYP 57’59—D3(BJ) 11,69 def2-QZVP 25 Orca 4.0.1 The RIJCOSX approximation with the def2
TZVP/J? fitting basis set was used.
27,28 : : : _
©BITX-D3(BJ) 11:69.78 def2-QZVP 25 Orca 4.0.1 The RIJCOSX approximation with the def2
TZVP/J?9 fitting basis set was used.
rPW86PW92-vdW-DF10 7 pc-380-82 Q-Chem -
PBE65-dDsC 71-73 QzAP ™ ADF Density fitting was performed using the RI approx-
imation”® with the QZ4P 7* fitting basis set.
_752-54 ; ; : 55
BLYP 57:58_D3(BJ) 11:69 def2-QZVP 25 Orca 4.0.1 The RI-J approximation with the def2/J
fitting basis set was used.
27,28 ; : ; _
MO06-2X 70 def2-QZVP 25 Orca 4.0.1 The RIJCOSX approximation with the def2
TZVP/J? fitting basis set was used.
_J52-54 imati ; 55
BO7-D3(BJ) 11:69.83 def2-QZVP 25 Orca 4.0.1 The RI-J approximation with the def2/J

fitting basis set was used.
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1.3 Energy Decomposition Schemes

Method Basis set Software Comments

The RI-JK 46 approximation for HF calculations was used with

sSAPT084 jun-cc-pVDZ8%86  PSI4 1.1
the jun-cc-pVDZ/JK 87 fitting basis set.
SAPT2.4 84 ate-co-pVDZ 32 PS4 1.1 The RI-JK 46 approximation for HF calculations was used with
geep . the aug-cc-pVDZ/JK 46 fitting basis set.
SAPT2+(3)5MP2 84 ane-ce-nVTZ 32 PSI4 1.1 The RI-JK 46 approximation for HF calculations was used with
geep ' the aug-cc-p\/TZ/JK46 fitting basis set.
SAPT2+(CCD)5MP254 aug-cc-pVTZ 32 PSI4 1.1 The RI-JK 46 approximation for HF calculations was used with
P ’ the aug-cc-pVTZ/JK 46 fitting basis set.
The RI-JK 46 approximation for HF calculations was used with
LED #¥-DLPNO-CCSD(T) 4445 cc-pVQZ3? Orca 4.0.1  the cc-pVQZ/JK S fitting basis set. TightPNO33 thresholds
were used.
1.4 Visual Analyses
Method Level of Theory Software Comments

The cc-pVTZ basis set was used on H atoms. The

RI-JK46 approximation for HF calculations was

DID 89 LMP29 /aug-cc-pVTZ Molpro
used with the automatically generated JKFIT basis
set. Visualization was performed using Paraview.
Calculations were performed once in the absence
in th f electric fields of 0. . i
PolaBer 16 MP29! /def2-TZVPPD25:92  PolaBer, Orca 4.0.1  °nd In the presence of electric fields of 0.005 a.u. in

the positive and negative directions of the cartesian

coordinate axes, respectively.
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Method Level of Theory Software Comments

The intermolecular cut-off used was 0.9 to neglect
intramolecular interactions. The density cut-off
was 0.1. The reduced density gradient cut-off was
2.0. The density cut-off in the cube files was 0.007,
the RDG cut-off in the cube files was 0.5. Visual-
ization was performed using PyMol.

NCIPLOT 920 MP2°!/def2-TZVPPD?2%92  NCIPLOT, Orca 4.0.1

1.5 Additional Analyses

Van der Waals surfaces were calculated with an isovalue of 0.001 using MP2%'/def2-
TZVPPD?? densities in multiwfn. COSMO?® surfaces were calculated using ADF and
the corresponding volumes and surfaces were obtained from the corresponding COSMO-RS
module.* Additional calculations including the simple interaction models, the Q values, the

P values and the neopeacts were performed using python.
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2 Supplementary Results and Discussion

In this section, additional results, that did not fit into the main manuscript, are presented

and discussed.

2.1 Benchmarking
2.1.1 Structures of the Complexes

Figures S1-S46 show the final structures of all the intermolecular complexes. The corre-
sponding XYZ files are provided in the additional supporting material. For benchmarking
of the DFT and WFT methods (cf. Table 2), the following types of complexes were used:
1-HH, 1-HF, 1-FF, 2-HH, 2-HF, 2-FF, 3-HH, 3-HF, 3-FF, 4-HH and 4-FF.

FER

Figure S1: Final structure of complex 1-FF1.

A

Figure S2: Final structure of complex 1-FF2.
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Figure S3: Final structure of complex 1-HF1.

b

Figure S4: Final structure of complex 1-HF2.

.

Figure S5: Final structure of complex 1-HH1.

R.S

Figure S6: Final structure of complex 1-HH2.

A

Figure S7: Final structure of complex 2-FF1.

A

X .Y
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Figure S8: Final structure of complex 2-FF2.

+ X

Figure S9: Final structure of complex 2-HF1.

Figure S10: Final structure of complex 2-HF2.

1S

Figure S11: Final structure of complex 2-HF3.
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Figure S12: Final structure of complex 2-HF4.

T %

Figure S13: Final structure of complex 2-HH1.

pps

Figure S14: Final structure of complex 2-HH2.

RS

Figure S15: Final structure of complex 3-FF1.
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Figure S16: Final structure of complex 3-FF2.

Figure S17: Final structure of complex 3-HF'1.

pale

Figure S18: Final structure of complex 3-HF2.

%

Figure S19: Final structure of complex 3-HF'3.
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Figure S20: Final structure of complex 3-HF4.

Figure S21: Final structure of complex 3-HH1.

e

Figure S22: Final structure of complex 3-HH2.

S17



Figure S24: Final structure of complex 4-FF2.

Figure S25: Final structure of complex 4-HF'1.
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Figure S27: Final structure of complex 4-HF3.

Figure S28: Final structure of complex 4-HF4.

S19



Figure S29: Final structure of complex 4-HH1.

3

Figure S30: Final structure of complex 4-HH2.

Figure S31: Final structure of complex 5-FF1.
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Figure S34: Final structure of complex 5-HF2.
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Figure S35: Final structure of complex 5-HF'3.

Figure S36: Final structure of complex 5-HF4.
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Figure S37: Final structure of complex 5-HH1.

Figure S38: Final structure of complex 5-HH2.

S23



Figure S41: Final structure of complex 6-HF'1.
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Figure S42: Final structure of complex 6-HF2.

Figure S43: Final structure of complex 6-HF3.
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Figure S44: Final structure of complex 6-HF4.

Figure S45: Final structure of complex 6-HH1.

526



Figure S46: Final structure of complex 6-HH2.

2.1.2 Discussion

Systematic benchmark data for perfluoroalkane dimers of increasing carbon chain length is
sparse. The only high-level benchmark data set that comes closest includes several halo-
genated small molecules, the most similar type of interaction energy computed being the
molecular complex of trifluoromethane and methane.?® To the best of our knowledge, no
CCSD(T) benchmark interaction energies estimated at the CBS limit of perfluoroalkane
dimers larger than perfluoromethane have been reported before, probably because of the
extremely high computational demands of these calculations.

The working horse for our benchmark data is the explicitly correlated CCSD(T)-F12
method. It provides BIEs close to the CBS limit already using the cc-pVDZ-F12 (VDZ-F12)
basis set and therefore CCSD(T)-F12/VDZ-F12 is the most efficient benchmark method for
the systems under investigation. We compared the VDZ-F12 numbers to the corresponding
cc-pVTZ-F12 (VTZ-F12) numbers for methanes and ethanes and obtained almost the same

36,37,96-98

results (vide supra). Explicitly correlated coupled cluster methods represent, at the

moment, the best alternative to CBS extrapolation schemes and are in conjunction with
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CCSD(T) computationally more affordable than CBS from triple- and quadruple-zeta basis
set results.

Our benchmark results (cf. Table 2) also show that while for HH and HF systems
Tight PNO-DLPNO-CCSD(T) is almost converged to the canonical CCSD(T) results, using
tighter cutoff parameters results only in slow convergence of the DLPNO-CCSD(T) results
towards our CCSD(T)-F12/VDZ benchmark energies for FF complexes. The problems of
DLPNO-CCSD(T) in reproducing the benchmark interaction energies of perfluoroalkane
complexes likely stem (at least to a significant extent) from the large contribution of the
so-called weak pairs, which are treated using Local-MP2 and not further considered in the
CCSD step.® It should be noted that it has been shown before that for the accurate descrip-
tion of the interaction energies of some specific systems tighter cutoff thresholds than the
standard TightPNO settings are necessary. 3100101 The drawback is that these tighter cutoff
thresholds make the corresponding DLPNO-CCSD(T) computations much less affordable
for increasingly large systems.

Additionally, it is also interesting to note that the commonly employed CBS extrapola-
tion schemes used on top of CCSD(T) single points are not reproducing BIEs in HF and FF
systems properly. Neither using MP2 nor using LPNO-CEPA/1 for extrapolation provides
comparable numbers to either CCSD(T)-F12 or CCSD(T)/CBS(34) (tested on methanes
and ethanes). However, using MP2 for estimating the CBS correction to be added on top
of CCSD(T) single points is commonly used for benchmark calculations.®>'%? Extrapola-
tion using LPNO-CEPA/1 has been proposed recently as alternative but has not yet been
commonly applied. 103

Looking at the performance of the various DFT methods, MO6L performs acceptable
across the whole series of molecules but still shows larger deviations for HF and FF. The
behavior of dDsC does not show a clear tendency as it significantly underestimates the BIEs
in both HF and FF in conjunction with BSLYP but significantly overestimates the same

BIEs in conjunction with PBE. While D3 performs well for HH, it shows significant de-
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viations for HF already and even bigger deviations for FF complexes underestimating the
dispersive contributions in these systems. It should be noted that it has been observed be-
fore that the standard D3 parametrization is inappropriate to describe the interaction of
1-FF.1% We also used the recently developed program BootD3!? to test the uncertainties
in the D3 dispersion contribution to the interaction energies. We obtained low uncertain-
ties (i.e. generally below 10 %) with respect to the overall interaction energies. Therefore,
uncertainties in the D3 correction cannot explain the large deviations from the benchmark
values observed. The likely reason for the failure of D3 in perfluoroalkanes is the neglect
of the change in polarizability due to the strongly polarized C—F bonds. This effect is
taken into account, at least to some extent, in the XDM correction and it is very strong in
perfluoroalkanes as can be seen from the computed atomic polarizabilities in 1-F (cf. Table
3). It should be noted that this shortcoming of D3 is known and D4 has been developed to
alleviate this problem.!% At the time this manuscript was prepared, we could only test the
D4 correction as part of the semiempirical GFN2-xTB method.?* On the basis of our bench-
marks, GFN2-xTB is a significant improvement over GFN-xTB.!? However, the performance
of D4 in conjunction with DFT remains to be tested in the near future. VV10, abbreviated
as either NL or V herein, on the other hand, in B97M-V and wB97M-V, provides the most
robust and efficient methods to predict BIEs of complexes of alkanes and perfluoroalkanes.
On the other hand, in conjuction with BLYP and B3LYP it results in significant overestima-
tion of the BIEs of HF and FF. This suggests that VV10 needs to be included in the overall
functional parametrization rather than being used as correction on top of a given functional
to obtain accurate results.

Having discussed the computational methods used to obtain accurate BIEs of our model
complexes, we can now shift our attention to comparing the BIEs of HH, HF and FF
complexes having the same carbon chain length (cf. Figure 13). Looking at the actual
CCSD(T)-F12 numbers and the estimated CCSD(T)-F12 numbers we observe that from

carbon chains of one to three the FF complexes have a stronger BIE than the correspond-
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ing HH complexes. The estimated CCSD(T)-F12 numbers suggest that with carbon chain
lengths of four and longer the relative BIEs invert so that the corresponding HH complexes
have a stronger BIE. Interestingly, this change in the relative BIEs parallels the experimen-
tally observed inversion of relative boiling points of alkanes and perfluoroalkanes at a carbon
chain length of four (cf. Figure 14). The boiling point is a measure of the strength of in-
termolecular interactions so it is expected to somewhat reflect the BIEs of intermolecular
complexes. The inversion of relative BIEs also reflects the trend observed in the experimental
average attraction energies obtained from critical parameters (cf. Figure 15). The inversion
in relative average attraction energies is observed already at a carbon chain length of two
but the general trend is comparable.

From the benchmarked methods, only relative BIEs from B97M-V show the inversion
at a carbon chain length of four, the third, fourth and fifth best methods according to
our benchmarking, i.e. @B97M-V /def2-QZVP, B3LYP-XDM /aug-cc-pVTZ and VeryTight-
DLPNO-CCSD(T)/CBS(34) would predict the inversion of BIEs already at a carbon chain
length of two. It can be concluded that H and F homodimers with carbon chain lengths
between one and six show similar BIEs. Overall, the benchmarking performed was necessary
in order to be able to evaluate the relative BIEs of HH, HF and FF properly. We find
that the BIEs of the homodimers of alkanes and perfluoroalkanes having the same number
of carbon atoms are similar (cf. Figure 13a) from one to six carbon atoms. Except for
1-HF, we find that the corresponding heterodimers have weaker BIEs than either of the
homodimers.

Another important aspect are the geometries we chose for our benchmark data set. DSD-
PBEPS6 is a double-hybrid functional and was selected on the basis of available benchmarks
for “ordinary” organic molecules.?* While it is not the best functional to predict the BIEs of
our model complexes (in our ranking of computational methods it is only the 11th rank), the
rigid energy scans performed using Tight-LED-DLPNO-CCSD(T)/QZ show minima in the

BIE at about the same intermolecular separations (vide supra) which suggests the interaction
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geometries to be adequate. Additionally, when looking at our ranking, the only better
ranked methods to predict the BIEs, which could have been used for efficient geometry
optimization as well, are MP2, PBE-XDM, B3SLYP-XDM, B97M-V and «wB97M-V. For future
computations, BO7TM-V geometries might be a cost-effective alternative to DSD-PBEP86
geometries as the additional cost of the HF and MP2 single points performed during the
DSD-PBEPS6 calculations are computationally more expensive than the additional cost of

the VV10 correction in B97TM-V.

2.1.3 Benchmarking WFT Methods

Using the optimized geometries we computed the interaction energies of the molecular com-
plexes of the methane and ethane systems using high-level wavefunction methods. We used
CCSD(T)-F12/VTZ as benchmark and compared several alternative methods against it.
The corresponding results are summarized in Table S1.

One would expect the canonical coupled cluster methods CCSD(T)-F12 and CCSD(T)/CBS(34),
which are extrapolated to the complete basis set limit, to be most accurate. On the basis
of literature benchmarks3®37 we selected CCSD(T)-F12/VTZ as reference method and were
looking for a cheaper method that reproduces the corresponding interaction energies best.
CCSD(T)-F12/VDZ shows only minor deviations from the reference method at much less
computational cost (cf. Table S1). Using CCSD(T)-F12/VDZ we were able to perform
benchmark calculations for most of our molecular complexes under study except for FF
with a carbon chain length of four or higher, and HF with a carbon chain legnth of five or
SiX.

We compared the corresponding CCSD(T)-F12/VDZ interaction energies to DLPNO-
CCSD(T) results using various sets of cut-off thresholds. While many data points agree very
well to the benchmark data, some selected data points show considerable deviations. We
investigated these deviations further by analyzing all the data points of the corresponding

subsystems HH, HF and FF separately (Figures S47-S49).
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Table S1: Benchmark of various wavefunction methods against CCSD(T)-F12/VTZ as ref-
erence for methane and ethane systems (MP3/CBS(34) numbers are only based on methane
systems). CCSD(T)-F12/VDZ compares best and is still affordable for most of the complexes
studied in this work.

Method MAD [kcal mol™] MAD,¢ [%] MSD [kcal mol™] MSD,¢ [%]

CCSD(T)-F12/VDZ

CCSD(T)/CBS(34)

SAPT2(CCD)56MP2/aTZ

SAPT2+(3)5MP2/aTZ 0.06(3) 6(3) 0.06(3) 6(3)

CCSD(T)/CBS(LPNO-CEPA/1) 0.07(4) 8(4) -0.05(6) -4(8)

CCSD(T)/CBS(MP2)
MP2/CBS(34)

MP3/CBS(34)
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regressions illustrate the systematic deviations observed from the reference as a function of
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Figures S47-S49 show that the data points with significant deviations are the FF subsys-
tems. Additionally, the deviations are systematic as they approximately show linear scaling
with interaction energy size. The corresponding linear regressions assessing the extent of the
systematic deviations are shown in Table S2.

The parameters of the linear regressions from Table S2 can be interpreted as quantitative
measure of the systematic deviations between DLPNO-CCSD(T)/CBS(34) and CCSD(T)-
F12/VDZ interaction energies. The slope (k) is a measure of what percentage of the bench-
mark interaction energy is recovered by the DLPNO approach as the interaction energy
increases (ideal would be a slope of one). The intercept (d) is a measure of the additional
offset of all the interaction energies relative to the benchmark energies (ideal would be an
intercept of zero). Table S2 demonstrates that all the intercepts are small but shows signif-
icant deviations of the slopes from one for the FF subsystems. This shows that DLPNO-

CCSD(T)/CBS(34) methods significantly underestimate the interaction of F with each other.
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Table S2: Systematic deviations of interaction energies of molecular complexes from DLPNO-
CCSD(T)/CBS using various cut-off thresholds against CCSD(T)-F12/VDZ as reference
divided into the three subclasses HH, HF and FF. Systematic deviations are negligible for
HH, small for HF but significant for FF.

BIE(DLPNO-CCSD(T)/CBS(34) = k - BIE(CCSD(T)-F12/VDZ) + d

Truncation HH HF FF
k d [kcal mol—1] k d [kcal mol—1] k d [kcal mol—1]
NormalPNO  0.96(2) 0.02(5) 0.87(1) 0.06(2) 0.63(4) 20.04(6)
TightPNO  0.952(4) -0.039(9) 0.99(1) 0.06(1) 0.76(4) -0.09(6)
VeryTightPNO  0.956(9) 20.04(2) 0.962(9) 0.02(1) 0.88(3) 0.01(5)
ExtremePNO  0.98(1) -0.03(2) 0.98(1) 0.01(2) 0.89(4) -0.02(6)

It should be noted that while using increasingly tight cut-off thresholds remedies the prob-
lem, even ExtremePNO systematically underestimates the interaction by 11% (cf. Table
S2). Additionally, we used the correlation of VeryTightPNO-DLPNO-CCSD(T)/CBS(34)
against CCSD(T)-F12/VDZ to estimate benchmark interaction energies for HF complexes
with five and six carbon atoms and FF complexes with four, five and six carbon atoms be-
cause the corresponding CCSD(T)-F12/VDZ calculations were too prohibitively expensive.

These estimates agree reasonably well with the corresponding BO7TM-V BlEs.

2.1.4 Rigid Geometry Scans

To assess the performance of DSD-PBEP86/def2-TZVP(spd) in the geometry optimizations
for our test systems we performed rigid geometry scans in which we systematically changed
the distance between the interacting molecules but did not allow for geometry relaxation. We
used both RI-MP2/CBS(34) and LED-DLPNO-CCSD(T)/QZ for the rigid distance scans.
RI-MP2/CBS(34) was used for all the complexes studied, LED-DLPNO-CCSD(T)/QZ was
used for complexes with one to three carbon atoms in the interacting molecules. The corre-
sponding results are illustrated in Figures S50-S95. The interaction energy minima of both
RI-MP2 and LED-DLPNO-CCSD(T)/QZ coincide well with the optimized intermolecular
separation in the DSD-PBEP86 geometries. The good agreement between the interaction en-

ergy minima of LED-DLPNO-CCSD(T)/QZ, RI-MP2 and DSD-PBEP86/def2-TZVP(spd)
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suggests that these geometries are sufficiently accurate for all the molecular complexes under

study.
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Figure S51: Rigid geometry scan of 1-HH2 and comparison to the optimized intermolecular
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Figure S52: Rigid geometry scan of 1-HF1 and comparison to the optimized intermolecular
separation.
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Figure S54: Rigid geometry scan of 1-FF1 and comparison to the optimized intermolecular
separation.

0.4 4 {
—
024
o
S
©
[¢]
2, 0.0
>
<y
7]
c
© —0.24
c
kel
g=1
o
©
—
D 0.4
£
—0— RI-MP2
~0.64 —e— DLPNO-CCSD(T)
—— Optimized Distance
3.5 4.0 4.5 5.0 5.5 6.0

Intermolecular distance [4]

Figure S55: Rigid geometry scan of 1-FF2 and comparison to the optimized intermolecular
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Figure S58: Rigid geometry scan of 2-HF1 and comparison to the optimized intermolecular
separation.
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Figure S59: Rigid geometry scan of 2-HF2 and comparison to the optimized intermolecular
separation.

5S40



0.4

0.2+

0.0

-0.2 4

-0.4

Interaction energy [kcal mol™1]

-0.6 1

—0— RI-MP2
—o— DLPNO-CCSD(T)
—— Optimized Distance

-0.8

40 45 5.0 55 6.0 6.5
Intermolecular distance [4]

Figure S60: Rigid geometry scan of 2-HF3 and comparison to the optimized intermolecular
separation.
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Figure S62: Rigid geometry scan of 2-FF1 and comparison to the optimized intermolecular
separation.
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Figure S66: Rigid geometry scan of 3-HF1 and comparison to the optimized intermolecular
separation.
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Figure S68: Rigid geometry scan of 3-HF3 and comparison to the optimized intermolecular
separation.
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Figure S70: Rigid geometry scan of 3-FF1 and comparison to the optimized intermolecular
separation.
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Figure S71: Rigid geometry scan of 3-FF2 and comparison to the optimized intermolecular
separation.
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Figure S74: Rigid geometry scan of 4-HF1 and comparison to the optimized intermolecular
separation.

-0.51

—

L

o

S

8 1.0

=,

>

<)

=

7]

c

O 154

c

kel

g=1

o

©

—

§J]

£ 204

—0— RI-MP2
—— Optimized Distance

-25

4.0 45 5.0 5.5 6.0 6.5
Intermolecular distance [4]

Figure S75: Rigid geometry scan of 4-HF2 and comparison to the optimized intermolecular
separation.
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Figure S76: Rigid geometry scan of 4-HF3 and comparison to the optimized intermolecular
separation.
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Figure S77: Rigid geometry scan of 4-HF4 and comparison to the optimized intermolecular
separation.
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Figure S78: Rigid geometry scan of 4-FF1 and comparison to the optimized intermolecular
separation.
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Figure S79: Rigid geometry scan of 4-FF2 and comparison to the optimized intermolecular
separation.
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Figure S81: Rigid geometry
separation.
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Figure S82: Rigid geometry scan of 5-HF1 and comparison to the optimized intermolecular
separation.
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Figure S83: Rigid geometry scan of 5-HF2 and comparison to the optimized intermolecular
separation.
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Figure S84: Rigid geometry scan of 5-HF3 and comparison to the optimized intermolecular
separation.
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Figure S85: Rigid geometry scan of 5-HF4 and comparison to the optimized intermolecular
separation.
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Figure S86: Rigid geometry scan of 5-FF1 and comparison to the optimized intermolecular
separation.
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Figure S87: Rigid geometry scan of 5-FF2 and comparison to the optimized intermolecular
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Figure S90: Rigid geometry scan of 6-HF1 and comparison to the optimized intermolecular
separation.
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Figure S91: Rigid geometry scan of 6-HF2 and comparison to the optimized intermolecular
separation.
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Figure S94: Rigid geometry scan of 6-FF1 and comparison to the optimized intermolecular
separation.
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Figure S95: Rigid geometry scan of 6-FF2 and comparison to the optimized intermolecular
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2.1.5 Deformation Energies

Deformation energies (Egzs) were estimated on the basis of the DSD-PBEP86/def2-
TZVP(spd) geometries using the benchmark method CCSD(T)-F12/VDZ and the best-
performing methods in the benchmarks for which results for all molecules under study
were obtained (i.e. BO7TM-V/def2-QZVP, B3LYP-XMD /aug-cc-pVTZ and VeryTightPNO-
DLPNO-CCSD(T)/CBS(3-4)). CCSD(T)-F12/VDZ values show that, on average, defor-
mation energies amount only to about (14 2)% of the BIEs. Similarly, BO7M-V predicts
(3 £ 3) %, BBLYP-XDM predicts (2 £ 3) % and VeryTight PNO-DLPNO-CCSD(T) predicts
(3 £ 3) %. This shows that for these complexes, E4.; can be neglected without introducing
too big errors because the error is on the same order of magnitude as the error in the

computational methods or smaller than that, but not larger.

2.2 Energy Decomposition Analysis
2.2.1 Dispersion

We looked closer into the sum of the exchange and dispersion components and its importance
in HH, HF and FF complexes, respectively. Figure S96 shows this sum as a function of
the overall BIE for the three different classes of complexes. It illustrates that the sum of
exchange and dispersion is larger in FF systems than in HF and HH. Figure S97 shows
views across the interaction surface of exemplary complexes (labelled in Figure S96) of each

class.

2.2.2 Electrostatics

We also looked closer into the electrostatics component and its importance in HH, HF and
FF complexes, respectively. Figure S98 shows the electrostatics contribution as a function of
the overall BIE for the three different classes of complexes. It illustrates that while the sum

of exchange and dispersion was larger in FF systems than in HF and HH (vide supra), the
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Figure S96: Sum of Pauli exchange and dispersion of the molecular complexes divided into
the three subclasses HH, HF and FF. Left: Sum of Pauli exchange and dispersion plotted
against overall interaction energies. Right: Sum of Pauli exchange and dispersion plotted
against number of carbon atoms in the interacting molecules. Overall, the relative impor-
tance of dispersion increases when going from HH via HF to FF.

Figure S97: View along the interacting fragments of the labelled complexes 6-HH1, 6-HF1
and 5-FF1, respectively.
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corresponding ordering in the electrostatic contribution is reversed. It is striking that HF
complexes do not show a larger contribution to the electrostatic component compared to the
homomolecular complexes. It can be rationalized because the fluorine atoms of F prefer to
maximize contacts with the carbon atoms of H to optimize attractive dispersion. However,
these types of atoms are negatively polarized which results in a repulsive component to
the overall electrostatics. Electrostatics could be maximized by increasing contacts of the
fluorine atoms of F with the hydrogen atoms of H which, however, is not ideal for optimizing
dispersion. This showcases that dispersion dominates the interaction and, hence, also the
interaction geometries in all the intermolecular complexes studied.
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Figure S98: Electrostatics from SAPT of the molecular complexes divided into the three sub-
classes HH, HF and FF. Left: Electrostatics plotted against the BIE. Right: Electrostatics
plotted against the number of carbon atoms.

2.2.3 Comparison of SAPT2+ and LED

We also looked into both the BIE and the dispersion energy obtained from LED-DLPNO-
CCSD(T)/QZ calculations and compared them to the results of the SAPT2+/aDZ calcula-
tions. The numbers showed equivalent trends compared to the energies from SAPT (Figure
S99) which provides mutual support for the adequacy of these two method to discern the

importance of dispersion in the overall interaction.
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Figure S99: Comparison of interaction energies and dispersion energy components of molec-
ular complexes obtained from SAPT2+/aDZ and LED-TightPNO-DLPNO-CCSD(T)/QZ,

respectively. Systematic differences in the magnitudes are observed but trends are equivalent.

2.2.4 LED Decomposition

The decomposition of dispersion into contributions of atoms and bonds in complexes of H
and F was performed using four distinct LED jobs (cf. Figure S100). First, LED was
performed using two fragments corresponding to the two interacting molecules (job 1). Sec-
ondly, two LED jobs were performed with three fragments each (job 2 and job 3). In job 2
the hydrogen or fluorine atoms of the first interacting molecule were considered as a sepa-
rate fragment from the corresponding carbon backbone. In job 3 the hydrogen or fluorine
atoms of the second interacting molecule were considered as a separate fragment from the
corresponding carbon backbone. In job 4 the hydrogen or fluorine atoms of both interacting
molecules were considered as a separate fragment from the corresponding carbon backbone.

The results of these four LED jobs were evaluated to get nine different dispersion con-
tributions. The corresponding formulas used for evaluation of the data are derived in this

section. First, the parameters used are defined:
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Job 1 Job 2 Job 3 Job 4
X X | X X X | X
X—(ll—X X—CII—X —Cll— X—CI:—X X—Cll—X X—Cli—X —(IZ— X—Cll—X
X—Cli—X X—(IZ—X —(IZ— X—CIZ—X X—(IZ—X X—CIZ—X —(IZ— X—CIZ—X
X X X X X X
\fragment 1 fragment Zj \fragment 1 fragment 3J \fragment 1 fragment 2) \fragment 1 fragment 3)
fragment 3 fragment 4

Figure S100: Required LED jobs to decompose the overall intermolecular dispersion into
contributions from atoms and bonds.

D(n,A— B) Intermolecular dispersion obtained from job n between fragments A and B
Dot Total intermolecular dispersion

D(C1—-C?2) Dispersion between carbon chain C1 and carbon chain C2

D(C1 - X2) Dispersion between carbon chain C1 and atoms X2 (X = H,F)

D(X1 - C?2) Dispersion between atoms X1 (X = H,F) and carbon chain C2

D(X1- X2) Dispersion between atoms X1 and atoms X2 (X = H,F)

Dispersion between carbon chain C1 and CX2 bonds (X = H,F)
Dispersion between CX1 bonds (X = H,F) and carbon chain C2
Dispersion between atoms X1 and CX2 bonds (X = H,F)
Dispersion between CX1 bonds and atoms X2 (X = H,F)
Dispersion between CX1 bonds and CX2 bonds (X = H,F)

The total dispersion energy is the sum of all its components (abbreviated as D;; for

simplification):

Dyt =Y > Dj (S1)
(]
The following equations show which contributions are obtained from the 4 jobs:
D(l,l - 2) - Dtot (82)
D(2,1-3)=D(C1-C2)+ D(C1—-X2)+ D(C1-CX2) (S3)
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D(2,2—3) = D(X1—C2) + D(X1 — X2) + D(X1 — CX2) (S4)

D(3,1—2) = D(C1—C2) + D(X1 - C2) + D(CX1 — C2) (S5)
D(3,1—3) = D(C1— X2) + D(X1 — X2) + D(CX1 — X?2) (S6)
D(4,1—3) = D(C1 — C2) (S7)
D(4,1—4) = D(C1 — X2) (S8)
D(4,2 —3) = D(X1 — (2) (S9)
D(4,2 —4) = D(X1 — X2) (S10)

Overall, we have ten independent linear equations and ten unknown parameters. There-
fore, it should be possible to solve this system of equations for all unknown parameters. Five
out of the ten unknown parameters are directly obtained from the jobs. Four additional
parameters are obtained from equations S3-S6 by inserting the respective terms obtained
from equations S7-S10. The last parameter is obtained from the energy balance in equation
S1 by inserting all the other nine parameters. Using these equations, we obtained the overall
intermolecular dispersion between the interacting molecules, as well as, nine distinct contri-
butions to the overall intermolecular dispersion from interactions between different atoms
and bonds with each other. The corresponding results of this decomposition are shown in

the main text and in the following section.
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2.2.5 Additional LED Results

The relative contribution of the F1-F2 dispersive interaction correlates linearly with the rela-
tive molar fluorine content (cf. Figure S101). Plotting the ratio of the relative contributions
of C1 and C2 of FF and HH against the relative molar carbon content also results in a linear
regression (Figure S101). In other words, the smaller the relative number of fluorine atoms
compared to the number of carbon atoms the smaller the number of favorable intermolecu-
lar fluorine-fluorine interactions. Since these dispersive interactions are most attractive, FF
with longer carbon chains have lower BIEs normalized by the number of carbons compared
to FF with shorter carbon chains. However, the relative carbon content levels at longer car-

bon chain lengths and, hence, this effect is most pronounced in the short and intermediate

H and F.
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Figure S101: Left: Relative contribution of fluorine-fluorine interactions (F1-F2) in FF
towards dispersion from LED-TightPNO-DLPNO-CCSD(T)/QZ as a function of the relative
molar fluorine content. The relative importance of F1-F2 decreases with the fluorine content
as the carbon chain is elongated. Right: Ratio of the contributions of C1 and C2 in FF
and HH, respectively, towards dispersion from LED-Tight PNO-DLPNO-CCSD(T)/QZ as a
function of the relative molar carbon content.

Figures S102-S116 show the decomposition of LED-DLPNO-CCSD(T) dispersion energies
into contributions of interactions between atoms and bonds for HH, HF and FF with two to

six carbon atoms in the respective interacting molecules. They show that that the results are
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relatively stable with respect to the number of carbon atoms. The most striking difference

is observed in the relative contribution of F1-F2 in FF as discussed in the main text.
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Figure S102: Decomposition of dispersion obtained from LED-TightPNO-DLPNO-
CCSD(T)/QZ into contributions of atoms and bonds for 2-HH complexes.
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Figure S103: Decomposition of dispersion obtained from LED-TightPNO-DLPNO-
CCSD(T)/QZ into contributions of atoms and bonds for 2-HF complexes.
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Figure S104: Decomposition of dispersion obtained from LED-TightPNO-DLPNO-
CCSD(T)/QZ into contributions of atoms and bonds for 2-FF complexes.
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Figure S105: Decomposition of dispersion obtained from LED-TightPNO-DLPNO-
CCSD(T)/QZ into contributions of atoms and bonds for 3-HH complexes.

Contribution to Overall Dispersion [%]

100

80 2-HF4

60
C1-F2

CH1-F2 CH1-CF2

40 1

H1-F
C1-CF2 H
20
e wen [T
0 O | H1:02 H1:F2 [—Iﬂm[_] ﬁl_llr—lﬁ H1-ICﬂ | |

Contribution to Overall Dispersion [%]

Figure S106: Decomposition of dispersion obtained from LED-TightPNO-DLPNO-
CCSD(T)/QZ into contributions of atoms and bonds for 3-HF complexes.
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Figure S110: Decomposition of dispersion obtained from LED-TightPNO-DLPNO-
CCSD(T)/QZ into contributions of atoms and bonds for 4-FF complexes.
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Figure S111: Decomposition of dispersion obtained from LED-TightPNO-DLPNO-
CCSD(T)/QZ into contributions of atoms and bonds for 5-HH complexes.
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Figure S112: Decomposition of dispersion obtained from LED-TightPNO-DLPNO-
CCSD(T)/QZ into contributions of atoms and bonds for 5-HF complexes.
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Figure S113: Decomposition of dispersion obtained from LED-TightPNO-DLPNO-
CCSD(T)/QZ into contributions of atoms and bonds for 5-FF complexes.
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Figure S114: Decomposition of dispersion obtained from LED-TightPNO-DLPNO-
CCSD(T)/QZ into contributions of atoms and bonds for 6-HH complexes.
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Figure S115: Decomposition of dispersion obtained from LED-TightPNO-DLPNO-
CCSD(T)/QZ into contributions of atoms and bonds for 6-HF complexes.
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Figure S116: Decomposition of dispersion obtained from LED-TightPNO-DLPNO-
CCSD(T)/QZ into contributions of atoms and bonds for 6-FF complexes.

2.2.6 Additional DID Plots

Figures S117-S131 show additional DID plots of the complexes investigated in this study.
Qualitatively, they all illustrate that dispersion in F comes mainly from fluorine atoms and in
H it is distributed between the carbon atoms and the carbon-hydrogen bonds. Additionally,
they also show that the results are relatively stable with respect to the number of carbon

atoms in the interacting complexes.

Figure S117: DID plot of 2-HH1.

S71



Figure S118: DID plot of 2-HF2.

Figure S119: DID plot of 2-FF1.
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Figure S120: DID plot of 3-HH1.

Figure S121: DID plot of 3-HF1.
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Figure S122: DID plot of 3-FF2.

Figure S123: DID plot of 4-HH1.
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Figure S124: DID plot of 4-HF2.

Figure S125: DID plot of 4-FF2.
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Figure S126: DID plot of 5-HH1.

Figure S127: DID plot of 5-HF4.
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Figure S128: DID plot of 5-FF1.

Figure S129: DID plot of 6-HH1.
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Figure S130: DID plot of 6-HF1.

Figure S131: DID plot of 6-FF1.
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2.3 Simple Interaction Models
2.3.1 Molecular London Dispersion Model

For the molecular London dispersion model, ionization potentials I; and I, and polarizabil-
ities oy and oy of the separate molecules with index 1 and 2 are required, as well as the
intermolecular distance R. While it seems obvious to use the molecular ionization potentials
and polarizabilities to describe intermolecular dispersion in this admittedly crude model,
the choice of intermolecular distance to use between the molecules is not straightforward.
Using MP2/CBS(34) ionization potentials and MP2/def2-TZVPD polarizabilities together
with the average distance of the two carbon chains in each molecular complex resulted in the
estimated London dispersion energies shown in Figure S132. It can be directly seen, when
the estimated London dispersion energies are compared to CCSD(T)-F12 BIEs, that HH,
HF and FF are not uniformly estimated and the three subclasses show three separate linear

regression functions.
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Figure S132: Intermolecular dispersion estimated with the London dispersion formula (cf.
Equation 6 in the main text) using molecular ionization potentials and molecular polariz-
abilities compared to CCSD(T)-F12 BIEs. The average distance between the carbon chains
of the interacting molecules was used.
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2.3.2 Atom-pairwise London Dispersion Models

We used two atom-pairwise London dispersion models to fit interaction parameters of HH,
HF and FF and to estimate the corresponding BIEs. The idea was to find the best set
of atom-type dependent parameters for the atomic ionization potentials to best reproduce
the benchmark interaction energies (CCSD(T)-F12 level of theory). We performed this
optimization using two different approaches. For the first, we used the London dispersion
formula, as is, (cf. Equation 6 in the main text) and optimized atomic ionization potentials.
For the second we used an approximation of the London dispersion formula explained in the
main text simplifying the ionization potential pre-factor (which we term A;5) as product
of atom-type dependent pre-factors A; and A, (cf. right-hand side of Equation 8 in the
main text) and therefore we optimized the atomic pre-factors A. The most basic assumption
of all our simple interaction models is that the overall BIE of our model complexes can
be approximated by accounting only for dispersion. This assumption is plausible on the
basis of the results of the energy decomposition analyses employed. For the first model, we

106,107

used the London dispersion formula, as is, and computed the overall BIE as sum of

atom-pairwise terms:
3 Ll o;a;
BIE ~ S S11
Zz-:z 21+ 1; Rj Sty

J

We used the optimized geometries at the DSD-PBEP86/def2-TZVP(spd) level of theory
to determine the atom-pairwise interaction distances R;; and we determined the atomic
polarizabilities «; using PolaBer on the basis of MP2/def2-TZVPD densities. We assumed
that the ionization potentials are atom-type dependent parameters and, hence, the model
had three adjustable parameters (i.e. Iy, Ic and Ir). These parameters were determined by
minimizing the MAD between the estimated BIEs and the benchmark BIEs at the CCSD(T)-
F12/VDZ level of theory. After finding the best set of parameters, we compared the estimated

BIEs to the benchmark BIEs. The corresponding results are illustrated in Figure S133.
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The MAD,q of the fitted values is only (54 4) % and is therefore comparable to the best

benchmarked DFT and WFT methods (cf. main text). It is also slightly better than the

second atom-pairwise London dispersion model (vide infra).
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Figure S133: Intermolecular dispersion estimated using atom-pairwise London dispersion by
optimizing atom-type dependent ionization potentials. Left: Results compared to reference
data with the corresponding correlation. Right: Residual plot.

For the second model, we used an approximation of the London dispersion formula to

describe the overall BIE of the complexes using instead of ionization potentials atom-type

dependent pre-factors A:

3 AiOéZ‘AjOéj

BIE ~ ZZ 5 %
g )

(S12)

These atom-type dependent pre-factors formally have the dimension of the square-root
of energy. The advantage of these pre-factors is that the dispersion can be formally de-
composed into a product of two values which is only dependent on one of the interacting
molecules each. The motivation for pursuing this approach is explained in detail in the main
text. We used again optimized geometries at the DSD-PBEP86/def2-TZVP (spd) level of
theory to determine the atom-pairwise interaction distances I?;; and we also used the atomic
polarizabilities «; obtained from PolaBer on the basis of MP2/def2-TZVPD densities. In

this model we optimized the atom-type dependent pre-factors as three adjustable parameters
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(i.e. Ay, Ac and Ap). These parameters were again determined by minimizing the MAD
between the estimated BIEs and the benchmark BIEs at the CCSD(T)-F12/VDZ level of
theory. After finding the best set of parameters, we compared the estimated BIEs to the

benchmark BIEs. The corresponding results are illustrated in Figure S134.
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Figure S134: Intermolecular dispersion estimated using atom-pairwise London dispersion by
optimizing atom-type dependent pre-factors A. Left: Results compared to reference data
with the corresponding correlation. Right: Residual plot.

2.3.3 Atom-type Energy Decomposition

We also used the atom-pairwise London dispersion model to perform a decomposition of the
overall dispersion into contributions of interactions between specific types of atoms. In that
regard, it is similar to the decomposition into contributions of atoms and bonds we carried

out using LED (vide supra). Hence, we obtain the following six energetic contributions:

Dot Total intermolecular dispersion

D(C-0C) Dispersion between two carbon atoms

D(C - H) Dispersion between a carbon atom and a hydrogen atom
D(H - H) Dispersion between two hydrogen atoms

D(C - F) Dispersion between one carbon and one fluorine atom
D(H - F) Dispersion between one hydrogen and one fluorine atom
D(F - F) Dispersion between two fluorine atoms

The corresponding results for all the molecular complexes studied are illustrated in Fig-
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ures 5S135-S152. The main difference between the LED decomposition into atoms and bonds
and the decomposition performed using the atom-pairwise London dispersion model is that
in the former the dispersion is also decomposed into contributions of bonds. In the atom-
pairwise model the contributions of the bonds are distributed between the respective atomic
contributions. This can be gleaned from the results of the complexes of 1-H and 1-F. In
1-HH the contributions of the C-H bonds are distributed among the C-H and the H-H
contributions. In 1-HF the contributions of the C-H and C-F bonds are mainly distributed
between the C-F and H-F contributions. In 1-FF the contributions of the C-F bonds are

mainly distributed between the C-F and F-F contributions.
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80

60 C-H

H-H
40
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Figure S135: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 1-HH complexes.

Contribution to Overall Dispersion [%]

Additionally, we investigated the relative contribution of F-F in FF as a function of
the relative molar fluorine content, as well as, the relative contribution of C-C in HH as a
function of the relative molar carbon content (cf. Figure S153). In both cases we obtain
reasonable linear correlations. These results indicate the direct impact of the relative molar

carbon content on the dispersion interaction pattern. They also support the findings from

LED.
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Figure S136: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 1-HF complexes.
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Figure S137: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 1-FF complexes.
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Figure S138: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 2-HH complexes.
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Figure S139: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 2-HF complexes.
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Figure S140: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 2-FF complexes.
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Figure S141: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 3-HH complexes.
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Figure S142: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 3-HF complexes.
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Figure S143: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 3-FF complexes.
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Figure S144: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 4-HH complexes.
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Figure S145: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 4-HF complexes.
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Figure S146: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 4-FF complexes.
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Figure S147: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 5-HH complexes.
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Figure S148: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 5-HF complexes.
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Figure S149: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 5-FF complexes.
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Figure S150: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 6-HH complexes.
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Figure S151: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 6-HF complexes.
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Figure S152: Decomposition of dispersion obtained from the atom-pairwise London disper-
sion model into contributions of interactions between types of atoms for 6-FF complexes.
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Figure S153: Left: Relative contribution of F-F in FF as a function of the relative molar
fluorine content. Right: Relative contribution of C-C in HH as a function of the relative
molar carbon content from the atom-pairwise London dispersion interaction model.

2.3.4 Correlation of BIE with Interaction Surface

Furthermore, we were also interested whether alternative simple interaction models could
be applied to predicting the interaction energies of F. One common approximation is to
regard it as interaction between exposed surfaces. Therefore, we computed the interaction
surface area of all the molecular complexes using COSMO calculations and plotted the
BIEs at the VeryTight PNO-DLPNO-CCSD(T)/CBS level of theory as well as the dispersion
energy components at the LED-TightPNO-DLPNO-CCSD(T)/QZ level of theory against
the corresponding interaction surface areas (cf. Figure S154). It can be seen that in both
cases for each of the subsystems the BIE gets increasingly favorable as the interaction surface

is increased and that reasonable linear correlations are observed.
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Figure S154:  Left:  Interaction energies obtained from VeryTightPNO-DLPNO-
CCSD(T)/CBS calculations plotted against the corresponding interaction surface ar-
eas. Right: Dispersion energy components of molecular complexes obtained from LED-
Tight PNO-DLPNO-CCSD(T)/QZ calculations plotted against the corresponding interac-
tion surface areas. Within each of the three subclasses of molecular complexes, a linear
correlation is observed.

2.4 Interaction Descriptors
2.4.1 Q Measure and P Measure

Qatom values were calculated as follows: For every point on the van der Waals surface (ob-
tained from MP2/def2-TZVPD densities) the distance to one specific atom was calculated.
The atomic polarizability (obtained using PolaBer) was divided by the third power of that
distance to obtain the Q.iom value with respect to that specific point in space. The largest
Qatom on the van der Waals surface was then the maximum Qaiom. To obtain Qq, for every
point on the van der Waals surface the sum of all Qaiom values of the molecule was calculated.
Qtot Was obtained as average of all these sums with respect to all points on the van der Waals
surface. The corresponding P values were calculated analogously with the difference that
multiplication by the respective atom-type dependent pre-factor A was carried out as well.

Figure S155 shows the correlation between the relative Py value of F with respect to the
corresponding H and the ratio of the relative contributions of C1 and C2 of FF and HH from

LED. This correlation suggests that the change in the relative importance of the interactions
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of the different atoms and bonds in the molecules is related to the change in the dispersive
interaction capabilities of H with respect to F. The relative P value of F with respect to
the corresponding H as a function of the relative molar carbon content is illustrated in Figure
S155. The linear correlation observed illustrates that the dispersive interaction capability
of F relative to H decreases with increasing carbon chain length because of a concomitant

decreasing relative molar fluorine content.
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Figure S155: Correlation between the ratio of Py values of F and H. Left: the relative
molar carbon content; Right: the ratio of the relative contributions of C1 and C2 of FF and
HH from LED.

2.5 Interaction Geometries
2.5.1 Interaction Surface Areas

We applied the geometric interaction model of cuboids (vide infra) to assess how well the
interaction geometries of HF and FF compared to HH are. To do that, we determined the
correlation of the molecular surfaces of H and F, respectively, with the number of carbon
atoms. For that, we used the COSMO surfaces (S) of these molecules. The corresponding
results are illustrated in Figure S156.

Consequently, we looked at the correlation of the COSMO interaction surfaces (Siy) of

HH, HF and FF against the number of carbon atoms. The COSMO interaction surfaces

S92



230.0 4

-
y = 20.4(3) x + 37(1)
F = 5981
20007 Rz 0.9993 o
= N=6
fg_f 170.0 y
E °
2
o °
2 140.0 o
Q
[&]
E ° o
3 110.0
@
[s] [
=
F4 y = 27.1(5) x + 64(2)
80.0 - . F = 3256
R? = 0.999 ——F
N=6 ——H
L]
50.0 T T T T T T 1
0 1 2 3 4 5 6 7

Carbon Chain Length

Figure S156: Molecular COSMO surface as a function of the number of carbon atoms for H
and F.

were determined as difference of the molecular COSMO surfaces of the complexes and the
respective monomers. Figure S157 shows the correlation of the COSMO interaction surfaces
against the number of carbon atoms for the three classes of complexes. For each number
of carbon atoms we used the complex with the largest COSMO interaction surface for the

correlation. The corresponding statistical parameters are summarized in Table S3.
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Figure S157: COSMO interaction surface as a function of the number of carbon atoms for
HH, HF and FF.

From these correlations we can compare the interaction surfaces of HH, HF and FF.
We assume that the interaction surface in HH is ideal. This assumption is based on the

results of the NCI plots. On the basis of the interaction models of cuboids (vide infra) we
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Table S3: Statistical parameters of the correlation of the COSMO interaction surface with
the number of carbon atoms for HH, HF and FF.

Sint =k- H(C) + d
Parameter HH HF FF

k [A] 8.8(2) 8.6(4) 9.5(6)
d [A] 2.5(9)  8(1)  12(2)
F 1590 585 249
R? 0.997 0993 0.8
N 6 6 6

know that the ratio of the slope of the total surfaces of H and F as a function of the number
of carbon atoms should correspond to the ratio of the slope of the interaction surfaces of
HH and FF as a function of the number of carbon atoms if both are ideal. Hence, we
need to compare the ratios of the molecular COSMO surfaces of H and F and the ratios of
the COSMO interaction surfaces of HH and FF. The ratio of the slopes of the molecular
COSMO surfaces of F and H is 1.32. The ratio of the slopes of the COSMO interaction
surfaces of FF and HH is 1.1. Hence, the interaction surface in FF is 81 % of what the
ideal interaction surface estimated on the basis of the cuboid model should be. In addition,
using the heteromolecular cuboid model (vide infra) we estimated that the ideal ratio of the
slopes of the interaction surfaces of HF and HH should be 1.14. However, the ratio of the
slopes of the COSMO interaction surfaces of HF and HH is 0.97, i.e. it is 85 % of what the
ideal ratio is estimated to be. Overall, this suggests that the interaction surfaces in HF and
FF are not ideal compared to the interaction surfaces in HH.

For the computation of neoptacts We used the recalculated van der Waals radii of Alvarez. %
Hence, we used 1.20 A for hydrogen, 1.77 A for carbon and 1.46 A for fluorine. Table S4 gives

the statistical parameters of neonacts @s a function of the carbon chain length for HH, HF

and FF (cf. main text).
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Table S4: Statistical parameters of the correlation of negpacts With the number of carbon
atoms for HH, HF and FF.

Ncontacts = k- H(C> +d
Parameter HH HF FF

K 82(1) 5.0(3) 4.5(4)
d -3.1(5)  0.3(6) 1(2)
F 4159 908 112
R? 0.999  0.996  0.97
N 6 6 6

2.6 Predicted Microscopic and Macroscopic Mixing Behavior

2.6.1 Average Coordination Number

In order to estimate macroscopic BIEs on the basis of Flory-Huggins solution theory, 09110 w

e
needed to estimate the average coordination number of one molecule of the liquid in the bulk
liquid. To do that, we assumed that the interaction geometries in the dimers we investigated
in this work are akin to the interaction geometries in the liquid phase. Hence, we determined
the average coordination number as ratio of the sum of the molecular COSMO surfaces of the
interacting molecules in the molecular complex and the corresponding COSMO interaction
surface in the molecular complex divided by two. The macroscopic interaction energies are

then the product of the BIE of one intermolecular complex and the average coordination

number.

2.7 Trends in Experimental Properties
2.7.1 Boiling Points of Alkanes and Perfluoroalkanes

When looking at the boiling points of H and F as a function of carbon chain length, linear
F with a carbon chain length up to three have a higher boiling point compared to the
corresponding H.!'5!12 Tinear F with a longer carbon chain have a lower boiling point
compared to the corresponding H (cf. Figure S158). Hence, there is a crossover in the

boiling point curves between H and F. As the boiling point is a measure of the strength of
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intermolecular interactions, the relative boiling point inversion indicates that the strength
of the intermolecular interactions in H increase to a greater extent with carbon chain length
than they do in F. When the boiling point difference between H and the corresponding F is
plotted against the relative molar carbon content, a linear correlation is observed (cf. Figure

S158).
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Figure S158: Left: Boiling points of H and F as a function of the respective carbon chain
length. H have a higher boiling point at carbon chain lengths of four or higher. F have a
higher boiling point with shorter carbon chains. Right: The boiling point difference between
H and F of same carbon chain length as a function of the relative molar carbon content
shows a linear correlation.

Table S5 contains the boiling points of H and F from one to eight carbon atoms and the

corresponding references.
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Table S5: Boiling points (Ty.p) of H and F from one to eight carbon atoms with the
corresponding relative number of carbon atoms and the boiling point differences between H
and F (ATyp).

1(C) 1a(C)  Tyap(H) [K]  Tap(F) K] ATyap(H-F) [K]

1 0.200 111113 145113 -34
2 0.250 185113 195113 -10
30273 231113 234113 -3
4 0.286 273113 2711 2

5 0294 309113 303115 6

6 0.300 342113 330115 12
7 0.304 372113 355113 17
8  0.308 399113 379116 20

2.7.2 Critical Parameters of Alkanes and Perfluoroalkanes

Boiling points are only indirect measures of the strength of intermolecular interactions.
Direct measures of intermolecular interactions in gases are provided by the van der Waals
equation of state parameters a and b determined from critical point data.'” The ratio
of a over b is an estimate of the minimum energy of the intermolecular potential energy
surface which is apparent from the derivation of the van der Waals equation of state from
statistical thermodynamics.'® Plotting the ratio a over b, determined from literature data
(the references of all the individual data points are provided in Tables S6-S8), as a function
of the carbon chain length for both H and F, a similar trend compared to the boiling points
is observed (cf. Figure S159). 1-F has stronger intermolecular interactions than 1-H, but
already 2-H has stronger intermolecular interactions than 2-F and the difference between
the two classes of compounds increases with carbon chain length. Plotting the difference
in the ratio a over b between H and F of same carbon chain length against the respective
relative molar carbon content, a linear correlation is observed (cf. Figure S159).

Tables S6-S8 contain the critical parameters of H and F from one to eight carbon atoms
and the corresponding derived van der Waals parameters and average attraction energies

between particles with the respective references.
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Figure S159: Left: Average attraction between molecules in the gas-phase as obtained from
experimental van der Waals equation of state parameters at the critical point as a function
of the carbon chain length. 1-F has stronger intermolecular attraction than 1-H. At longer
carbon chain lengths, H have stronger intermolecular attraction than the corresponding F
having the same carbon chain length. Right: The difference in intermolecular attraction
between H and F of same carbon chain length as a function of the relative molar carbon
content shows a linear correlation.

Table S6: Critical parameters and van der Waals equation of state parameters a and b of H
from one to eight carbon atoms. The ratio of a and b corresponds to the average attraction

between particles.

n(C) mne(C) Te[K]  pelbar] a[Jm®mol™] b[107° m® mol™!] 2 [keal mol™]
1 0.200 190.6' 46.1011 0.2298 4.297 1.278
2 0.250  305.3™°9 49.00''° 0.5548 6.476 2.048
3 0.273  369.9'° 4250110 0.9389 9.046 2.481
4 0.286  425.0'° 38.00'% 1.386 11.62 2.850
5 0.294  469.8'1° 33.60!'° 1.916 14.53 3.151
6 0.300 507.6'1° 30.2011° 2.488 17.47 3.404
7 0.304  540.0' 27.40119 3.104 20.48 3.622
8 0.308  568.9'9 2490110 3.791 23.75 3.816
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Table S7: Critical parameters and van der Waals equation of state parameters a and b of F
from one to eight carbon atoms. The ratio of a and b corresponds to the average attraction
between particles.

n(C) me(C)  Te[K]  pe[bar] a[Jm®mol™] b[107° m* mol™!] 2 [keal mol™?]

1 0.200 227.5119 3745119 0.4031 6.314 1.526
2 0.250 293.0120 30.42120 0.8232 10.01 1.965
3 0.273  345.1121  26.75121 1.298 13.41 2.315
4 0.286  386.4'19 2323119 1.874 17.28 2.591
5 0.294 421.9'19 20.37122 2.548 21.53 2.830
6 0.300 448.8'23 18.681%3 3.144 24.97 3.010
7 0.304 475.0'%* 16.501%* 3.988 29.92 3.186
8 0.308 502.3'19 15.48122 4.753 33.72 3.369

Table S8: Average attraction between particles of H and F with one to eight carbon atoms
and the corresponding differences between H and F.

n(C) ne(C) 2(H) [keal mol™'] 2(F) [keal mol™*] AZ(H-F) [kcal mol™]

1 0.200 1.278 1.526 -0.247
2 0.250 2.048 1.965 0.082
3 0.273 2.481 2.315 0.166
4 0.286 2.850 2.591 0.259
5 0.294 3.151 2.830 0.321
6 0.300 3.404 3.010 0.395
7 0.304 3.622 3.186 0.436
8 0.308 3.816 3.369 0.447
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2.7.3 Enthalpies of Evaporation of Alkanes and Perfluoroalkanes

The enthalpies of evaporation of H and F correlate linearly with the carbon chain length

(cf. Figure S160).
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Figure S160: Enthalpies of evaporation of H and F of increasing carbon chain length.

Table S9 contains the enthalpies of evaporation of H and F with one to nine carbon

atoms together with the corresponding references.

Table S9: Enthalpies of evaporation ( AHy,,) of H and F with one to nine carbon atoms
with the corresponding temperature ranges for which the enthalpies are valid.

n(C) AHyap (H) [keal mol™!] T-Range [K] AHyap (F) [keal mol™!] T-Range [K]
1 2.0612° 90 — 120 2.9412° 89 — 163
2 3.51126 184 3.86 116 195
3 4.66125 165 — 248 5.16125 193 — 237
4 5.71127 195 - 273 6.17128 233 — 260
) 7.12125 223 — 352 7.43125 221 - 303
6 7.9312 238 — 343 8.2212° 261 — 334
7 8.84129 288 — 348 9.01125 271 - 379
8 10.01130 298 - 333 9.85131 310 - 379
9 11.16132 299 10.83133 288 — 333
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2.7.4 Bulk Moduli of Alkanes and Perfluoroalkanes

The bulk moduli of H and F show an inversion when the carbon chain length is increased

(cf. Figure S161).
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Figure S161: Bulk moduli of H and F of increasing carbon chain length.

Tables S10 and S11 contain the densities, speed of sound values and the derived bulk

moduli of H and F with one to eight carbon atoms together with the corresponding refer-

€11CeSs.

Table S10: Densities (p), speed of sound values (¢) and derived bulk moduli (K) of H at
298 K from one to eight carbon atoms with the corresponding pressures for which the values
are valid. The bulk moduli are calculated as follows: K = p 2.

n(C) 1n.(C) Pressure [MPa] plkgm™3] ¢[ms™!] K [MPa]
1 0.200 15.0 119.7134 460.6134 25.4
2 0.250 7.5 362.013° 497.0135 89.4
3 0.273 1.3 492.3136  715.3136 251.9
4 0.286 0.6 573.3137 893.8138 458.0
) 0.294 0.1 621.0139 1002.9139 624.6
6 0.300 0.1 655.3140  1078.0140 761.5
7 0.304 0.1 679.6141 1129.7141 867.4
8 0.308 0.1 698.7141 1171.7141 959.3
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Table S11: Densities (p), speed of sound values (¢) and derived bulk moduli (K) of F at
298 K from one to eight carbon atoms with the corresponding pressures for which the values
are valid. The bulk moduli are calculated as follows: K = p 2.

n(C) n.q(C)

Pressure [MPa] p[kgm™] ¢ [ms™!] K [MPa]

0.200
0.250
0.273
0.286
0.294
0.300
0.304
0.308

0O Ui Wi

15.0 745.3142 2243142 37.5
7.5 1100.0142  233.8142 60.1
1.3 1331.9142  295.6142 116.4
0.6 1499.5™3  363.6142 198.3
0.1 1599.514  430.714° 296.7
0.1 1682.8146  510.7146 438.9
0.1 1728.4146 548 7146 520.4
0.1 1760.6146  581.9146 596.2

2.7.5 Compressibilities of Alkanes and Perfluoroalkanes

The compressibilities of H and F show an inversion when the carbon chain length is increased

(cf. Figure S162).
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Figure S162: Isothermal compressibilities of H and F of increasing carbon chain length.

Table S12 contains the compressibilities of H and F with one to eight carbon atoms

together with the corresponding references.
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Table S12: Isothermal compressibilities (Br) of H and F at 298 K with one to eight carbon
atoms with the corresponding pressures for which the values are valid.

n(C) 1n.(C) Pressure [MPa] Bt (H) [GPa™!] Bt (F) [GPa™!]

1 0.200 15.0 69.95142 47.85142
2 0.250 7.5 22.58142 27.26142
3 0.273 1.3 6.27147 12.16148
4 0.286 0.6 3.13147 5.49149
5 0.294 0.1 1.80149 4.24149
6 0.300 0.1 1.50150 2.88151
7 0.304 0.1 1.44151 2.28 151
8 0.308 0.1 1.28151 1.78151

2.7.6 Interal Pressures of Alkanes and Perfluoroalkanes

The internal pressures of H and F show an inversion when the carbon chain length is
increased (cf. Figure S163).
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Figure S163: Internal pressures of H and F of increasing carbon chain length.

Table S13 contain the internal pressures of H and F with one to eight carbon atoms

together with the corresponding references.
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Table S13: Internal pressures (nr) of H and F at 298 K with one to eight carbon atoms with
the corresponding pressures for which the values are valid.

n(C) n.(C)

Pressure [MPa] nr (H) [MPa] =t (F) [MPa]

0.200
0.250
0.273
0.286
0.294
0.300
0.304
0.308

0 O Ui Wi

15.0 13142 34142
7.5 95152 69142
1.3 153147 112148
0.6 198147 132149
0.1 216150 149149
0.1 243150 184151
0.1 256151 210151
0.1 272150 246146’151

2.7.7 Surface Tensions of Alkanes and Perfluoroalkanes

The surface tensions of H and F

(cf. Figure S164).
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Figure S164: Ratio of surface tensions of F and H of increasing carbon chain length.

Table S14 contains the surface tensions of H and F with one to eight carbon atoms

together with the corresponding

references.
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Table S14: Surface tensions (y) of H and F with one to eight carbon atoms with the
corresponding temperatures and pressures for which the values are valid.

n(C) Temperature [K] Pressure [MPa] v(H) [mN m™!] Temperature [K] Pressure [MPa] v(F) [mN m™!]

1 90.7 Triple point 17.81%3 89.6 Triple point 22.8154
2 173.2 0.1 17.8155 173.2 Triple point 14.0154
3 140.0 0.1 29,3156 140.0 0.1 22.5154
4 193.2 0.1 25.3157 193.2 0.1 17.8154
5 298.0 0.1 15.0158 298.0 0.1 9.4159
6 298.0 0.1 17.8158 298.0 0.1 11.1160
7 298.0 0.1 19.5158 298.0 0.1 12.9160
8 298.0 0.1 21.3158 298.0 0.1 14.0160

2.7.8 Molar Heat Capacities of Alkanes and Perfluoroalkanes

The molar heat capacities of H and F correlate linearly with the carbon chain length (cf.

Figure S165).
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Figure S165: Molar heat capacities of H and F of increasing carbon chain length.

Table S15 contains the molar heat capacities of liquid H and F with one to seven carbon

atoms together with the corresponding references.
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Table S15: Molar heat capacities (c,) of H and F with one to seven carbon atoms with the
corresponding temperatures for which the values are valid.

n(C) Temperature [K] ¢, (H) [cal mol™* K=1] Temperature [K] ¢, (F) [cal mol=t K]

1 111 13.3142 145 19.1 161
2 200 17.8162 195 31.4163
3 230 23.5164 235 43.4165
4 290 31.6166 293 61.7142
5 290 39.0162 298 74.4145
6 290 46.1149 293 83.8145
7 290 53.0149 293 98.2167

2.7.9 Dynamic Viscosities of Alkanes and Perfluoroalkanes

The dynamic viscosities of H and F' do not show an inversion when the carbon chain length

is increased (cf. Figure S166).
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Figure S166: Dynamic viscosities of H and F of increasing carbon chain length.

Table S16 contains the dynamic viscosities of H and F with one to eight carbon atoms

together with the corresponding references.

5106



Table S16: Dynamic viscosities (u) of H and F at 253K with one to eight carbon atoms

with the corresponding pressures for which the values are valid.

n(C) me(C) Pressure [MPa] u(H) mPas] w(F) [mPa s
1 0.200 15 0.019 142 0.071 142
2 0.250 7.5 0.084142 0.199142
3 0.273 1.3 0.157142 0.343142
4 0.286 0.1 0.250149 0.630168
5 0.294 0.1 0.340149 0.957169
6 0.300 0.1 0.450149 1.423169
7 0.304 0.1 0.690149 2.000149
8 0.308 0.1 0.980149 3.000149

2.7.10 Deviation of Computational Results from the Geometric Mean Rule

We estimated the BIEs of HF from the corresponding BIEs of HH and FF using the
respective average BlIEs of all conformers considered and taking the geometric mean of
the absolute of the two BIEs. The deviation of the actual BIE and the estimated BIE was
determined using equation S13. We also performed the same calculations using BAEs instead

of BIEs. The corresponding results are provided in Tables S17-S19.

BIEjeo — BIEcomp

1
BIE oy (813)

ABIE, ¢ =

Table S17: Estimation of the deviation of the BIEs of HF complexes from the geo-
metric means of the corresponding HH and FF complexes using CCSD(T)-F12/VDZ,
VeryTight PNO-DLPNO-CCSD(T)/CBS(34) and B97TM-V /def2-QZVP interaction energies.

CCSD(T)-F12 Very Tight- DLPNO-CCSD(T) BITM-V
System BIE [kcal mol™!] ABIE,q BIE [kcal mol™!] ABIE,; BIE [kcal mol™!] ABIE,q
BlEcomp BIEgeo BlEcomp BlEgeo BlEcomp BIEge0

1-HF -0.60 -0.60 1.1% -0.58 -0.56 —2.8% -0.58 -0.56 —3.4%

2-HF -1.09 -1.22 11.6 % -1.02 -1.16 13.6 % -1.04 -1.16 12.2%

3-HF -1.49 -1.80 20.5% -1.42 -1.67 18.1% -1.50 -1.83 22.2%

4-HF -2.27 -2.40 5.7% -2.17 -2.22 2.3% -2.21 -2.34 5.6 %

5-HF -2.86 -3.17 11.1% -2.73 -2.93 7.2% -2.92 -3.26 11.5%

6-HF -3.44 -3.75 8.9% -3.30 -3.44 4.4% -3.52 -3.84 9.0%
Average 10% 7% 10 %
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Table S18: Estimation of the deviation of the BIEs of HF complexes from the geometric
means of the corresponding HH and FF complexes using the intermolecular London disper-
sion estimates and only the interaction distance components of the intermolecular London
dispersion model (multiplied by the appropriate units to formally obtain energies).

Intermolecular London Dispersion

Interaction Distances

System BIE [kcal mol™!] ABIE, BIE [kcal mol™!] ABIE 1
BlE¢omp BlEgeo BIEcomp [10_4] BlEgeo [10_4]
1-HF -0.56 -0.58 32% -3.07 -3.16 3.0%
2-HF -0.98 -1.04 6.9% -2.10 -2.24 6.7%
3-HF -1.23 -1.60 29.8% 1.39 -1.80 29.6 %
4-HF -1.90 -1.89 —0.8% -1.33 -1.32 -1.0%
5-HF -2.34 -2.53 8.1% -1.09 -1.18 8.0%
6-HF -2.90 -3.13 8.0% -0.97 -1.05 79%
Average 9% 9%

Table S19: Estimation of the deviation of the BAEs of HF complexes from the geo-
metric means of the corresponding HH and FF complexes using CCSD(T)-F12/VDZ,
VeryTight PNO-DLPNO-CCSD(T)/CBS(34) and B97TM-V /def2-QZVP interaction energies.

CCSD(T)-F12

VeryTight-DLPNO-CCSD(T)

B9TM-V

System BAE [kcal mol™!] ABAE,; BAE [kcal mol™!] ABAE,; BAE [kcal mol™!] ABAE,q
BAEcomp BAEgeo BAEcomp BAEgeo BAEcomp BAEgeo
1-HF -0.59 -0.60 1.1% -0.57 -0.56 —25% -0.57 -0.55 —2.8%
2-HF -1.09 -1.21 11.0% -1.01 -1.14 13.0% -1.02 -1.14 11.6 %
3-HF -1.46 -1.77 20.8% -1.38 -1.65 19.4% -1.45 -1.81 24.2%
4-HF -2.20 -2.33 5.8% -2.08 -2.16 4.1% -2.13 -2.29 7.3%
5-HF -2.75 -3.11 13.0% -2.60 -2.89 10.9% -2.79 -3.22 15.3%
6-HF -3.19 -3.68 15.5% -3.02 -3.41 12.7% -3.22 -3.82 18.6 %
Average 11% 10% 12%
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Tables S17-S19 show that, on average, the BIEs of HF complexes are roughly 10%
weaker than estimated on the basis of the geometric mean rule. This has been observed
experimentally on the basis of second interaction virial coefficients as well. 170172 The results
in Table S18 suggest that the interaction distances seem to be somewhat longer in HF
than would be expected on the basis of the interaction distances in HH and FF. While the
geometric mean rule is a commonly employed rule to estimate the strength of heteromolecular
interactions on the basis of homomolecular interactions, there is no rigorous physical basis for
it. The interaction of molecules interacting predominantly by dispersion can be estimated
using the London dispersion formula.!%'%7 In the London dispersion formula, there is a
combination rule for the ionization potentials of the interacting atoms and molecules, but
it is not a geometric mean rule. Additionally, the geometric mean rule is commonly used
to estimate heteroatomic Cg coefficients of interaction from homoatomic Cg coefficients of
interaction because it empirically provides good estimates but not because of the underlying
physical laws. Therefore, a priori, there is no reason that the geometric mean rule should

describe the interactions in HF well.
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3 Mathematical Derivations

In this section mathematical derivations are presented and explained in detail. The corre-

sponding results are applied to analyze and interpret the computational results.

3.1 Homomolecular Cuboid Model for Interaction Surfaces

The basic assumption is that the interacting molecules (linear alkanes and perfluoroalkanes)

can be approximated as interacting cuboids (cf. Figure S167).

Figure S167: Cuboid model.

The total surface (S) of the cuboid can be calculated as follows:

S = 2a* + 4ah (S14)

The interaction surface corresponds to one of the long faces of the cuboid with the area:

The length of the long face (h) in this model is approximately a linear function of the
length of the carbon chain and hence of the number of carbon atoms (n) with v and v being

the corresponding slope and intercept, respectively:

h~u-n+wv (S16)

It follows from the combination of equations S14 and S16 that the total surface is pre-

dicted to be a linear function (with intercept ¢) of the number of carbon atoms for each class
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of compounds (i.e. either H or F):

S = 2a* + 4av + dan = 4au - n + q (S17)

Combining equations S15 and S16 it can be seen that also the interaction surface is a
linear function (with intercept r) of the number of carbon atoms with the slope being a

quarter of the corresponding slope of the total surface.

St R au-n+av=au-n+r (S18)

Therefore, on the basis of this simple model it can be shown that comparing the slope of
the total surface of the isolated molecules to the slope of the interaction surface is a means
to estimate whether the interaction surface is ideal or not. Additionally, when comparing
the ratio of the slopes of the total surface of H and F against the ratio of the slopes of the
interaction surface area of H and F provides a means to investigate whether H or F have
a closer to ideal interaction surface. The application of this model has been shown in the

Supplementary Results and Discussion section.

3.2 Heteromolecular Cuboid Model for Interaction Surfaces

The model discussed in the previous section is only valid when the two interacting molecules
are identical, i.e. the interacting cuboids have the same size. When they do not, the
interaction surface is not equal to the long face of either of the two molecules. This is
illustrated in Figure S168.
The edge of the interaction surface a; can determined if we assume the following rela-
tionship:
a; dp

2= (S19)

a2 dy

Using the intercept theorem of elementary geometry we can derive the following relation-
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Figure S168: Cuboid model for heteromolecular interaction. View from the side on the
volume of intercuboidal interaction.

ship:

dy do

= S20
a; — a; a; — Ay ( )
Minor rearrangement leads to the following equation:
dl a; — a;
- = S21
d2 a; — Q9 ( )
Combining equations S19 and S21 leads to:
LR (S22)
(05} a; — Q9
Solving equation S22 for a; yields:
a1a; — a1y — a1 — A2a; <823>
CLZ'<C61 + a2> = 2&1&2 <824)
2
q; = 12 (S25)
aj + as

Using equation S25, a; can be estimated from both a; and as. Assuming that a; corre-
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sponds approximately to the slope of the interaction surface in heteromolecular complexes
of H and F with respect n, it can be estimated how close to ideal the interaction geometries
in the heteromolecular complexes are. The application of this model has been shown in the

Supplementary Results and Discussion section.
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4 Computational Raw Data

In this section, all the computational results are provided in tables and the corresponding
contents are explained briefly. In addition to the abbrevations used in the main text, we used
abbrevations to refer to monomers at the dimer geometry. Hx1 refers to the H molecule
in either HH1 or HF1 at the dimer geometry, xF2 refers to the F molecule in either HF2
or FF2 at the dimer geometry. Analogous rules apply for all the additional abbreviations
used. In the following tables, the corresponding dimer is always preceded by the respective

monomers at the dimer geometries.

4.1 Benchmarking

The following tables provide the computational raw data for the benchmarking performed.
E refers to the electronic energy, BAE refers to bond association energy, BIE refers to bond

interaction energy and E-def refers to the deformation energy.

S114



DSD-PBEP86/def2-QZVP B97D3/def2-QZVP

E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!] E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!]
Methanes
H -40.45340156171 -40.45340156171
F -437.174440690947 -437.174440690947
Hx1 -40.45330228048 -40.45330228048
xH1 -40.453285931633 -40.453285931633
HH1 -80.907464827431 -0.415 -0.55 0.135 -80.907464827431 -0.415 -0.55 0.135
Hx2 -40.453236937567 -40.453236937567
xH2 -40.45321606935 -40.45321606935
HH2 -80.907158820144 -0.223 -0.443 0.22 -80.907158820144 -0.223 -0.443 0.22
Hx1 -40.453289294462 -40.453289294462
xF1 -437.174380258028 -437.174380258028
HF1 -477.62881556709 -0.611 -0.719 0.108 -477.62881556709 -0.611 -0.719 0.108
Hx2 -40.45340085228 -40.45340085228
xF2 -437.174418523656 -437.174418523656
HF2 -477.628405703825 -0.354 -0.368 0.014 -477.628405703825 -0.354 -0.368 0.014
Fx1 -437.174376111767 -437.174376111767
xF1 -437.17436253555 -437.17436253555
FF1 -874.349672274866 -0.496 -0.586 0.09 -874.349672274866 -0.496 -0.586 0.09
Fx2 -437.174366684698 -437.174366684698
xF2 -437.174299461049 -437.174299461049
FF2 -874.349608232686 -0.456 -0.591 0.135 -874.349608232686 -0.456 -0.591 0.135
Ethanes
H -79.707934123378 -79.707934123378
F -674.775073674995 -674.775073674995
Hx1 -79.70770580573 -79.70770580573
xH1 -79.70758322253 -79.70758322253
HH1 -159.417497446015 -1.022 -1.386 0.363 -159.417497446015 -1.022 -1.386 0.363
Hx2 -79.707788275836 -79.707788275836
xH2 -79.70780953927 -79.70780953927
HH2 -159.417461471667 -1 -1.169 0.17 -159.417461471667 -1 -1.169 0.17
Hx1 -79.707701164699 -79.707701164699
xF1 -674.774994438047 -674.774994438047
HF1 -754.484186500296 -0.74 -0.936 0.196 -754.484186500296 -0.74 -0.936 0.196
Hx2 -79.707783090038 -79.707783090038
xF2 -674.774709820781 -674.774709820781
HF2 -754.484272866279 -0.794 -1.117 0.323 -754.484272866279 -0.794 -1.117 0.323
Hx3 -79.707711996956 -79.707711996956
xF3 -674.775069266901 -674.775069266901
HF3 -754.484063454228 -0.662 -0.805 0.142 -754.484063454228 -0.662 -0.805 0.142
Hx4 -79.707931884504 -79.707931884504
xF4 -674.77499362067 -674.77499362067
HF4 -754.484545931517 -0.965 -1.017 0.052 -754.484545931517 -0.965 -1.017 0.052
Fx1 -674.774912767867 -674.774912767867
xF1 -674.775027363192 -674.775027363192
FF1 -1349.551441293 -0.812 -0.942 0.13 -1349.551441293 -0.812 -0.942 0.13
Fx2 -674.774988794396 -674.774988794396
xF2 -674.775009188958 -674.775009188958
FF2 -1349.55119211352 -0.656 -0.749 0.094 -1349.55119211352 -0.656 -0.749 0.094
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DSD-PBEP86/def2-QZVP B97D3/def2-QZVP

E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol~!]
Propanes

H -118.9654774391 -119.122414400952

F -912.375873583156 -913.046964940022
Hxl1 -118.965379676288 -119.122421422984
xH1 -118.965377856626 -119.122421602204
HH1 -237.934072723275 -1.956 -2.080 0.124 -238.248439969699 -2.266 -2.257 -0.009
Hx2 -118.965384882435 -119.122432551183
xH2 -118.965388558935 -119.122421030765
HH2 -237.932811029255 -1.165 -1.279 0.114 -238.247148535681 -1.456 -1.440 -0.016
Hx1 -118.965463991994 -119.122402248926
xF1 -912.375583166442 -913.04688980176
HF1 -1031.34352492383 -1.364 -1.555 0.191 -1032.17109756073 -1.078 -1.133 0.055
Hx2 -118.965640771484 -119.122412395297
xF2 -912.375407423381 -913.04699042111
HF2 -1031.3430212738 -1.048 -1.238 0.190 -1032.17088793157 -0.947 -0.932 -0.015
Hx3 -118.965503780129 -119.122432528751
xF3 -912.375580479297 -913.046978971916
HF3 -1031.34301200984 -1.042 -1.210 0.167 -1032.17111678507 -1.090 -1.070 -0.020
Hx4 -118.965583327392 -119.122405207464
xF4 -912.375365777955 -913.046941763001
HF4 -1031.34288682525 -0.964 -1.216 0.252 -1032.17046407035 -0.681 -0.701 0.020
Fx1 -912.375534725034 -913.046697884011
xF1 -912.375592306062 -913.046845007231
FF1 -1824.75336996114 -1.018 -1.407 0.389 -1826.09418060133 -0.157 -0.400 0.243
Fx2 -912.375833319941 -913.0469586885
xF2 -912.375818181067 -913.04695662918
FF2 -1824.75409611851 -1.474 -1.534 0.060 -1826.09402560567 -0.060 -0.069 0.009

Butanes

H -158.223459069769 -158.427561314396

F -1149.97602431515 -1150.8224663123
Hx1 -158.223116062729 -158.42755830191
xH1 -158.223173998622 -158.427569097518
HH1 -316.451027070645 -2.578 -2.973 0.394 -316.860269979008 -3.230 -3.227 -0.003
Hx2 -158.223101087948 -158.427551787638
xH2 -158.223116907561 -158.427574181297
HH2 -316.449006884695 -1.311 -1.750 0.439 -316.858282598001 -1.983 -1.981 -0.002
Hx1 -158.223390696939 -158.427561201376
xF1 -1149.97568757908 -1150.82248685748
HF1 -1308.20227841443 -1.754 -2.008 0.254 -1309.25247799235 -1.538 -1.525 -0.013
Hx2 -158.223435367015 -158.42754573836
xF2 -1149.97598112465 -1150.82252645239
HF2 -1308.20255606827 -1.928 -1.970 0.042 -1309.25232596798 -1.442 -1.414 -0.028
Hx3 -158.223328472696 -158.427517788679
xF3 -1149.97591924557 -1150.82258830489
HF3 -1308.20242964852 -1.849 -1.997 0.148 -1309.25210539396 -1.304 -1.255 -0.049
Hx4 -158.22332087725 -158.427513693935
xF4 -1149.97605430886 -1150.82252023264
HF4 -1308.20254264709 -1.920 -1.988 0.068 -1309.2524059484 -1.492 -1.488 -0.004
Fx1 -1149.97602564114 -1150.82251030736
xF1 -1149.97596481922 -1150.82242178566
FF1 -2299.9547418453 -1.690 -1.727 0.037 -2301.64654471567 -1.012 -1.012 0.000
Fx2 -1149.97593439025 -1150.82260514959
xF2 -1149.97592921202 -1150.8225410968
FF2 -2299.95485520245 -1.761 -1.877 0.116 -2301.64627839915 -0.844 -0.710 -0.134

5116



DSD-PBEP86/def2-QZVP B97D3/def2-QZVP

E [Ha] BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol™!]
Pentanes

H -197.481196827152 -197.732670441897

F -1387.57653321274 -1388.59812906709
Hx1 -197.48084504907 -197.732653420579
xH1 -197.480842571138 -197.732653309355
HH1 -394.967838590586 -3.417 -3.860 0.443 -395.471991778568 -4.173 -4.195 0.021
Hx2 -197.480766159988 -197.732681313157
xH2 -197.480773210228 -197.732681237827
HH2 -394.96525551959 -1.796 -2.332 0.536 -395.469408219742 -2.552 -2.539 -0.014
Hx1 -197.48102673258 -197.732566918995
xF1 -1387.57639097769 -1388.59823044576
HF1 -1585.06157430192 -2.412 -2.608 0.196 -1586.33376971721 -1.864 -1.865 0.001
Hx2 -197.481153673457 -197.732635773032
xF2 -1387.57613843331 -1388.59797138019
HF2 -1585.06106681064 -2.094 -2.369 0.275 -1586.33356768505 -1.737 -1.858 0.121
Hx3 -197.481031793051 -197.732648518033
xF3 -1387.57641977966 -1388.59831798437
HF3 -1585.06118575447 -2.168 -2.343 0.175 -1586.33360756567 -1.762 -1.657 -0.105
Hx4 -197.48109400322 -197.732632167301
xF4 -1387.57654488909 -1388.59823416254
HF4 -1585.06194506742 -2.645 -2.702 0.057 -1586.3339052928 -1.949 -1.907 -0.042
Fxl1 -1387.57643673039 -1388.59813354821
xF1 -1387.57640690226 -1388.59820175132
FF1 -2775.15676607437 -2.322 -2.461 0.140 -2777.19769201507 -0.900 -0.851 -0.048
Fx2 -1387.5764108988 -1388.59810632768
xF2 -1387.57641498716 -1388.59811001759
FF2 -2775.15644650798 -2.121 -2.272 0.151 -2777.19778724243 -0.960 -0.986 0.026

Hexanes

H -236.738918710099 -237.037787409713

F -1625.17699658677 -1626.37391599793
Hx1 -236.738537546223 -237.037763704464
xH1 -236.73854118593 -237.037763465984
HH1 -473.484100704068 -3.930 -4.406 0.476 -474.083371389092 -4.892 -4.922 0.030
Hx2 -236.738444547433 -237.037801583698
xH2 -236.73842660549 -237.037801435229
HH2 -473.481152583191 -2.080 -2.687 0.606 -474.080606193581 -3.157 -3.140 -0.018
Hx1 -236.738619938236 -237.037598539951
xF1 -1625.17631682686 -1626.373687184
HF1 -1861.91974242161 -2.402 -3.016 0.614 -1863.41438394275 -1.682 -1.944 0.262
Hx2 -236.738827977027 -237.037692122121
xF2 -1625.17650739874 -1626.37373561144
HF2 -1861.92002226058 -2.577 -2.941 0.364 -1863.4150261913 -2.085 -2.258 0.173
Hx3 -236.738635432864 -237.037659748394
xF3 -1625.17659352015 -1626.37365800472
HF3 -1861.91988138564 -2.489 -2.919 0.431 -1863.41456568502 -1.796 -2.038 0.242
Hx4 -236.73889737329 -237.037778039017
xF4 -1625.17695873229 -1626.37392881256
HF4 -1861.92063080005 -2.959 -2.996 0.037 -1863.41531372376 -2.266 -2.263 -0.002
Fx1 -1625.17690990042 -1626.37384278893
xF1 -1625.17682451672 -1626.37384287734
FF1 -3250.35887153017 -3.061 -3.224 0.162 -3252.74909255155 -0.791 -0.883 0.092
Fx2 -1625.17684427736 -1626.37360981283
xF2 -1625.17684445309 -1626.37361437007
FF2 -3250.35718730193 -2.004 -2.195 0.191 -3252.74774948449 0.052 -0.330 0.381

S117



BLYP-D3/def2-QZVP BLYP-XDM /aug-cc-pVTZ

E [Ha) BAE [kcalmol™'] BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!]
Methanes

H -40.507666231781 -40.50408117046

F -437.680273179664 -437.6410851716
Hx1 -40.507663793825 -40.50407877668
xH1 -40.507663886296 -40.50407868563
HH1 -81.015929112992 -0.374 -0.377 0.003 -81.00886638346 -0.442 -0.445 0.003
Hx2 -40.50766597435 -40.50408190086
xH2 -40.507665958799 -40.50408235675
HH2 -81.015789170723 -0.287 -0.287 0.000 -81.00864152956 -0.301 -0.299 -0.001
Hx1 -40.507665604689 -40.5040816505
xF1 -437.680354043638 -437.6411710577
HF1 -478.188747279681 -0.507 -0.457 -0.050 -478.1463467596 -0.741 -0.687 -0.054
Hx2 -40.507664068776 -40.50407954161
xF2 -437.680330454236 -437.6411447594
HF2 -478.188337704603 -0.250 -0.215 -0.035 -478.1457650304 -0.376 -0.339 -0.036
Fx1 -437.680320096013 -437.641134048
xF1 -437.680326661296 -437.641141319
FF1 -875.361278746623 -0.460 -0.397 -0.063 -875.2832595794 -0.684 -0.618 -0.066
Fx2 -437.680335021164 -437.6411522329
xF2 -437.680326358207 -437.6411422
FF2 -875.361199598805 -0.410 -0.338 -0.072 -875.2832100158 -0.652 -0.575 -0.078

Ethanes

H -79.815156616873 -79.80889741932

F -675.564112602858 -675.5041374099
Hx1 -79.815162341258 -79.80889965725
xH1 -79.815163018095 -79.80890186263
HH1 -159.632203093962 -1.186 -1.178 -0.008 -159.6199030076 -1.323 -1.319 -0.004
Hx2 -79.815158838352 -79.80889916564
xH2 -79.815159006277 -79.80889969434
HH2 -159.631993953908 -1.055 -1.052 -0.003 -159.6195886958 -1.126 -1.123 -0.003
Hx1 -79.815152287801 -79.80888922865
xF1 -675.564262678841 -675.5042854962
HF1 -755.380463708674 -0.750 -0.658 -0.091 -755.3146480048 -1.012 -0.924 -0.088
Hx2 -79.815154087394 -79.80889036107
xF2 -675.564294035234 -675.5043481975
HF2 -755.380730899065 -0.917 -0.805 -0.112 -755.3149848408 -1.224 -1.096 -0.128
Hx3 -79.815154450476 -79.80889115451
xF3 -675.564252803315 -675.5042672149
HF3 -755.380298349712 -0.646 -0.559 -0.087 -755.3144115428 -0.864 -0.786 -0.078
Hx4 -79.815153948316 -79.80888878577
xF4 -675.564202388235 -675.5042288107
HF4 -755.380531315403 -0.792 -0.737 -0.055 -755.3147866407 -1.099 -1.047 -0.052
Fx1 -675.564189783414 -675.5042101185
xF1 -675.564154778769 -675.5041725866
FF1 -1351.12925010851 -0.643 -0.568 -0.075 -1351.009942449 -1.046 -0.979 -0.068
Fx2 -675.564291496695 -675.504318521
xF2 -675.564181338857 -675.5041993049
FF2 -1351.1292612544 -0.650 -0.495 -0.155 -1351.009797189 -0.955 -0.803 -0.152

5118



BLYP-D3/def2-QZVP BLYP-XDM /aug-cc-pVTZ

E [Ha) BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcal mol™1] E [Ha) BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol™?]
Propanes

H -119.125618426848 -119.1166834021

F -913.446564564769 -913.365986134
Hx1 -119.125627103176 -119.1166912458
xH1 -119.125627538997 -119.1166921312
HH1 -238.254424509273 -2.000 -1.989 -0.011 -238.2368344256 -2.176 -2.166 -0.010
Hx2 -119.125645006767 -119.116707429
xH2 -119.125622640156 -119.1166834927
HH2 -238.253003046856 -1.108 -1.089 -0.019 -238.2351615894 -1.126 -1.111 -0.015
Hx1 -119.125602589088 -119.1166668358
xF1 -913.446550638558 -913.3659887147
HF1 -1032.5740183928 -1.152 -1.170 0.019 -1032.485205206 -1.591 -1.600 0.009
Hx2 -119.125616379723 -119.1166820355
xF2 -913.446663601517 -913.3661207528
HF2 -1032.57375782922 -0.988 -0.927 -0.061 -1032.484858136 -1.373 -1.290 -0.084
Hx3 -119.125646375114 -119.1167186599
xF3 -913.446657677995 -913.3661003844
HF3 -1032.57382843001 -1.033 -0.957 -0.076 -1032.484740837 -1.300 -1.206 -0.094
Hx4 -119.125607920419 -119.1166719854
xF4 -913.446620964252 -913.3660937807
HF4 -1032.57354083488 -0.852 -0.823 -0.029 -1032.484726896 -1.291 -1.231 -0.060
Fx1 -913.446292609158 -913.3657165162
xF1 -913.446456657543 -913.3659003131
FF1 -1826.89399714866 -0.545 -0.783 0.238 -1826.733914083 -1.219 -1.442 0.223
Fx2 -913.446557634289 -913.3659802527
xF2 -913.446553569967 -913.3659759849
FF2 -1826.89424203296 -0.698 -0.710 0.011 -1826.734432243 -1.544 -1.554 0.010

Butanes

H -158.436115915613 -158.4243687149

F -1151.32811369802 -1151.227134462
Hx1 -158.436111588814 -158.4243689258
xH1 -158.43612380173 -158.4243712635
HH1 -316.87685861193 -2.903 -2.901 -0.002 -316.8537749143 -3.161 -3.159 -0.002
Hx2 -158.436103500595 -158.4243560167
xH2 -158.436132747508 -158.4243833382
HH2 -316.874707176155 -1.553 -1.551 -0.003 -316.8512993621 -1.608 -1.606 -0.001
Hx1 -158.43611873873 -158.4243708947
xF1 -1151.32822958988 -1151.227208538
HF1 -1309.767022718 -1.753 -1.678 -0.074 -1309.655076815 -2.242 -2.195 -0.048
Hx2 -158.436103097384 -158.4243552504
xF2 -1151.32818601543 -1151.227193342
HF2 -1309.76678996666 -1.607 -1.569 -0.037 -1309.654930862 -2.151 -2.122 -0.028
Hx3 -158.4360622433 -158.4243063835
xF3 -1151.32824295549 -1151.227238587
HF3 -1309.76670931223 -1.556 -1.509 -0.047 -1309.654970275 -2.176 -2.149 -0.026
Hx4 -158.436064924797 -158.4243135422
xF4 -1151.32816625779 -1151.227171408
HF4 -1309.7667372783 -1.574 -1.573 -0.001 -1309.654885856 -2.123 -2.134 0.011
Fx1 -1151.32812852056 -1151.227125241
xF1 -1151.32812130777 -1151.227165941
FF1 -2302.65820751612 -1.243 -1.228 -0.014 -2302.457352433 -1.935 -1.921 -0.014
Fx2 -1151.32828113473 -1151.227264197
xF2 -1151.32822586146 -1151.227214535
FF2 -2302.65831427216 -1.310 -1.134 -0.175 -2302.457714031 -2.162 -2.030 -0.132

5119



BLYP-D3/def2-QZVP BLYP-XDM/aug-cc-pVTZ

E [Ha] BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol™!]
Pentanes

H -197.445522623464 -197.57021659243

F -1388.22912666694 -1388.00768686124
Hx1 -197.445500380936 -197.570199738717
xH1 -197.445500224481 -197.570199641368
HH1 -394.896884801564 -3.664 -3.692 0.028 -395.146708964698 -3.938 -3.959 0.021
Hx2 -197.445536493822 -197.570225693725
xH2 -197.44553642235 -197.570225603214
HH2 -394.894059851211 -1.892 -1.874 -0.017 -395.144494463869 -2.548 -2.537 -0.011
Hx1 -197.44542411314 -197.57010880511
xF1 -1388.22915542896 -1388.00771916376
HF1 -1585.68016328151 -3.460 -3.504 0.044 -1585.58191489409 -2.517 -2.565 0.047
Hx2 -197.445491204696 -197.570178336334
xF2 -1388.22894038678 -1388.00749476257
HF2 -1585.67945047163 -3.013 -3.149 0.137 -1585.58155331671 -2.290 -2.435 0.145
Hx3 -197.445487208859 -197.570185351125
xF3 -1388.2292550995 -1388.00782045027
HF3 -1585.6797459737 -3.198 -3.140 -0.058 -1585.58168345636 -2.372 -2.308 -0.064
Hx4 -197.445476716655 -197.57016950943
xF4 -1388.22919705012 -1388.00775596823
HF4 -1585.68047047778 -3.653 -3.637 -0.015 -1585.58219783442 -2.695 -2.681 -0.014
Fxl1 -1388.22912719251 -1388.00767315185
xF1 -1388.2291652788 -1388.00771565856
FF1 -2776.46517364352 -4.343 -4.318 -0.025 -2776.01869143357 -2.082 -2.072 -0.009
Fx2 -1388.22905185176 -1388.00764289579
xF2 -1388.22905941403 -1388.00764784066
FF2 -2776.46428185928 -3.783 -3.872 0.089 -2776.01853050655 -1.981 -2.033 0.052

Hexanes

H -236.699295041123 -236.846336404762

F -1625.94218900133 -1625.68361908786
Hx1 -236.699265179933 -236.846316725267
xH1 -236.699264784254 -236.846316384078
HH1 -473.405643134184 -4.426 -4.464 0.038 -473.699986719555 -4.590 -4.614 0.025
Hx2 -236.699308990341 -236.846346638323
xH2 -236.699308885483 -236.846346514905
HH2 -473.402553715556 -2.487 -2.470 -0.017 -473.697531634804 -3.049 -3.036 -0.013
Hx1 -236.699089660894 -236.846138988141
xF1 -1625.94185271133 -1625.68330656475
HF1 -1862.64774318473 -3.928 -4.268 0.340 -1862.53404066957 -2.563 -2.883 0.320
Hx2 -236.699196616116 -236.84624436968
xF2 -1625.94194449193 -1625.68338448685
HF2 -1862.64751687209 -3.786 -4.001 0.215 -1862.53440114756 -2.790 -2.995 0.205
Hx3 -236.699177057735 -236.846202507192
xF3 -1625.94191343566 -1625.68335515976
HF3 -1862.64771262641 -3.908 -4.155 0.247 -1862.53421875789 -2.675 -2.925 0.250
Hx4 -236.699286156833 -236.846318193451
xF4 -1625.94218207656 -1625.68360831792
HF4 -1862.64808895805 -4.145 -4.155 0.010 -1862.53480090783 -3.041 -3.059 0.018
Fx1 -1625.94210998791 -1625.68353590655
xF1 -1625.94211897862 -1625.68355150013
FF1 -3251.89344391726 -5.689 -5.782 0.094 -3251.37108429254 -2.413 -2.508 0.095
Fx2 -1625.94197145041 -1625.68339492751
xF2 -1625.94197372558 -1625.68339760666
FF2 -3251.89053102413 -3.861 -4.133 0.272 -3251.36963231621 -1.502 -1.782 0.280

5120



BLYP-NL/def2-QZVP PBE-D3/def2-QZVP

E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!] E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!]
Methanes

H -40.433704361338 -40.468623686438

F -437.375877997406 -437.301896329176
Hx1 -40.43370239369 -40.468620808704
xH1 -40.433702316336 -40.468620904186
HH1 -80.867774570902 -0.230 -0.232 0.003 -80.938353180285 -0.694 -0.697 0.004
Hx2 -40.433703893428 -40.468623342435
xH2 -40.433703649388 -40.468623349292
HH2 -80.8676809263 -0.171 -0.172 0.001 -80.938198496086 -0.597 -0.597 0.000
Hx1 -40.433704613238 -40.468622899117
xF1 -437.375949360451 -437.301950949965
HF1 -477.810725967763 -0.718 -0.673 -0.045 -477.771926223092 -0.882 -0.849 -0.034
Hx2 -40.433702074606 -40.468621198987
xF2 -437.375928651571 -437.301935300114
HF2 -477.810209906563 -0.394 -0.363 -0.030 -477.771434722621 -0.574 -0.551 -0.023
Fx1 -437.375918634265 -437.301924589287
xF1 -437.375926270295 -437.301934202071
FF1 -874.7533666248 -1.011 -0.955 -0.056 -874.605151852988 -0.853 -0.811 -0.041
Fx2 -437.375933951719 -437.301940042731
xF2 -437.375927525666 -437.301933667468
FF2 -874.753349886422 -1.000 -0.934 -0.066 -874.604968104437 -0.738 -0.687 -0.051

Ethanes

H -79.684223508866 -79.7417710803

F -675.090003134662 -674.979472457831
Hx1 -79.684231747825 -79.741779422275
xH1 -79.684227308279 -79.741779217914
HH1 -159.370019547555 -0.987 -0.979 -0.008 -159.485940254543 -1.505 -1.494 -0.010
Hx2 -79.684225243405 -79.741777772561
xH2 -79.684225849981 -79.741777983379
HH2 -159.369803890498 -0.851 -0.849 -0.003 -159.485766956578 -1.396 -1.388 -0.009
Hx1 -79.68421724922 -79.741767618115
xF1 -675.090129486775 -674.979579223335
HF1 -754.776058014443 -1.149 -1.074 -0.075 -754.723054213834 -1.136 -1.071 -0.065
Hx2 -79.684221309085 -79.741769849808
xF2 -675.090177897775 -674.979609886189
HF2 -754.776442739331 -1.391 -1.282 -0.108 -754.723344923298 -1.319 -1.233 -0.085
Hx3 -79.684219224531 -79.741770127112
xF3 -675.090114248897 -674.979570389162
HF3 -754.775792444717 -0.983 -0.916 -0.067 -754.722857752047 -1.013 -0.952 -0.061
Hx4 -79.684222548284 -79.741767240933
xF4 -675.090077904307 -674.979542830408
HF4 -754.776219880308 -1.251 -1.204 -0.046 -754.723153773823 -1.199 -1.157 -0.042
Fx1 -675.09008029082 -674.979524491432
xF1 -675.090045036977 -674.979494959116
FF1 -1350.18266065928 -1.666 -1.591 -0.075 -1349.96060986308 -1.045 -0.998 -0.047
Fx2 -675.090151396854 -674.979598011236
xF2 -675.090059544163 -674.979525454922
FF2 -1350.18221849205 -1.388 -1.260 -0.128 -1349.9605408618 -1.001 -0.889 -0.112

S121



BLYP-NL/def2-QZVP PBE-D3/def2-QZVP

E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol~!]
Propanes

H -118.937964398449 -119.0179306436

F -912.803367592912 -912.656089243053
Hxl1 -118.937973621097 -119.017937008877
xH1 -118.937973526147 -119.017936890239
HH1 -237.878782195759 -1.791 -1.779 -0.012 -238.039446723487 -2.250 -2.242 -0.008
Hx2 -118.93798960294 -119.017945348766
xH2 -118.937971327401 -119.017936616299
HH2 -237.877471248851 -0.968 -0.948 -0.020 -238.03818755883 -1.460 -1.447 -0.013
Hx1 -118.937949662138 -119.017917311258
xF1 -912.803374073348 -912.656065869378
HF1 -1031.74434606743 -1.891 -1.897 0.005 -1031.67655924824 -1.593 -1.617 0.023
Hx2 -118.937965036793 -119.017929374897
xF2 -912.803492943316 -912.656157661562
HF2 -1031.74388838031 -1.604 -1.525 -0.079 -1031.67623821865 -1.392 -1.350 -0.042
Hx3 -118.938000364735 -119.017960554628
xF3 -912.8034622063 -912.656149631115
HF3 -1031.74381371527 -1.557 -1.475 -0.082 -1031.67634746339 -1.461 -1.404 -0.057
Hx4 -118.937953983659 -119.017915606786
xF4 -912.803464449168 -912.656130860455
HF4 -1031.74386142261 -1.587 -1.533 -0.054 -1031.67606736184 -1.285 -1.268 -0.017
Fx1 -912.803125555602 -912.655866762547
xF1 -912.803281832585 -912.656007062583
FF1 -1825.61014285935 -2.138 -2.344 0.206 -1825.31388866106 -1.073 -1.264 0.191
Fx2 -912.80336131173 -912.656083826031
xF2 -912.803356795842 -912.656081341146
FF2 -1825.61098804215 -2.669 -2.679 0.011 -1825.31412272449 -1.220 -1.228 0.008

Butanes

H -158.191753745149 -158.294103788252

F -1150.5161489168 -1150.33182471274
Hx1 -158.191749045443 -158.294102252034
xH1 -158.191767521511 -158.294108591526
HH1 -316.387843615443 -2.721 -2.715 -0.006 -316.593129784883 -3.089 -3.087 -0.002
Hx2 -158.191748874118 -158.294094121973
xH2 -158.191772853829 -158.294113582637
HH2 -316.385782429455 -1.428 -1.419 -0.009 -316.591327043135 -1.957 -1.957 0.000
Hx1 -158.19176013785 -158.294099492185
xF1 -1150.51608945163 -1150.33180376386
HF1 -1308.71212141691 -2.647 -2.681 0.033 -1308.62929373477 -2.112 -2.128 0.016
Hx2 -158.19173724032 -158.294082741885
xF2 -1150.51617953716 -1150.33186209905
HF2 -1308.71215188482 -2.666 -2.658 -0.009 -1308.6291995376 -2.053 -2.042 -0.010
Hx3 -158.191700094947 -158.29405097961
xF3 -1150.5161873807 -1150.33188837845
HF3 -1308.71210370547 -2.636 -2.646 0.010 -1308.62901678959 -1.938 -1.931 -0.007
Hx4 -158.191707327736 -158.294055257055
xF4 -1150.51618299674 -1150.3318529682
HF4 -1308.71198142107 -2.559 -2.567 0.008 -1308.62917291173 -2.036 -2.049 0.013
Fx1 -1150.51609225676 -1150.33182013943
xF1 -1150.51615388232 -1150.33181697288
FF1 -2301.03681570544 -2.835 -2.867 0.032 -2300.66634028935 -1.689 -1.696 0.008
Fx2 -1150.51620020772 -1150.33189325135
xF2 -1150.51618824372 -1150.33185347854
FF2 -2301.03752343686 -3.279 -3.222 -0.057 -2300.66637367249 -1.709 -1.648 -0.061

S122



BLYP-NL/def2-QZVP PBE-D3/def2-QZVP

E [Ha] BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol™!]
Pentanes

H -197.445522623464 -197.57021659243

F -1388.22912666694 -1388.00768686124
Hx1 -197.445500380936 -197.570199738717
xH1 -197.445500224481 -197.570199641368
HH1 -394.896884801564 -3.664 -3.692 0.028 -395.146708964698 -3.938 -3.959 0.021
Hx2 -197.445536493822 -197.570225693725
xH2 -197.44553642235 -197.570225603214
HH2 -394.894059851211 -1.892 -1.874 -0.017 -395.144494463869 -2.548 -2.537 -0.011
Hx1 -197.44542411314 -197.57010880511
xF1 -1388.22915542896 -1388.00771916376
HF1 -1585.68016328151 -3.460 -3.504 0.044 -1585.58191489409 -2.517 -2.565 0.047
Hx2 -197.445491204696 -197.570178336334
xF2 -1388.22894038678 -1388.00749476257
HF2 -1585.67945047163 -3.013 -3.149 0.137 -1585.58155331671 -2.290 -2.435 0.145
Hx3 -197.445487208859 -197.570185351125
xF3 -1388.2292550995 -1388.00782045027
HF3 -1585.6797459737 -3.198 -3.140 -0.058 -1585.58168345636 -2.372 -2.308 -0.064
Hx4 -197.445476716655 -197.57016950943
xF4 -1388.22919705012 -1388.00775596823
HF4 -1585.68047047778 -3.653 -3.637 -0.015 -1585.58219783442 -2.695 -2.681 -0.014
Fxl1 -1388.22912719251 -1388.00767315185
xF1 -1388.2291652788 -1388.00771565856
FF1 -2776.46517364352 -4.343 -4.318 -0.025 -2776.01869143357 -2.082 -2.072 -0.009
Fx2 -1388.22905185176 -1388.00764289579
xF2 -1388.22905941403 -1388.00764784066
FF2 -2776.46428185928 -3.783 -3.872 0.089 -2776.01853050655 -1.981 -2.033 0.052

Hexanes

H -236.699295041123 -236.846336404762

F -1625.94218900133 -1625.68361908786
Hx1 -236.699265179933 -236.846316725267
xH1 -236.699264784254 -236.846316384078
HH1 -473.405643134184 -4.426 -4.464 0.038 -473.699986719555 -4.590 -4.614 0.025
Hx2 -236.699308990341 -236.846346638323
xH2 -236.699308885483 -236.846346514905
HH2 -473.402553715556 -2.487 -2.470 -0.017 -473.697531634804 -3.049 -3.036 -0.013
Hx1 -236.699089660894 -236.846138988141
xF1 -1625.94185271133 -1625.68330656475
HF1 -1862.64774318473 -3.928 -4.268 0.340 -1862.53404066957 -2.563 -2.883 0.320
Hx2 -236.699196616116 -236.84624436968
xF2 -1625.94194449193 -1625.68338448685
HF2 -1862.64751687209 -3.786 -4.001 0.215 -1862.53440114756 -2.790 -2.995 0.205
Hx3 -236.699177057735 -236.846202507192
xF3 -1625.94191343566 -1625.68335515976
HF3 -1862.64771262641 -3.908 -4.155 0.247 -1862.53421875789 -2.675 -2.925 0.250
Hx4 -236.699286156833 -236.846318193451
xF4 -1625.94218207656 -1625.68360831792
HF4 -1862.64808895805 -4.145 -4.155 0.010 -1862.53480090783 -3.041 -3.059 0.018
Fx1 -1625.94210998791 -1625.68353590655
xF1 -1625.94211897862 -1625.68355150013
FF1 -3251.89344391726 -5.689 -5.782 0.094 -3251.37108429254 -2.413 -2.508 0.095
Fx2 -1625.94197145041 -1625.68339492751
xF2 -1625.94197372558 -1625.68339760666
FF2 -3251.89053102413 -3.861 -4.133 0.272 -3251.36963231621 -1.502 -1.782 0.280

5123



PBE-dDsC/QZ4P PBE-XDM/aug-cc-pVTZ

E [Ha] BAE [kcalmol™!]  BIE [kealmol™!] E-def [kcalmol™!] E [Ha| BAE [kealmol™!]  BIE [kcalmol™!] E-def [kcal mol™]
Methanes

H -0.883839257049025 -40.46393269993

F -0.956055451608807 -437.2587215495

Hx1 -0.883827775253054 -40.46392923761
xH1 -0.883830659545519 -40.46392943039
HH1 -1.76871316340648 -0.649 -0.662 0.013 -80.92882932944 -0.605 -0.609 0.004
Hx2 -0.883832356826416 -40.46393246336
xH2 -0.88382980334505 -40.46393271425
HH2 -1.76857791682207 -0.564 -0.575 0.010 -80.92871381574 -0.532 -0.533 0.000
Hx1 -0.883836412011288 -40.46393176796

xF1 -0.956129725276525 -437.258783099
HF1 -1.84151490521401 -1.017 -0.972 -0.045 -477.7240729407 -0.890 -0.852 -0.038
Hx2 -0.883836662738119 -40.46393013783

xF2 -0.956133370790201 -437.2587644449
HF2 -1.84101927097868 -0.706 -0.658 -0.047 -477.7235847436 -0.584 -0.559 -0.025
Fx1 -0.956092092491527 -437.2587550137

xF1 -0.956094119926821 -437.2587619069
FF1 -1.91385777454594 -1.096 -1.049 -0.047 -874.5189381449 -0.938 -0.892 -0.046
Fx2 -0.95609624362216 -437.258769224

xF2 -0.95602509416178 -437.2587615512
FF2 -1.91376273109257 -1.037 -1.030 -0.007 -874.5186795373 -0.776 -0.721 -0.055

Ethanes

H -1.49005255386608 -79.73259089238

F -1.58681376474656 -674.9131339434

Hx1 -1.49008654602944 -79.73259887991
xH1 -1.49009823624231 -79.73259832731
HH1 -2.98292756409948 -1.771 -1.721 -0.050 -159.467230186 -1.285 -1.276 -0.010
Hx2 -1.49007356230251 -79.73259725759
xH2 -1.49007736045316 -79.73259770695
HH2 -2.9826034868582 -1.568 -1.539 -0.029 -159.4671164218 -1.214 -1.206 -0.008
Hx1 -1.49007795529372 -79.73258682409

xF1 -1.58687673275345 -674.9132483746
HF1 -3.079205506044 -1.468 -1.412 -0.055 -754.6476587458 -1.214 -1.144 -0.069
Hx2 -1.49004580754786 -79.73258841946

xF2 -1.58690666669895 -674.9132887973
HF2 -3.07954016480729 -1.678 -1.624 -0.054 -754.6479035879 -1.367 -1.272 -0.096
Hx3 -1.49006065006389 -79.73258886887

xF3 -1.58685863991975 -674.9132384075
HF3 -3.07892690451456 -1.293 -1.260 -0.033 -754.6474456455 -1.080 -1.016 -0.064
Hx4 -1.4900495194976 -79.73258457144

xF4 -1.58683697604237 -674.9132071271
HF4 -3.0793480387753 -1.557 -1.545 -0.013 -754.6477383198 -1.263 -1.222 -0.042
Fxl1 -1.58680801477139 -674.9131870047

xF1 -1.58677107218408 -674.9131543035
FF1 -3.17610281557898 -1.553 -1.584 0.030 -1349.828160055 -1.187 -1.141 -0.046
Fx2 -1.58692960879544 -674.9132697437

xF2 -1.58674990194849 -674.9131862992

FF2 -3.17584009588139 -1.388 -1.356 -0.033 -1349.828059295 -1.124 -1.006 -0.118

S124



PBE-dDsC/QZAP PBE-XDM/aug-cc-pVTZ

E [Ha) BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcal mol™1] E [Ha) BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol™?]
Propanes

H -2.09975507610939 -119.00413359

F -2.21718363507822 -912.5664076754
Hx1 -2.09970939794028 -119.0041425869
xH1 -2.09971467118466 -119.0041429721
HH1 -4.20369749236946 -2.628 -2.682 0.054 -238.0114446451 -1.994 -1.982 -0.012
Hx2 -2.09972476723893 -119.0041498969
xH2 -2.09971601644477 -119.0041393643
HH2 -4.20219829983119 -1.687 -1.730 0.044 -238.010345195 -1.304 -1.290 -0.014
Hx1 -2.09972870659801 -119.0041188039
xF1 -2.21713179304622 -912.5663868836
HF1 -4.32049165871626 -2.230 -2.279 0.049 -1031.573263688 -1.708 -1.731 0.022
Hx2 -2.09972919709301 -119.0041325896
xF2 -2.21719940278449 -912.5664868161
HF2 -4.31993208459369 -1.878 -1.885 0.006 -1031.572985263 -1.534 -1.485 -0.049
Hx3 -2.09978812294241 -119.0041689222
xF3 -2.21724102296353 -912.5664751765
HF3 -4.31996925484445 -1.902 -1.845 -0.057 -1031.57313218 -1.626 -1.561 -0.065
Hx4 -2.09966068122946 -119.0041194317
xF4 -2.21722004243295 -912.5664582747
HF4 -4.31988888630637 -1.851 -1.888 0.036 -1031.572828909 -1.436 -1.413 -0.023
Fx1 -2.21695164738816 -912.566183157
xF1 -2.21713917826022 -912.5663243669
FF1 -4.43765371921319 -2.062 -2.236 0.173 -1825.134883308 -1.298 -1.491 0.193
Fx2 -2.2171596281897 -912.5664029928
xF2 -2.21718049196758 -912.5664005967
FF2 -4.43826148281025 -2.444 -2.461 0.017 -1825.135184858 -1.487 -1.494 0.007

Butanes

H -2.70961929396179 -158.275702988

F -2.84708193038427 -1150.218885049
Hx1 -2.70963410406778 -158.2757069788
xH1 -2.70959075838609 -158.27570423
HH1 -5.42545776374939 -3.903 -3.911 0.009 -316.5558400812 -2.782 -2.779 -0.003
Hx2 -2.70955261344846 -158.2756898051
xH2 -2.70957196991216 -158.2757117823
HH2 -5.42298600967028 -2.352 -2.423 0.072 -316.5542335187 -1.774 -1.777 0.003
Hx1 -2.7095540019397 -158.2756978399
xF1 -2.84698126399749 -1150.218826054
HF1 -5.5613175934172 -2.897 -3.001 0.104 -1308.498298315 -2.328 -2.368 0.040
Hx2 -2.70958307998382 -158.2756819432
xF2 -2.84710998549403 -1150.21890975
HF2 -5.56140455437863 -2.951 -2.957 0.005 -1308.498186541 -2.258 -2.256 -0.002
Hx3 -2.70954178726408 -158.2756414865
xF3 -2.8471206574374 -1150.218925325
HF3 -5.56152197536837 -3.025 -3.049 0.024 -1308.497954154 -2.112 -2.126 0.013
Hx4 -2.70952651159695 -158.2756502936
xF4 -2.84707225082311 -1150.218904814
HF4 -5.5614434094447 -2.976 -3.040 0.064 -1308.498165539 -2.245 -2.266 0.021
Fx1 -2.84702286044624 -1150.218857941
xF1 -2.84705376190627 -1150.218875907
FF1 -5.698487416525 -2.713 -2.768 0.055 -2300.440924977 -1.980 -2.002 0.023
Fx2 -2.84709677386872 -1150.21892819
xF2 -2.84706551099736 -1150.21889262
FF2 -5.69912143711902 -3.111 -3.112 0.001 -2300.441021462 -2.040 -2.008 -0.032

5125



PBE-dDsC/QZ4P PBE-XDM /aug-cc-pVTZ

E [Ha] BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol™!] E [Ha] BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol ™!
Pentanes

H -3.31940480555648 -197.5472260191

F -3.47714194207951 -1387.871512522
Hx1 -3.31939806439905 -197.5472150548
xH1 -3.31939680965446 -197.5472149286
HH1 -6.64697608220883 -5.125 -5.134 0.009 -395.1001452695 -3.573 -3.586 0.014
Hx2 -3.31936708365482 -197.5472345331
xH2 -3.31936971469356 -197.5472344538
HH2 -6.64393142317421 -3.214 -3.260 0.046 -395.0980889143 -2.282 -2.272 -0.011
Hx1 -3.31923178027 -197.5471273811
xF1 -3.47718625953986 -1387.871521025
HF1 -6.80247613150678 -3.721 -3.802 0.081 -1585.423217183 -2.810 -2.867 0.057
Hx2 -3.31936018092275 -197.5471873085
xF2 -3.47694171588405 -1387.871267836
HF2 -6.80181484911669 -3.306 -3.459 0.154 -1585.422773914 -2.532 -2.710 0.178
Hx3 -3.31937575387692 -197.5471946523
xF3 -3.47723193927879 -1387.871634834
HF3 -6.80228465793758 -3.601 -3.562 -0.038 -1585.42287852 -2.598 -2.541 -0.057
Hx4 -3.31936222636314 -197.5471763614
xF4 -3.47715366582953 -1387.871571467
HF4 -6.80293938538261 -4.011 -4.031 0.019 -1585.423529689 -3.006 -3.001 -0.006
Fx1 -3.47711779787034 -1387.871498195
xF1 -3.47715613780696 -1387.871530325
FF1 -6.96036034423541 -3.813 -3.819 0.006 -2775.747050454 -2.526 -2.524 -0.002
Fx2 -3.4771672942031 -1387.87145405
xF2 -3.47717461137172 -1387.871459409
FF2 -6.96013933851824 -3.674 -3.638 -0.036 -2775.74687086 -2.413 -2.483 0.070

Hexanes

H -3.9292195839309 -236.8187678111

F -4.10746799143434 -1625.524209883
Hx1 -3.92925110925325 -236.8187493839
xH1 -3.92925398967885 -236.818749242
HH1 -7.86818250932209 -6.114 -6.073 -0.041 -473.6442197439 -4.194 -4.218 0.023
Hx2 -3.92917456949484 -236.8187663229
xH2 -3.92916923776214 -236.818766197
HH2 -7.86466338246352 -3.906 -3.966 0.060 -473.6419155928 -2.748 -2.750 0.002
Hx1 -3.92903047433647 -236.8185697565
xF1 -4.1069535621265 -1625.523843552
HF1 -8.0431659763061 -4.065 -4.507 0.441 -1862.347600792 -2.901 -3.255 0.354
Hx2 -3.92915437006568 -236.8186722824
xF2 -4.10716999495156 -1625.523932796
HF2 -8.04317603696079 -4.072 -4.299 0.228 -1862.34796281 -3.128 -3.362 0.234
Hx3 -3.92903106095917 -236.8186386995
xF3 -4.10717084700408 -1625.523916445
HF3 -8.04347448264836 -4.259 -4.564 0.305 -1862.347786671 -3.018 -3.283 0.265
Hx4 -3.92918353874802 -236.8187333724
xF4 -4.10737798606225 -1625.524187215
HF4 -8.0439177495198 -4.537 -4.616 0.079 -1862.348382683 -3.392 -3.428 0.036
Fx1 -4.10726645637324 -1625.524132314
xF1 -4.10721697794202 -1625.52413722
FF1 -8.22237083026386 -4.665 -4.949 0.284 -3251.053228483 -3.018 -3.112 0.094
Fx2 -4.10720896650448 -1625.524003844
xF2 -4.10722032565206 -1625.524005858
FF2 -8.22031744483011 -3.377 -3.695 0.318 -3251.051648578 -2.026 -2.283 0.257

5126



TPSS-D3/def2-QZVP MOGL/def2-QZVP

E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!] E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!]
Methanes

H -40.545876889156 -40.531313296368

F -437.741373399662 -437.638884588424
Hx1 -40.545875208204 -40.531310430462
xH1 -40.545875210792 -40.53131106774
HH1 -81.092700187038 -0.594 -0.596 0.002 -81.063416060228 -0.495 -0.499 0.003
Hx2 -40.545876566182 -40.531311957368
xH2 -40.545876519163 -40.531312292159
HH2 -81.09253878652 -0.493 -0.493 0.000 -81.06301260005 -0.242 -0.244 0.001
Hx1 -40.545876513073 -40.531311709867
xF1 -437.741419399716 -437.638871944456
HF1 -478.288406784797 -0.726 -0.697 -0.029 -478.171407636663 -0.759 -0.768 0.009
Hx2 -40.545875171279 -40.531312910727
xF2 -437.741406663173 -437.638874470425
HF2 -478.287995815984 -0.468 -0.448 -0.020 -478.17056066646 -0.228 -0.234 0.007
Fx1 -437.741394039167 -437.63886022921
xF1 -437.741408167293 -437.638879102913
FF1 -875.483951384018 -0.756 -0.721 -0.035 -875.279010518116 -0.779 -0.798 0.019
Fx2 -437.741412927962 -437.638877748562
xF2 -437.741406689847 -437.638862726542
FF2 -875.483641211926 -0.561 -0.516 -0.046 -875.278623687304 -0.536 -0.554 0.018

Ethanes

H -79.883012891806 -79.854027492189

F -675.664573839115 -675.503338370446
Hx1 -79.883015573347 -79.854032286033
xH1 -79.883016462659 -79.854030519234
HH1 -159.767932292748 -1.196 -1.192 -0.004 -159.70997177197 -1.203 -1.198 -0.005
Hx2 -79.883015127177 -79.854027399091
xH2 -79.883015124224 -79.854026017108
HH2 -159.767884199177 -1.166 -1.163 -0.003 -159.709714805679 -1.042 -1.043 0.001
Hx1 -79.88300848243 -79.85402710114
xF1 -675.664677033957 -675.503336062214
HF1 -755.549074354432 -0.933 -0.872 -0.062 -755.359026159167 -1.042 -1.044 0.002
Hx2 -79.883011290343 -79.854027138122
xF2 -675.664723690195 -675.503484037444
HF2 -755.549319535961 -1.087 -0.994 -0.093 -755.359385947453 -1.268 -1.176 -0.091
Hx3 -79.883011523823 -79.854029980694
xF3 -675.664657924814 -675.503355005165
HF3 -755.548898059841 -0.823 -0.771 -0.052 -755.358531030086 -0.731 -0.719 -0.012
Hx4 -79.883010287708 -79.854027234807
xF4 -675.664645991311 -675.503401231715
HF4 -755.549102791869 -0.951 -0.908 -0.044 -755.359249579626 -1.182 -1.143 -0.039
Fx1 -675.664617425776 -675.503322051978
xF1 -675.664587200765 -675.503300080168
FF1 -1351.33046337945 -0.826 -0.790 -0.036 -1351.0084710138 -1.126 -1.160 0.034
Fx2 -675.664690876929 -675.503342738584
xF2 -675.664621868588 -675.503351695798
FF2 -1351.33047437217 -0.833 -0.729 -0.104 -1351.00770039685 -0.642 -0.631 -0.011
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TPSS-D3/def2-QZVP MOG6L/def2-QZVP

E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol~!]
Propanes

H -119.222649222907 -119.179099827686

F -913.586518906826 -913.367681855226
Hx1 -119.222652996912 -119.179120817425
xH1 -119.222653631568 -119.179120891353
HH1 -238.448285505759 -1.874 -1.869 -0.005 -238.361394812013 -2.005 -1.979 -0.026
Hx2 -119.222663212444 -119.179106907271
xH2 -119.222650776032 -119.179114463103
HH2 -238.447294250109 -1.252 -1.243 -0.010 -238.360028800746 -1.148 -1.134 -0.014
Hx1 -119.222637779103 -119.179096092706
xF1 -913.586506961758 -913.367662713436
HF1 -1032.81130609176 -1.342 -1.356 0.015 -1032.54942797309 -1.661 -1.675 0.014
Hx2 -119.222648383933 -119.179101577484
xF2 -913.586594959763 -913.367787273952
HF2 -1032.81102824425 -1.167 -1.120 -0.047 -1032.54871122369 -1.211 -1.144 -0.067
Hx3 -119.222665994781 -119.179084150446
xF3 -913.586594429269 -913.367672486197
HF3 -1032.81121911606 -1.287 -1.229 -0.058 -1032.54867005664 -1.185 -1.201 0.016
Hx4 -119.222640517255 -119.179092651281
xF4 -913.586586246972 -913.367819067733
HF4 -1032.81077039232 -1.005 -0.969 -0.037 -1032.5486422136 -1.168 -1.086 -0.082
Fx1 -913.586331786741 -913.367601110676
xF1 -913.586437691329 -913.367697999224
FF1 -1827.17431975313 -0.804 -0.973 0.168 -1826.7380290992 -1.673 -1.713 0.041
Fx2 -913.586517451097 -913.367681747519
xF2 -913.586514967614 -913.367676438581
FF2 -1827.17428008465 -0.780 -0.783 0.003 -1826.73817057167 -1.761 -1.765 0.003

Butanes

H -158.56234695919 -158.504212619942

F -1151.50774503466 -1151.23169986605
Hx1 -158.562342713572 -158.504211882524
xH1 -158.562346989899 -158.504227177329
HH1 -317.12888303279 -2.629 -2.631 0.003 -317.013345940843 -3.088 -3.079 -0.009
Hx2 -158.562336484009 -158.504210227948
xH2 -158.562354961524 -158.504216918158
HH2 -317.127468254398 -1.741 -1.742 0.002 -317.011147942597 -1.709 -1.707 -0.001
Hx1 -158.562346534096 -158.504192021048
xF1 -1151.50763748558 -1151.23116793546
HF1 -1310.07287900113 -1.749 -1.817 0.068 -1309.73820569109 -1.439 -1.786 0.347
Hx2 -158.562333645964 -158.504195645872
xF2 -1151.50774102669 -1151.23166288416
HF2 -1310.07278794136 -1.692 -1.703 0.011 -1309.73931301338 -2.134 -2.168 0.034
Hx3 -158.562304669652 -158.504175269299
xF3 -1151.50775628473 -1151.23160089333
HF3 -1310.07251134893 -1.518 -1.538 0.019 -1309.73906834421 -1.980 -2.066 0.086
Hx4 -158.562299787449 -158.504185404812
xF4 -1151.50774544679 -1151.23166362074
HF4 -1310.07280540381 -1.703 -1.732 0.029 -1309.73915565291 -2.035 -2.075 0.040
Fx1 -1151.50770754885 -1151.23162894804
xF1 -1151.50771870599 -1151.23167791501
FF1 -2303.01778161085 -1.438 -1.478 0.040 -2302.46635841842 -1.857 -1.915 0.058
Fx2 -1151.50774122351 -1151.23147183144
xF2 -1151.50768784112 -1151.23150039952
FF2 -2303.01749786521 -1.260 -1.298 0.038 -2302.46671580194 -2.081 -2.349 0.268
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E [Ha]

TPSS-D3/def2-QZVP

BAE [kcal mol™!]

BIE [kcalmol ™!

E-def [keal mol™1]

MOGL/def2-QZVP

BAE [kcal mol™!]

BIE [kcalmol ™!

E-def [kcal mol ]

Pentanes
H
F

Hx1
xH1
HH1
Hx2
xH2
HH2
Hx1
xF1
HF1
Hx2
xF2
HF2
Hx3
xF3
HF3
Hx4
xF4
HF4
Fx1
xF1
FF1
Fx2
xF2
FF2

Hexanes
H
F

Hx1
xH1
HH1

Hx2

HH2
Hx1
xF1

HF1
Hx2
xF2
HF2
Hx3
xF3
HF3
Hx4
xF4
HF4
Fx1

xF1

FF1

Fx2

FF2

-197.902019791865
-1389.42908497232
-197.902004204388
-197.902004050381
-395.809390727747
-197.902017496276
-197.902017377496
-395.807596376246
-197.901916612921
-1389.42902030315
-1587.33446999986
-197.901990335994
-1389.4287809975
-1587.3341659679
-197.901993556334
-1389.42917547656
-1587.33425127319
-197.901979411593
-1389.42913183573
-1587.3346836789
-1389.42903955758
-1389.42905257742
-2778.86074818065
-1389.42901969083
-1389.42902355845
-2778.86072872366

-237.241693278491
-1627.35045818311
-237.241676867185
-237.241676696576
-474.489698483428
-237.241698189312
-237.241698222044
-474.4877403738
-237.241509247322
-1627.35000388271
-1864.59537016007
-237.241609105753
-1627.35012070514
-1864.59588996368
-237.241564505658
-1627.35014529302
-1864.59560733316
-237.24168388154
-1627.35041899558
-1864.59629351458
-1627.35033876335
-1627.35036472861
-3254.70384325965
-1627.3502755816
-1627.35027637325

-3254.70260179171

-3.358

-2.232

-2.112

-1.921

-1.974

-2.246

-1.618

-1.606

-3.961

-2.732

-2.02

-2.346

-2.169

-1.837

-1.058

-3.378

-2.235

-2.217

-2.13

-1.934

-2.242

-1.667

-1.685

-3.981

-2.726

-2.42

-2.611

-2.446

-2.63

-1.97

-1.286

0.02

0.003

0.105

0.209

-0.04

-0.004

0.049

0.08

0.021

-0.006

0.401

0.265

0.277

0.03

0.134

0.229

-197.829207208924
-1389.09577099359
-197.829246212566
-197.829246291122
-395.664740278264
-197.82923276239
-197.829232623606
-395.662425874782
-197.829090470193
-1389.09559494498
-1586.9295349048
-197.829163666231
-1389.09532405391
-1586.92844471739
-197.829209911164
-1389.09573258885
-1586.9286525406
-197.829188437833
-1389.0957270257
-1586.92964572275
-1389.09572045492
-1389.09565299646
-2778.19610154589
-1389.09569757717
-1389.09569756873
-2778.19566561915

-237.154200718982
-1626.95982446733
-237.154258624144
-237.154258152089
-474.315850648367
-237.15424527861
-237.154245192201
-474.313284969139
-237.15402395451
-1626.95917484718
-1864.11852106709
-237.154120938445
-1626.95922897748
-1864.11807012286
-237.15407286172
-1626.95938614533
-1864.11844143075
-237.154219531913
-1626.95973174262
-1864.11885655251
-1626.95968274096
-1626.95970909978
-3253.92605123883
-1626.95968417419
-1626.9596817135

-3253.92265301019

-3.97

-2.517

-2.859

-2.175

-2.306

-2.929

-2.861

-2.588

-4.674

-3.064

-2.821

-2.538

-2.771

-3.032

-4.018

-1.885

-3.921

-2.485

-3.043

-2.483

-2.328

-2.968

-2.967

-2.68

-4.602

-3.009

-3.34

-2.962

-3.127

-3.078

-4.179

-2.063

-0.049

-0.032

0.184

0.308

0.022

0.039

0.106

0.092

-0.072

-0.056

0.424

0.355

0.046

0.161

0.178
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MOGL-D3/def2-QZVP rPW86PW92-vdW-DF10/pc-3

E [Ha] BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha] BAE [kealmol™!] BIE [kcalmol™!] E-def [kcal mol™]
Methanes

H -40.531313494154 -40.8510656396

F -437.63888562999 -439.6412093037
Hx1 -40.531310628153 -40.8510693484
xH1 -40.531311265437 -40.8510740856
HH1 -81.063540656048 -0.573 -0.577 0.003 -81.7031539731 -0.642 -0.634 -0.008
Hx2 -40.531312155147 -40.8510589574
xH2 -40.531312489944 -40.8510547251
HH2 -81.06316146489 -0.335 -0.337 0.001 -81.7027364161 -0.380 -0.391 0.011
Hx1 -40.531311907622 -40.851056957
xF1 -437.638872988599 -439.6413398624
HF1 -478.171625635736 -0.895 -0.904 0.009 -480.4939410165 -1.045 -0.969 -0.076
Hx2 -40.531313108451 -40.8510949362
xF2 -437.638875513836 -439.6412358168
HF2 -478.170774711101 -0.361 -0.368 0.007 -480.4933560313 -0.678 -0.643 -0.035
Fx1 -437.63886127239 -439.6412659791
xF1 -437.63888014626 -439.6412143835
FF1 -875.279222636535 -0.911 -0.929 0.019 -879.2841866738 -1.109 -1.071 -0.039
Fx2 -437.638878792144 -439.641181742
xF2 -437.63886376985 -439.6412362103
FF2 -875.278836451879 -0.668 -0.686 0.018 -879.2840123925 -1.000 -1.001 0.000

Ethanes

H -79.854039272244 -80.4514493009

F -675.503370187583 -678.6297265259
Hx1 -79.8540440827 -80.451449053
xH1 -79.854042316937 -80.4514339121
HH1 -159.710360601872 -1.432 -1.427 -0.005 -160.9052225053 -1.458 -1.468 0.010
Hx2 -79.854039175391 -80.4514491704
xH2 -79.854037794075 -80.4514452927
HH2 -159.710087936175 -1.261 -1.262 0.001 -160.9050497817 -1.350 -1.352 0.003
Hx1 -79.85403888336 -80.4513612733
xF1 -675.503368020086 -678.6299899071
HF1 -755.359543885376 -1.339 -1.341 0.002 -759.0838300134 -1.666 -1.555 -0.110
Hx2 -79.854038911322 -80.4514242626
xF2 -675.503515992153 -678.6300688824
HF2 -755.35991293815 -1.571 -1.480 -0.091 -759.0840111592 -1.779 -1.580 -0.199
Hx3 -79.854041757239 -80.4514557207
xF3 -675.503387014904 -678.6299769076
HF3 -755.35902395819 -1.013 -1.001 -0.012 -759.0835257052 -1.475 -1.313 -0.161
Hx4 -79.854039016178 -80.4513758026
xF4 -675.503433180248 -678.6297990257
HF4 -755.359775026334 -1.484 -1.445 -0.039 -759.0838229011 -1.661 -1.662 0.001
Fx1 -675.50335390688 -678.6297825313
xF1 -675.503331919154 -678.6298903181
FF1 -1351.00902692263 -1.435 -1.469 0.034 -1357.262660815 -2.013 -1.875 -0.138
Fx2 -675.503374723874 -678.6299160046
xF2 -675.50338363883 -678.6299071005
FF2 -1351.00820143222 -0.917 -0.906 -0.011 -1357.2623402932 -1.812 -1.580 -0.232
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MOG6L-D3/def2-QZVP rPW86PW92-vdW-DF10/pc-3

E [Ha] BAE [kcalmol™]  BIE [kecalmol~']  E-def [kcal mol~!] E [Ha) BAE [kcalmol™']  BIE [kcalmol™']  E-def [kcal mol™!]
Propanes

H -119.179174685064 -120.0545345692

F -913.367837461475 -917.6166781956
Hx1 -119.179195935982 -120.0545433359
xH1 -119.179196019286 -120.054544287
HH1 -238.362220065339 -2.429 -2.402 -0.027 -240.1128279819 -2.359 -2.347 -0.012
Hx2 -119.179182095252 -120.0545573652
xH2 -119.179189505402 -120.0545333223
HH2 -238.360764436726 -1.515 -1.502 -0.014 -240.1115329459 -1.546 -1.533 -0.014
Hx1 -119.179170847752 -120.0545253421
xF1 -913.367818203814 -917.6167229623
HF1 -1032.55043458467 -2.148 -2.162 0.014 -1037.6749357906 -2.336 -2.314 -0.022
Hx2 -119.179176463796 -120.0545346031
xF2 -913.36794252332 -917.6168435381
HF2 -1032.54971371423 -1.695 -1.628 -0.067 -1037.6744857594 -2.054 -1.950 -0.104
Hx3 -119.179159110814 -120.0545501035
xF3 -913.367828045902 -917.6168318342
HF3 -1032.54965869595 -1.661 -1.676 0.016 -1037.674481074 -2.051 -1.945 -0.106
Hx4 -119.179167561595 -120.0545319813
xF4 -913.36797403723 -917.616806891
HF4 -1032.54966079082 -1.662 -1.581 -0.081 -1037.6744097202 -2.006 -1.927 -0.079
Fx1 -913.367757029184 -917.6163891716
xF1 -913.367853075201 -917.6165921804
FF1 -1826.73915142545 -2.182 -2.222 0.041 -1835.2367320651 -2.118 -2.354 0.235
Fx2 -913.367837394936 -917.6166736657
xF2 -913.367832093387 -917.6166665186
FF2 -1826.73929114994 -2.269 -2.273 0.003 -1835.2375886881 -2.656 -2.666 0.010

Butanes

H -158.504405429392 -159.6577013044

F -1151.23205085392 -1156.6027837611
Hx1 -158.504404762333 -159.6577088502
xH1 -158.504420022722 -159.657712478
HH1 -317.014768736239 -3.739 -3.730 -0.009 -319.3203436152 -3.101 -3.089 -0.012
Hx2 -158.504402982743 -159.6576874725
xH2 -158.504409827564 -159.6577182613
HH2 -317.01242018095 -2.265 -2.264 -0.001 -319.3184440044 -1.909 -1.907 -0.002
Hx1 -158.5043848569 -159.6577115253
xF1 -1151.23151472739 -1156.602908989
HF1 -1309.74000445396 -2.227 -2.576 0.349 -1316.2655957806 -3.207 -3.122 -0.085
Hx2 -158.504388489769 -159.6576948043
xF2 -1151.23201292053 -1156.6029340376
HF2 -1309.74109149874 -2.909 -2.943 0.034 -1316.2653016023 -3.022 -2.932 -0.090
Hx3 -158.504367975808 -159.6576578688
xF3 -1151.2319501625 -1156.602864446
HF3 -1309.74078932977 -2.719 -2.806 0.087 -1316.2652381355 -2.983 -2.959 -0.023
Hx4 -158.504378234664 -159.6576927182
xF4 -1151.2320140071 -1156.6028528897
HF4 -1309.74086119089 -2.764 -2.804 0.040 -1316.2652212975 -2.972 -2.934 -0.038
Fx1 -1151.23197855604 -1156.6027323388
xF1 -1151.23202832642 -1156.6028807005
FF1 -2302.4681530638 -2.542 -2.602 0.060 -2313.2101861807 -2.898 -2.870 -0.029
Fx2 -1151.23182029732 -1156.6030145974
xF2 -1151.23184890978 -1156.602804627
FF2 -2302.46852549155 -2.776 -3.047 0.271 -2313.2109816812 -3.397 -3.239 -0.158
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MOG6L-D3/def2-QZVP rPW86PW92-vdW-DF10/pc-3

E [Ha) BAE [kcalmol™]  BIE [kealmol™']  E-def [kcal mol~!] E [Ha) BAE [kcalmol™']  BIE [kcalmol™!]  E-def [kcal mol~!]
Pentanes

H -197.829546912061 -199.2606853165

F -1389.09635173789 -1395.588991017
Hx1 -197.829585908694 -199.2606771086
xH1 -197.829585987278 -199.2606788554
HH1 -395.666853816336 -4.869 -4.820 -0.049 -398.5283621744 -4.387 -4.396 0.009
Hx2 -197.829572457672 -199.2607009512
xH2 -197.829572319054 -199.2607019433
HH2 -395.664329804598 -3.286 -3.254 -0.032 -398.52585015 -2.811 -2.791 -0.020
Hx1 -197.829430387443 -199.2608299172
xF1 -1389.09617298117 -1395.5891164208
HF1 -1586.93208436091 -3.882 -4.067 0.185 -1594.8560653088 -4.009 -3.840 -0.169
Hx2 -197.829503425025 -199.2607321568
xF2 -1389.09590115683 -1395.5890465671
HF2 -1586.93083565244 -3.098 -3.408 0.310 -1594.8554131765 -3.600 -3.536 -0.064
Hx3 -197.829549637961 -199.2607080866
xF3 -1389.09631197743 -1395.5893589664
HF3 -1586.93105857581 -3.238 -3.261 0.023 -1594.8553784205 -3.578 -3.333 -0.245
Hx4 -197.829528116067 -199.2606733081
xF4 -1389.09630670999 -1395.5891777798
HF4 -1586.93219755266 -3.953 -3.993 0.040 -1594.8563005292 -4.157 -4.047 -0.110
Fx1 -1389.09630074287 -1395.5890811807
xF1 -1389.09623211052 -1395.5891323758
FF1 -2778.19885254001 -3.859 -3.966 0.107 -2791.1845148135 -4.099 -3.954 -0.145
Fx2 -1389.09627708287 -1395.5889126617
xF2 -1389.09627708811 -1395.5889853576
FF2 -2778.19826636464 -3.491 -3.584 0.094 -2791.1840640257 -3.817 -3.869 0.053

Hexanes

H -237.154697232514 -238.8638768436

F -1626.96064808145 -1634.5753070568
Hx1 -237.154755174877 -238.8638584254
xH1 -237.154754702224 -238.8638607577
HH1 -474.318634788667 -5.798 -5.726 -0.072 -477.735112896 -4.618 -4.640 0.022
Hx2 -237.154741846345 -238.863865576
xH2 -237.15474176022 -238.863878442
HH2 -474.315825402905 -4.035 -3.980 -0.056 -477.7327391994 -3.128 -3.135 0.006
Hx1 -237.154520998888 -238.8638527077
xF1 -1626.95999282742 -1634.5753072981
HF1 -1864.12189613397 -4.111 -4.632 0.522 -1873.4461234753 -4.355 -4.370 0.015
Hx2 -237.154617823874 -238.8637670022
xF2 -1626.96004847542 -1634.5751558421
HF2 -1864.12132916802 -3.755 -4.181 0.426 -1873.445887794 -4.207 -4.371 0.164
Hx3 -237.154569569288 -238.8639312758
xF3 -1626.96020765417 -1634.5750455547
HF3 -1864.12174521149 -4.016 -4.372 0.356 -1873.4460397874 -4.302 -4.432 0.130
Hx4 -237.154716136238 -238.8639121156
xF4 -1626.96055416028 -1634.5755362197
HF4 -1864.12214472893 -4.267 -4.314 0.047 -1873.4464576914 -4.564 -4.398 -0.166
Fx1 -1626.96050589548 -1634.5750833833
xF1 -1626.96053246581 -1634.5753596311
FF1 -3253.92982130881 -5.350 -5.511 0.162 -3269.1590413137 -5.288 -5.396 0.107
Fx2 -1626.96051003683 -1634.5749524227
xF2 -1626.96050748751 -1634.5749457219
FF2 -3253.92603885371 -2.976 -3.151 0.175 -3269.1567315811 -3.839 -4.288 0.449

5132



MO06-2X/def2-QZVP MO06-2X-D3/def2-QZVP

E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!] E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!]
Methanes

H -40.506624277959 -40.506624419795

F -437.573388251481 -437.573388998429
Hx1 -40.506533736772 -40.50653387854
xH1 -40.506525030411 -40.506525172184
HH1 -81.013751947257 -0.316 -0.435 0.119 -81.013857181298 -0.382 -0.501 0.119
Hx2 -40.506494112138 -40.50649425397
xH2 -40.506481858911 -40.506482000747
HH2 -81.013440737748 -0.121 -0.292 0.171 -81.013570468737 -0.202 -0.373 0.171
Hx1 -40.506531614822 -40.506531756636
xF1 -437.573295171184 -437.57329591998
HF1 -478.080871528725 -0.539 -0.656 0.117 -478.08105536543 -0.654 -0.770 0.117
Hx2 -40.506623946011 -40.506624087803
xF2 -437.573352489113 -437.573353237384
HF2 -478.08034858822 -0.211 -0.234 0.023 -478.08053883961 -0.330 -0.352 0.023
Fx1 -437.573285703867 -437.573286451973
xF1 -437.573309479055 -437.57331022728
FF1 -875.147447246175 -0.421 -0.535 0.114 -875.147624324572 -0.531 -0.645 0.114
Fx2 -437.573309538083 -437.573310286477
xF2 -437.573257142947 -437.573257891144
FF2 -875.147392588487 -0.387 -0.518 0.132 -875.147580909556 -0.504 -0.635 0.132

Ethanes

H -79.814933219858 -79.814941721041

F -675.401082451369 -675.40110567909
Hx1 -79.814932721472 -79.814941234748
xH1 -79.814824946182 -79.814833460212
HH1 -159.631744332222 -1.178 -1.247 0.068 -159.632077942442 -1.377 -1.445 0.068
Hx2 -79.814990133969 -79.814998632432
xH2 -79.815004418129 -79.815012917078
HH2 -159.631483163056 -1.015 -0.934 -0.080 -159.631807916467 -1.208 -1.127 -0.080
Hx1 -79.814920621854 -79.814929124594
xF1 -675.401064094147 -675.401087427405
HF1 -755.217045976799 -0.647 -0.666 0.019 -755.217500515714 -0.912 -0.931 0.019
Hx2 -79.814986592888 -79.814995089083
xF2 -675.400870979205 -675.400894310354
HF2 -755.217122137153 -0.694 -0.794 0.099 -755.217583936528 -0.964 -1.063 0.099
Hx3 -79.814927859366 -79.814936357994
xF3 -675.401166900331 -675.401190272276
HF3 -755.216917432915 -0.566 -0.516 -0.050 -755.217354947991 -0.820 -0.771 -0.050
Hx4 -79.81510495871 -79.815113460836
xF4 -675.40114701712 -675.401170343237
HF4 -755.21738550104 -0.860 -0.711 -0.148 -755.21784826173 -1.130 -0.982 -0.148
Fx1 -675.401057099872 -675.401080355952
xF1 -675.401160696272 -675.401183939684
FF1 -1350.8033431572 -0.739 -0.706 -0.033 -1350.80382902467 -1.015 -0.982 -0.033
Fx2 -675.401063976818 -675.401087330707
xF2 -675.401200970927 -675.401224292829
FF2 -1350.80297288156 -0.507 -0.444 -0.063 -1350.80340945068 -0.752 -0.689 -0.063

5133



MO06-2X/def2-QZVP MO06-2X-D3/def2-QZVP

E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol~!]
Propanes

H -119.126434379236 -119.126492988755

F -913.229549836054 -913.229673716665
Hxl1 -119.12636663932 -119.126425475808
xH1 -119.126364669245 -119.126423514884
HH1 -238.255476484992 -1.636 -1.723 0.086 -238.25618709045 -2.009 -2.095 0.086
Hx2 -119.126372708028 -119.126431604503
xH2 -119.12637788495 -119.126436656174
HH2 -238.254320845063 -0.911 -0.985 0.074 -238.254963569123 -1.241 -1.315 0.074
Hx1 -119.126429880875 -119.126488401389
xF1 -913.229337999544 -913.229461728969
HF1 -1032.35756346057 -0.991 -1.127 0.136 -1032.35844735369 -1.431 -1.567 0.136
Hx2 -119.126570466029 -119.126629099655
xF2 -913.229178809165 -913.229302351329
HF2 -1032.35693072129 -0.594 -0.741 0.147 -1032.35781749967 -1.036 -1.184 0.148
Hx3 -119.126460035265 -119.126518732339
xF3 -913.229269792262 -913.229393614863
HF3 -1032.35687144408 -0.557 -0.716 0.160 -1032.35774283106 -0.989 -1.149 0.160
Hx4 -119.126509969017 -119.126568625486
xF4 -913.229140940132 -913.22926423021
HF4 -1032.35671925713 -0.461 -0.670 0.209 -1032.35761952757 -0.912 -1.121 0.209
Fx1 -913.229340746907 -913.229464861789
xF1 -913.229376958566 -913.229500361599
FF1 -1826.46028011037 -0.741 -0.980 0.240 -1826.46126954961 -1.206 -1.446 0.240
Fx2 -913.22954028812 -913.229664212406
xF2 -913.22953011019 -913.22965404266
FF2 -1826.4606776204 -0.990 -1.009 0.018 -1826.46165598907 -1.449 -1.467 0.018

Butanes

H -158.438067270029 -158.438227672519

F -1151.05752770185 -1151.05782043843
Hx1 -158.437795653278 -158.437956121148
xH1 -158.437862534786 -158.438022974135
HH1 -316.879829205757 -2.318 -2.617 0.299 -316.881068992786 -2.895 -3.194 0.299
Hx2 -158.437799967936 -158.437960322424
xH2 -158.437811227434 -158.43797172662
HH2 -316.877879759955 -1.095 -1.424 0.328 -316.879000723385 -1.597 -1.926 0.328
Hx1 -158.438009561757 -158.438169989744
xF1 -1151.05688945467 -1151.05717936607
HF1 -1309.49657842429 -0.617 -1.054 0.437 -1309.49816708333 -1.330 -1.768 0.438
Hx2 -158.438051732325 -158.438212171805
xF2 -1151.05747194133 -1151.0577640165
HF2 -1309.49745796476 -1.169 -1.214 0.045 -1309.4990232083 -1.867 -1.912 0.045
Hx3 -158.43795787314 -158.438118181865
xF3 -1151.0573595921 -1151.05765123724
HF3 -1309.49737123463 -1.115 -1.289 0.174 -1309.4988937269 -1.786 -1.961 0.175
Hx4 -158.437946224707 -158.438106640633
xF4 -1151.05752046813 -1151.0578128187
HF4 -1309.49740087116 -1.133 -1.214 0.080 -1309.49890259192 -1.791 -1.872 0.081
Fx1 -1151.05746013013 -1151.05775193612
xF1 -1151.05747866447 -1151.05777094118
FF1 -2302.11664533737 -0.998 -1.071 0.073 -2302.11823777794 -1.630 -1.704 0.074
Fx2 -1151.05727793152 -1151.0575689947
xF2 -1151.05729509385 -1151.05758610052
FF2 -2302.11657161285 -0.951 -1.254 0.303 -2302.11816703545 -1.585 -1.890 0.305

5134



MO06-2X/def2-QZVP MO06-2X-D3/def2-QZVP

E [Ha] BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol™!]
Pentanes

H -197.749441168558 -197.749731142782

F -1388.88577417831 -1388.88626869996
Hx1 -197.749177593733 -197.74946 7565986
xH1 -197.749175663617 -197.749465635858
HH1 -395.503705449188 -3.027 -3.359 0.332 -395.505564225936 -3.829 -4.161 0.332
Hx2 -197.749122886594 -197.749412875496
xH2 -197.749128166813 -197.749418155953
HH2 -395.50137342704 -1.563 -1.959 0.396 -395.503060881127 -2.258 -2.654 0.396
Hx1 -197.749278094786 -197.749568201345
xF1 -1388.88552577365 -1388.88601837898
HF1 -1586.63762765877 -1.514 -1.772 0.258 -1586.63989234664 -2.443 -2.702 0.259
Hx2 -197.74940852951 -197.749698556699
xF2 -1388.88523418015 -1388.88572603339
HF2 -1586.63692310455 -1.072 -1.431 0.359 -1586.63905065418 -1.914 -2.275 0.361
Hx3 -197.74929966772 -197.749589673233
xF3 -1388.88561624516 -1388.88610973775
HF3 -1586.63711300479 -1.191 -1.379 0.188 -1586.63926189702 -2.047 -2.235 0.189
Hx4 -197.749349470575 -197.749639399292
xF4 -1388.88573977882 -1388.8862335089
HF4 -1586.63771947515 -1.571 -1.650 0.079 -1586.63998034057 -2.498 -2.577 0.080
Fx1 -1388.88569965021 -1388.88619393033
xF1 -1388.88554901496 -1388.88604236892
FF1 -2777.77373030164 -1.369 -1.557 0.188 -2777.77618334649 -2.288 -2.477 0.189
Fx2 -1388.88564790934 -1388.88614150698
xF2 -1388.88565173059 -1388.88614533993
FF2 -2777.77351411219 -1.234 -1.390 0.156 -2777.77582504292 -2.063 -2.220 0.157

Hexanes

H -237.060759966413 -237.061189291471

F -1626.71387372348 -1626.71458324202
Hx1 -237.060504392305 -237.060933750037
xH1 -237.060506485745 -237.060935842857
HH1 -474.127217935721 -3.576 -3.895 0.319 -474.129679192762 -4.581 -4.901 0.319
Hx2 -237.060452099559 -237.060881467488
xH2 -237.060441021288 -237.060870389517
HH2 -474.124676814695 -1.981 -2.374 0.393 -474.126942416905 -2.864 -3.257 0.393
Hx1 -237.060525268677 -237.060954958168
xF1 -1626.71300192605 -1626.71370739825
HF1 -1863.77666272148 -1.273 -1.968 0.694 -1863.77967947148 -2.452 -3.148 0.697
Hx2 -237.060679164864 -237.061108787726
xF2 -1626.71323419026 -1626.71394069975
HF2 -1863.77658346246 -1.224 -1.676 0.452 -1863.77949570621 -2.336 -2.790 0.454
Hx3 -237.060536990814 -237.06096642472
xF3 -1626.71343238351 -1626.71414039438
HF3 -1863.77676347337 -1.336 -1.753 0.417 -1863.77971166819 -2.472 -2.890 0.418
Hx4 -237.060774225589 -237.061203615144
xF4 -1626.71378669138 -1626.71449534598
HF4 -1863.77717786123 -1.596 -1.642 0.046 -1863.78010989712 -2.722 -2.768 0.046
Fx1 -1626.71382053582 -1626.71452976613
xF1 -1626.71371185139 -1626.71442127604
FF1 -3253.43092916116 -1.997 -2.132 0.135 -3253.43430036363 -3.222 -3.357 0.135
Fx2 -1626.71383095927 -1626.7145420632
xF2 -1626.71382757215 -1626.71453860626
FF2 -3253.42921985684 -0.924 -0.980 0.056 -3253.43223904757 -1.928 -1.982 0.054

5135



B3LYP-D3/def2-QZVP B3LYP-dDsC/QZ4P

E [Ha] BAE [kcalmol™!]  BIE [kcalmol™!]  E-def [kcalmol ! E [Ha) BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!]
Methanes

H -40.508353810813 -0.997054523256134

F -437.554162389672 -1.20895404065298
Hx1 -40.508323911401 -0.997046912167397
xH1 -40.508319036247 -0.997046064187006
HH1 -81.017407549216 -0.439 -0.480 0.041 -1.9948341514964 -0.455 -0.465 0.010
Hx2 -40.50830460883 -0.997022863079061
xH2 -40.50829832882 -0.997051984170406
HH2 -81.017206276302 -0.313 -0.379 0.066 -1.99467653524753 -0.356 -0.378 0.021
Hxl -40.508320525556 -0.997043172266109
xF1 -437.554164428607 -1.20899379040633
HF1 -478.063455294679 -0.589 -0.609 0.020 -2.20704863374822 -0.653 -0.635 -0.018
Hx2 -40.508352870386 -0.997054041876732
xF2 -437.554173188624 -1.20899682317528
HF2 -478.063018697603 -0.315 -0.309 -0.006 -2.20666040117139 -0.409 -0.382 -0.027
Fx1 -437.554152374313 -1.20896730375955
xF1 -437.554149622471 -1.20895840960563
FF1 -875.109123155343 -0.501 -0.515 0.014 -2.41884083309372 -0.585 -0.574 -0.011
Fx2 -437.554153563222 -1.20896316362528
xF2 -437.554127927127 -1.20888550538817
FF2 -875.109097581252 -0.485 -0.512 0.027 -2.41893497945686 -0.644 -0.682 0.037

Ethanes

H -79.812303022174 -1.68017047467535

F -675.36868477534 -1.98569503969456
Hx1 -79.812303025414 -1.68027599243754
xH1 -79.812262434402 -1.68028143449678
HH1 -159.626642396514 -1.278 -1.303 0.025 -3.36320553821355 -1.798 -1.662 -0.136
Hx2 -79.812325584565 -1.6802344960833
xH2 -79.812331912901 -1.68023059195844
HH2 -159.626482791287 -1.178 -1.145 -0.032 -3.36268782620929 -1.473 -1.395 -0.078
Hx1 -79.812292350121 -1.68020751873251
xF1 -675.368741016648 -1.98567652827987
HF1 -755.18232476599 -0.839 -0.810 -0.029 -3.66729405065374 -0.896 -0.885 -0.012
Hx2 -79.812326604564 -1.68021959152825
xF2 -675.368656220824 -1.98560407575361
HF2 -755.18254319798 -0.976 -0.979 0.003 -3.66763532723768 1111 -1.137 0.026
Hx3 -79.812300940751 -1.68018270017829
xF3 -675.368766824769 -1.98564618668733
HF3 -755.18216954899 -0.742 -0.691 -0.050 -3.66703273800714 -0.732 -0.755 0.023
Hx4 -79.812371197768 -1.68018221215156
xF4 -675.368721459916 -1.98564763735756
HF4 -755.182522821893 -0.963 -0.897 -0.066 -3.66748792047934 -1.018 -1.040 0.022
Fxl -675.368688456292 -1.98564455503553
xF1 -675.368703352579 -1.9856074618755
FF1 -1350.73865895424 -0.809 -0.795 -0.014 -3.9725782550825 -0.746 -0.832 0.087
Fx2 -675.368746871734 -1.98570551135143
xF2 -675.36872158297 -1.9855777713251
FF2 -1350.7385106709 -0.716 -0.654 -0.062 -3.97226126327924 -0.547 -0.614 0.067

5136



B3LYP-D3/def2-QZVP B3LYP-dDsC/QZ4P

E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol~!]
Propanes

H -119.119219214312 -2.36714715632625

F -913.182649236586 -2.76210974389371
Hxl1 -119.11920191317 -2.36706632980892
xH1 -119.119201781452 -2.3670493889605
HH1 -238.241715108446 -2.056 -2.078 0.022 -4.73857531500969 -2.686 -2.798 0.112
Hx2 -119.119209050169 -2.36710943950061
xH2 -119.11920316734 -2.36709130400842
HH2 -238.240343040799 -1.195 -1.212 0.016 -4.736507343554 -1.389 -1.447 0.059
Hx1 -119.119209555224 -2.36714181956329
xF1 -913.182508169149 -2.76203626172459
HF1 -1032.30390540466 -1.278 -1.373 0.095 -5.13195340563505 -1.692 -1.742 0.049
Hx2 -119.119271328837 -2.36715869854355
xF2 -913.18251612529 -2.76204321888593
HF2 -1032.30350984179 -1.030 -1.081 0.051 -5.13127784362148 -1.268 -1.303 0.035
Hx3 -119.119232677646 -2.36718211964487
xF3 -913.182556697026 -2.76212653548463
HF3 -1032.30353365825 -1.045 -1.095 0.050 -5.1312450424375 -1.248 -1.215 -0.032
Hx4 -119.119253166967 -2.36706559788857
xF4 -913.182479316403 -2.76209065428599
HF4 -1032.30334789651 -0.928 -1.014 0.085 -5.13140551676806 -1.348 -1.411 0.063
Fx1 -913.182391540217 -2.76192719192125
xF1 -913.182505601146 -2.76212374052011
FF1 -1826.3666473172 -0.846 -1.098 0.252 -5.52633962922619 -1.330 -1.436 0.106
Fx2 -913.182641137748 -2.76209999590492
xF2 -913.182636100043 -2.76213965001451
FF2 -1826.36709157574 -1.125 -1.139 0.013 -5.52673757602075 -1.580 -1.567 -0.013

Butanes

H -158.426236778255 -3.05413458301858

F -1150.99577796131 -3.53814802563191
Hx1 -158.426138319369 -3.05412734697419
xH1 -158.426158936112 -3.0541148613696
HH1 -316.85707412121 -2.887 -2.998 0.111 -6.11497067281755 -4.205 -4.222 0.017
Hx2 -158.426125888057 -3.0539861726772
xH2 -158.42614701502 -3.05405243526411
HH2 -316.854975298649 -1.570 -1.696 0.126 -6.1113762243495 -1.950 -2.094 0.145
Hx1 -158.42621214639 -3.05406171503111
xF1 -1150.99566511654 -3.53790483499211
HF1 -1309.42486579861 -1.789 -1.875 0.086 -6.59566950916554 -2.125 -2.324 0.198
Hx2 -158.426223340603 -3.05412213466942
xF2 -1150.99580685855 -3.53815157758183
HF2 -1309.42487163233 -1.793 -1.783 -0.010 -6.59590559199684 -2.273 -2.279 0.006
Hx3 -158.426174472668 -3.05407739409964
xF3 -1150.99580787547 -3.53821539174974
HF3 -1309.42476943426 -1.729 -1.749 0.020 -6.59609499233364 -2.392 -2.386 -0.006
Hx4 -158.426163155924 -3.05405086550945
xF4 -1150.99581880253 -3.53815185219887
HF4 -1309.42483058123 -1.767 -1.788 0.021 -6.59581485136437 -2.217 -2.267 0.050
Fx1 -1150.99580288325 -3.5381420883391
xF1 -1150.9957332409 -3.53810973870566
FF1 -2301.99390942518 -1.477 -1.489 0.012 -7.0787081224622 -1.514 -1.541 0.028
Fx2 -1150.9958170141 -3.53814654050713
xF2 -1150.99578610147 -3.53796166792821
FF2 -2301.99402091801 -1.547 -1.517 -0.030 -7.07899798029486 -1.695 -1.813 0.118

S137



E [Ha]

B3LYP-D3/def2-QZVP

BAE [kcal mol™!]

BIE [kcalmol ™!

E-def [keal mol™1]

B3LYP-dDsC/QZ4P

BAE [kcal mol™!]

BIE [kcalmol ™!

E-def [kcal mol ]

Pentanes
H
F

Hx1
xH1
HH1
Hx2
xH2
HH2
Hx1
xF1
HF1
Hx2
xF2
HF2
Hx3
xF3
HF3
Hx4
xF4
HF4
Fx1
xF1
FF1
Fx2
xF2
FF2

Hexanes
H
F

Hx1
xH1

HH1
Hx2
xH2
HH2
Hx1
xF1

HF1
Hx2
xF2
HF2
Hx3
xF3
HF3
Hx4
xF4
HF4
Fx1

xF1

FF1
Fx2
xF2
FF2

-197.733150514393
-1388.809137313
-197.733039082328
-197.733038898408
-395.472349513822
-197.733032827674
-197.733033165663
-395.469579099767
-197.733026822065
-1388.80913396051
-1586.54584320238
-197.733114611753
-1388.80892381137
-1586.54550693547
-197.733084956732
-1388.80919451388
-1586.54563955873
-197.733098652071
-1388.80919109966
-1586.5461817346
-1388.80911531471
-1388.80912736768
-2777.62145927768
-1388.80908651043
-1388.80909045596
-2777.62113807622

-237.040062124583
-1626.62254094344
-237.039946402381
-237.039946748938
-474.087256613648
-237.0399440548
-237.039942212862
-474.084273826733
-237.039858557189
-1626.62217796736
-1863.66631481909
-237.039972842364
-1626.6222702608
-1863.66655857684
-237.039891059779
-1626.62227446402
-1863.66643076806
-237.040049327837
-1626.62253357553
-1863.66702299448
-1626.62248565959
-1626.62244553499
-3253.24903898184
-1626.62233964131
-1626.62234210278
-3253.24744307792

-3.795

-2.057

-2.231

-2.020

-2.103

-2.443

-1.998

-1.797

-4.476

-2.604

-2.329

-2.482

-2.402

-2.774

-2.483

-1.482

-3.935

-2.205

-2.311

-2.177

-2.108

-2.442

-2.018

-1.858

-4.621

-2.753

-2.685

-2.708

-2.676

-2.786

-2.578

-1.733

0.140

0.147

0.080

0.157

0.005

-0.001

0.020

0.061

0.145

0.149

0.226

0.275

0.013

0.095

0.251

-3.74100920430532
-4.31416645591214
-3.74106507503068
-3.74106066460062
-7.49125042280308
-3.74091576568679
-3.74091237868381
-7.4865145102586
-3.74087673241662
-4.31418222324668
-8.05980476585605
-3.74097135483946
-4.3138706767912
-8.05915003671939
-3.74100361177355
-4.31427426559792
-8.05974693715521
-3.7409619200154
-4.3141525904642
-8.06030841849651
-4.31419119145626
-4.31417416426328
-8.63236726693781
-4.31429870946289
-4.31428571277507
-8.63187375800452

-4.42798094604148
-5.0904208285254
-4.42800501641623
-4.42801128104791
-8.86688887116302
-4.42784034456552
-4.42783163507668
-8.86141644369284
-4.42778226592321
-5.08986153677259
-9.52370079737084
-4.42792188817633
-5.09002550880112
-9.5234030053296
-4.42775945462131
-5.09011661231521
-9.52380077722309
-4.42786230693905
-5.09028091465909
-9.52420160022139
-5.09022452776762
-5.09013088581869
-10.1859513340609
-5.09022673896258
-5.09023467932742
-10.1844317405797

-5.793

-2.821

-2.905

-2.494

-2.869

-3.221

-2.532

-2.222

-6.857

-3.423

-3.325

-3.138

-3.388

-3.639

-3.206

-2.253

-5.726

-2.941

-2.978

-2.703

-2.804

-3.259

-2.511

-2.064

-6.823

-3.605

-3.801

-3.423

-3.718

-3.802

-2.491

-0.067

0.119

0.073

0.209

-0.064

0.038

-0.020

-0.158

-0.034

0.182

0.476

0.285

0.330

0.162

0.305

0.239

5138



B3LYP-XDM/aug-cc-pVTZ B3LYP-NL/def2-QZVP

E [Ha) BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcal mol~!] E [Ha) BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!]
Methanes

H -40.54004623483 -40.450478955403

F -437.6729650577 -437.316494422571
Hx1 -40.54004539424 -40.450449310548
xH1 -40.54004531584 -40.450444325613
HH1 -81.08090732403 -0.511 -0.512 0.001 -80.901395160982 -0.274 -0.315 0.040
Hx2 -40.54004647956 -40.450429536079
xH2 -40.54004668809 -40.45042308801
HH2 -81.08069053054 -0.375 -0.375 0.000 -80.9012505642 -0.184 -0.250 0.066
Hx1 -40.54004655243 -40.45044619739
xF1 -437.6729909055 -437.316489488932
HF1 -478.2142820835 -0.797 -0.781 -0.016 -477.768112140567 -0.715 -0.738 0.024
Hx2 -40.54004547394 -40.450477893705
xF2 -437.6729821742 -437.316500472315
HF2 -478.2136827772 -0.421 -0.411 -0.010 -477.767615192459 -0.403 -0.400 -0.003
Fx1 -437.6729765161 -437.316479767398
xF1 -437.6729803442 -437.316477693023
FF1 -875.3471212641 -0.747 -0.731 -0.017 -874.634451116533 -0.918 -0.937 0.020
Fx2 -437.6729853342 -437.316481129966
xF2 -437.6729814414 -437.316456918576
FF2 -875.3470913289 -0.729 -0.706 -0.023 -874.634482533851 -0.937 -0.969 0.032

Ethanes

H -79.86938267815 -79.709616974232

F -675.5569747212 -674.998274255037
Hx1 -79.8693829113 -79.709618653591
xH1 -79.86938425842 -79.709574807682
HH1 -159.7408395862 -1.302 -1.300 -0.001 -159.420849465373 -1.014 -1.039 0.025
Hx2 -79.86938333018 -79.709639034483
xH2 -79.86938357455 -79.709645710091
HH2 -159.7406054811 -1.155 -1.154 -0.001 -159.420711172813 -0.927 -0.895 -0.032
Hx1 -79.86937718941 -79.709604808579
xF1 -675.5570247102 -674.998312855404
HF1 -755.4280621249 -1.070 -1.042 -0.028 -754.709649826696 -1.104 -1.087 -0.017
Hx2 -79.86937931324 -79.709640965284
xF2 -675.5570424826 -674.998240837602
HF2 -755.4283541596 -1.253 -1.213 -0.040 -754.709946837673 -1.290 -1.296 0.006
Hx3 -79.86937972961 -79.709613134606
xF3 -675.5570249865 -674.998335271991
HF3 -755.4278119583 -0.913 -0.883 -0.030 -754.709431502109 -0.967 -0.931 -0.036
Hx4 -79.8693781419 -79.709686859244
xF4 -675.5570123418 -674.998299516033
HF4 -755.4282352374 -1.178 -1.158 -0.021 -754.70991224001 -1.268 -1.208 -0.060
Fx1 -675.5569918754 -674.998277841144
xF1 -675.5569592576 -674.998293334715
FF1 -1351.115759828 -1.136 -1.135 -0.001 -1349.99910062199 -1.601 -1.587 -0.014
Fx2 -675.55703413 -674.998313721572
xF2 -675.5569987096 -674.998301628671
FF2 -1351.115487244 -0.965 -0.913 -0.052 -1349.99860191231 -1.289 -1.247 -0.042

5139



B3LYP-XDM/aug-cc-pVTZ B3LYP-NL/def2-QZVP

E [Ha| BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol™?] E [Ha| BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol™?]
Propanes

H -119.201598301 -118.971860350801

F -913.4402027813 -912.679965030856
Hx1 -119.2016081296 -118.971843577662
xH1 -119.2016090068 -118.97184304787
HH1 -238.4065410993 -2.099 -2.086 -0.013 -237.9464806476 -1.732 -1.753 0.021
Hx2 -119.2016122714 -118.97184957987
xH2 -119.2016043885 -118.971846332987
HH2 -238.4050731668 -1.178 -1.165 -0.013 -237.945284491948 -0.981 -0.997 0.016
Hx1 -119.2015884645 -118.971851307233
xF1 -913.4401371672 -912.679839542536
HF1 -1032.644468677 -1.674 -1.721 0.047 -1031.65467464866 -1.788 -1.872 0.084
Hx2 -119.2015966378 -118.971915556045
xF2 -913.4402177558 -912.679851308916
HF2 -1032.64399395 -1.376 -1.368 -0.008 -1031.6541517172 -1.460 -1.497 0.037
Hx3 -119.2016043111 -118.971879792334
xF3 -913.4402000295 -912.679873969651
HF3 -1032.643960281 -1.355 -1.353 -0.002 -1031.65407237792 -1.410 -1.455 0.045
Hx4 -119.2015958418 -118.971894438584
xF4 -913.4401984519 -912.679825485673
HF4 -1032.643912768 -1.325 -1.329 0.004 -1031.65412941019 -1.446 -1.512 0.066
Fx1 -913.4399953516 -912.679728197594
xF1 -913.4401331848 -912.679838440776
FF1 -1826.882704387 -1.443 -1.616 0.174 -1825.36326651251 -2.094 -2.322 0.228
Fx2 -913.4401981268 -912.679957388913
xF2 -913.440197866 -912.679952054382
FF2 -1826.883262696 -1.793 -1.799 0.006 -1825.36416043466 -2.655 -2.668 0.013

Butanes

H -158.5337904438 -158.234217622374

F -1151.322804154 -1150.36106990829
Hx1 -158.5337950507 -158.234118115911
xH1 -158.5337928382 -158.234143573152
HH1 -317.0723802489 -3.012 -3.007 -0.004 -316.472461878985 -2.527 -2.636 0.109
Hx2 -158.5337775663 -158.234111196688
xH2 -158.5337983939 -158.234129018892
HH2 -317.0702106113 -1.650 -1.653 0.003 -316.470561581613 -1.334 -1.457 0.122
Hx1 -158.5337893695 -158.234195051681
xF1 -1151.322659884 -1150.36082658845
HF1 -1309.860124587 -2.215 -2.306 0.091 -1308.59913723586 -2.416 -2.583 0.167
Hx2 -158.5337769999 -158.234201543534
xF2 -1151.322831049 -1150.36106814525
HF2 -1309.860178792 -2.249 -2.241 -0.008 -1308.59933611743 -2.541 -2.552 0.011
Hx3 -158.5337512364 -158.234154643924
xF3 -1151.322828531 -1150.3610319958
HF3 -1309.860120772 -2.213 -2.222 0.009 -1308.59925292141 -2.488 -2.552 0.063
Hx4 -158.5337451139 -158.234146167724
xF4 -1151.322828296 -1150.36109677636
HF4 -1309.86014538 -2.228 -2.241 0.013 -1308.59919878773 -2.454 -2.482 0.028
Fx1 -1151.322800231 -1150.36104091546
xF1 -1151.32276843 -1150.36102432983
FF1 -2302.648844431 -2.031 -2.056 0.025 -2300.72650548168 -2.739 -2.786 0.047
Fx2 -1151.322812817 -1150.36102132587
xF2 -1151.322790862 -1150.36102394809
FF2 -2302.649147154 -2.221 -2.224 0.003 -2300.72706800781 -3.092 -3.152 0.059

5140



B3LYP-XDM/aug-cc-pVTZ B3LYP-NL/def2-QZVP

E [Ha] BAE [kcalmol™!] BIE [kcalmol™!] E-def [keal mol™] E [Ha] BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol ™!
Pentanes

H -197.8659489804 -197.496482909712

F -1389.205622122 -1388.04244626475
Hx1 -197.8659433981 -197.496370920763
xH1 -197.8659433077 -197.496370742356
HH1 -395.7381838128 -3.944 -3.951 0.007 -394.998388860074 -3.403 -3.544 0.141
Hx2 -197.8659519449 -197.496364500639
xH2 -197.8659518889 -197.496364815149
HH2 -395.7354185071 -2.209 -2.205 -0.004 -394.99579381963 -1.775 -1.923 0.148
Hx1 -197.865852492 -197.496360722111
xF1 -1389.205596126 -1388.04235714598
HF1 -1587.076100221 -2.842 -2.919 0.077 -1585.54404865606 -3.213 -3.345 0.133
Hx2 -197.8659135457 -197.496446410431
xF2 -1389.205393922 -1388.04216195353
HF2 -1587.075597068 -2.526 -2.692 0.165 -1585.54341962774 -2.818 -3.019 0.201
Hx3 -197.86593217 -197.496409475625
xF3 -1389.205692479 -1388.0424375512
HF3 -1587.0757676 -2.633 -2.600 -0.034 -1585.54363859131 -2.955 -3.007 0.052
Hx4 -197.8659151811 -197.496427024841
xF4 -1389.205658447 -1388.04246456623
HF4 -1587.076465052 -3.071 -3.069 -0.002 -1585.544449251 -3.464 -3.487 0.024
Fx1 -1389.205612339 -1388.04241412298
xF1 -1389.205615196 -1388.04238298251
FF1 -2778.415868008 -2.901 -2.912 0.010 -2776.09146253957 -4.123 -4.183 0.060
Fx2 -1389.205593735 -1388.04236809276
xF2 -1389.205596532 -1388.04237257564
FF2 -2778.415479694 -2.658 -2.692 0.034 -2776.09075739337 -3.680 -3.776 0.095

Hexanes

H -237.1981241153 -236.758745814544

F -1627.088508879 -1625.72382769832
Hx1 -237.1981125141 -236.758631934014
xH1 -237.1981125193 -236.758632128411
HH1 -474.403658019 -4.650 -4.664 0.015 -473.524009146021 -4.090 -4.233 0.143
Hx2 -237.1981249154 -236.758629631867
xH2 -237.1981247898 -236.758627791465
HH2 -474.4005742217 -2.715 -2.714 -0.001 -473.521196078234 -2.325 -2.472 0.147
Hx1 -237.1979436564 -236.758535587396
xF1 -1627.088138214 -1625.72334756807
HF1 -1864.291567151 -3.096 -3.442 0.346 -1862.48833751328 -3.617 -4.050 0.433
Hx2 -237.198031358 -236.758656104133
xF2 -1627.088215248 -1625.7234691238
HF2 -1864.291600104 -3.117 -3.359 0.242 -1862.48821653987 -3.541 -3.822 0.281
Hx3 -237.1980042966 -236.758580029361
xF3 -1627.088247962 -1625.72353392107
HF3 -1864.291688815 -3.173 -3.411 0.239 -1862.48839934114 -3.656 -3.944 0.288
Hx4 -237.198104247 -236.758733091263
xF4 -1627.088486132 -1625.72379892127
HF4 -1864.292106221 -3.435 -3.461 0.027 -1862.48883097724 -3.927 -3.953 0.026
Fx1 -1627.088442847 -1625.72377353118
xF1 -1627.088441655 -1625.7237226291
FF1 -3254.182882935 -3.680 -3.764 0.084 -3251.4564103505 -5.494 -5.594 0.100
Fx2 -1627.088332941 -1625.72369557978
xF2 -1627.088334003 -1625.72369592969
FF2 -3254.180988466 -2.492 -2.712 0.220 -3251.45379994909 -3.856 -4.021 0.166

S141



wB97X-D3/def2-QZVP B2PLYP-D3/def2-QZVP

E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!] E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!]
Methanes

H -40.523989637157 -40.501525442575

F -437.604661912271 -437.541182245921
Hx1 -40.523958818407 -40.501446942421
xH1 -40.523952957948 -40.501434196638
HH1 -81.048851651381 -0.547 -0.590 0.042 -81.003553381963 -0.315 -0.422 0.107
Hx2 -40.523938643624 -40.501394733956
xH2 -40.523934636742 -40.501378294744
HH2 -81.048619995006 -0.402 -0.469 0.067 -81.003311524393 -0.164 -0.338 0.174
Hx1 -40.523954720257 -40.501436128894
xF1 -437.604640614853 -437.541140557009
HF1 -478.129715242635 -0.667 -0.703 0.035 -478.043568259918 -0.540 -0.622 0.082
Hx2 -40.52398868047 -40.501525205944
xF2 -437.604655117936 -437.541172358575
HF2 -478.129197680029 -0.343 -0.348 0.005 -478.043195963977 -0.306 -0.313 0.006
Fx1 -437.604636895287 -437.541133784091
xF1 -437.604633921286 -437.541122660487
FF1 -875.210027471615 -0.442 -0.475 0.033 -875.083127853354 -0.479 -0.547 0.068
Fx2 -437.604636547421 -437.541126333705
xF2 -437.60461399148 -437.541069463641
FF2 -875.209681141116 -0.224 -0.270 0.046 -875.083115092591 -0.471 -0.577 0.106

Ethanes

H -79.841952885754 -79.80171482493

F -675.448326150121 -675.348142403687
Hx1 -79.841965343636 -79.801710238646
xH1 -79.841926996393 -79.801607002674
HH1 -159.686114201806 -1.386 -1.394 0.008 -159.605183749063 -1.101 -1.171 0.071
Hx2 -79.841983721594 -79.801774040706
xH2 -79.841987498528 -79.80179036455
HH2 -159.685931987125 -1.271 -1.230 -0.041 -159.605162209406 -1.087 -1.003 -0.085
Hx1 -79.84195629888 -79.801699202244
xF1 -675.448348741906 -675.34817193922
HF1 -755.291684980701 -0.882 -0.866 -0.016 -755.15124127724 -0.869 -0.860 -0.009
Hx2 -79.841987844431 -79.801772945268
xF2 -675.448272357927 -675.347943484417
HF2 -755.291863624704 -0.994 -1.006 0.012 -755.15135631432 -0.941 -1.029 0.088
Hx3 -79.841960791932 -79.801713402284
xF3 -675.448381829863 -675.348231835444
HF3 -755.29145741176 -0.739 -0.700 -0.040 -755.151128114893 -0.797 -0.742 -0.055
Hx4 -79.842024474054 -79.801889026458
xF4 -675.448346068047 -675.348160777516
HF4 -755.291839284107 -0.979 -0.922 -0.057 -755.151543381146 -1.058 -0.937 -0.121
Fx1 -675.448303824525 -675.348099109757
xF1 -675.448320250528 -675.348185542113
FF1 -1350.89738287022 -0.458 -0.476 0.018 -1350.69779134423 -0.945 -0.945 0.000
Fx2 -675.448352028375 -675.348170135301
xF2 -675.448355279647 -675.34817248712
FF2 -1350.89732933296 -0.425 -0.390 -0.035 -1350.6975505268 -0.794 -0.758 -0.036

5142



wB97X-D3/def2-QZVP B2PLYP-D3/def2-QZVP

E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol~!]
Propanes

H -119.162726065561 -119.105210215662

F -913.291719045601 -913.155050293842
Hx1 -119.162695070299 -119.10514416426
xH1 -119.162692889302 -119.105143096442
HH1 -238.328850095919 -2.132 -2.173 0.040 -238.213251959607 -L.777 -1.860 0.084
Hx2 -119.162706441179 -119.105147026118
xH2 -119.162703605184 -119.105149844914
HH2 -238.327705821858 -1.414 -1.441 0.026 -238.212028075626 -1.009 -1.086 0.078
Hx1 -119.162716984175 -119.105202967554
xF1 -913.29155321797 -913.15480750992
HF1 -1032.45660270664 -1.354 -1.464 0.110 -1032.26234259515 -1.307 -1.463 0.157
Hx2 -119.162772681517 -119.105343906942
xF2 -913.291550162414 -913.154685909976
HF2 -1032.45604535644 -1.004 -1.081 0.077 -1032.26190882555 -1.034 -1.179 0.145
Hx3 -119.162738260944 -119.10522666714
xF3 -913.291567156462 -913.154825449426
HF3 -1032.45609706258 -1.037 -1.124 0.088 -1032.26190458293 -1.032 -1.162 0.131
Hx4 -119.162768485575 -119.10530053403
xF4 -913.291522226192 -913.15464452575
HF4 -1032.45581721102 -0.861 -0.958 0.097 -1032.26176526591 -0.944 -1.142 0.198
Fx1 -913.291493984464 -913.154750679567
xF1 -913.291582517194 -913.154832708672
FF1 -1826.58395235351 -0.323 -0.550 0.227 -1826.31180125185 -1.067 -1.392 0.325
Fx2 -913.291712160794 -913.155041347573
xF2 -913.291705256765 -913.155029570048
FF2 -1826.58408810623 -0.408 -0.421 0.013 -1826.31242949808 -1.461 -1.480 0.019

Butanes

H -158.483603881961 -158.408887655819

F -1151.13425298519 -1150.96116059696
Hx1 -158.48349004351 -158.408626897532
xH1 -158.483511459698 -158.40866740057
HH1 -316.972065459881 -3.048 -3.178 0.129 -316.821645845627 -2.429 -2.731 0.302
Hx2 -158.483466320688 -158.408610158148
xH2 -158.483486572891 -158.408627419287
HH2 -316.970241636398 -1.904 -2.064 0.160 -316.819664647858 -1.186 -1.523 0.337
Hx1 -158.48354732995 -158.408830755428
xF1 -1151.1339725387 -1150.96092036433
HF1 -1309.62039470818 -1.593 -1.804 0.211 -1309.37294829445 -1.820 -2.006 0.186
Hx2 -158.483588010416 -158.408873263134
xF2 -1151.13424019064 -1150.96114954222
HF2 -1309.62065279537 -1.754 -1.772 0.018 -1309.37308930181 -1.908 -1.924 0.016
Hx3 -158.483515962317 -158.4087814023
xF3 -1151.13422976682 -1150.96111582064
HF3 -1309.62054294867 -1.686 -1.755 0.070 -1309.37297091449 -1.834 -1.929 0.095
Hx4 -158.483518180739 -158.408773871218
xF4 -1151.13427030414 -1150.96120481247
HF4 -1309.62077132318 -1.829 -1.872 0.043 -1309.3730294492 -1.871 -1.914 0.044
Fx1 -1151.13425764979 -1150.96118010287
xF1 -1151.13416854247 -1150.96111256877
FF1 -2302.27002381851 -0.952 -1.003 0.050 -2301.92513364923 -1.765 -1.783 0.018
Fx2 -1151.13420064653 -1150.96113065191
xF2 -1151.13416285207 -1150.9611182198
FF2 -2302.26990137633 -0.876 -0.965 0.089 -2301.92525259683 -1.839 -1.885 0.045
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wB97X-D3/def2-QZVP B2PLYP-D3/def2-QZVP

E [Ha] BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol™!]
Pentanes

H -197.804347904371 -197.712361038809

F -1388.97697980544 -1388.76760173007
Hx1 -197.804223766805 -197.712087919601
xH1 -197.804222482112 -197.712086405016
HH1 -395.615046486167 -3.985 -4.142 0.157 -395.429871069013 -3.231 -3.575 0.344
Hx2 -197.804224068999 -197.712028914123
xH2 -197.804225500517 -197.71203319141
HH2 -395.612918324993 -2.650 -2.804 0.155 -395.427117971479 -1.503 -1.918 0.414
Hx1 -197.804224254005 -197.712204066394
xF1 -1388.97691771509 -1388.76752380962
HF1 -1586.78499878521 -2.304 -2.420 0.117 -1586.48375666583 -2.381 -2.528 0.147
Hx2 -197.804311161946 -197.712324581324
xF2 -1388.97670903974 -1388.76728895971
HF2 -1586.78448732797 -1.983 -2.176 0.193 -1586.48334090172 -2.120 -2.339 0.219
Hx3 -197.804293796985 -197.71222655078
xF3 -1388.97700660947 -1388.76755484894
HF3 -1586.78463209596 -2.074 -2.091 0.017 -1586.48345527394 -2.192 -2.305 0.114
Hx4 -197.804301042282 -197.712283326489
xF4 -1388.97700293732 -1388.76763965797
HF4 -1586.78532871107 -2.511 -2.526 0.015 -1586.48412805957 -2.614 -2.639 0.025
Fxl1 -1388.97695969876 -1388.7675389959
xF1 -1388.97691785676 -1388.76753067382
FF1 -2777.95575603242 -1.127 -1.179 0.051 -2777.53912677457 -2.462 -2.546 0.084
Fx2 -1388.9769331607 -1388.76751015058
xF2 -1388.97693387251 -1388.76751466087
FF2 -2777.95577326012 -1.138 -1.196 0.058 -2777.53869663949 -2.192 -2.304 0.112

Hexanes

H -237.125118325372 -237.015822517878

F -1626.81975475692 -1626.57403644275
Hx1 -237.124964081574 -237.015536615949
xH1 -237.12496706719 -237.015538978194
HH1 -474.257659667059 -4.658 -4.850 0.192 -474.037695992657 -3.797 -4.154 0.357
Hx2 -237.12496511198 -237.015471000698
xH2 -237.124959201718 -237.015460028627
HH2 -474.255328318038 -3.195 -3.391 0.196 -474.034799057409 -1.979 -2.427 0.448
Hx1 -237.124901996346 -237.015565777105
xF1 -1626.81925712925 -1626.57347489366
HF1 -1863.94854834778 -2.306 -2.754 0.448 -1863.59376760533 -2.453 -2.966 0.513
Hx2 -237.125029189562 -237.015735172815
xF2 -1626.8193767355 -1626.57363065423
HF2 -1863.94866330396 -2.378 -2.672 0.293 -1863.59402880792 -2.617 -2.926 0.309
Hx3 -237.124922336206 -237.015576673154
xF3 -1626.8194470484 -1626.57369241852
HF3 -1863.9487005088 -2.402 -2.718 0.316 -1863.59387350454 -2.519 -2.889 0.370
Hx4 -237.125094592074 -237.015803753604
xF4 -1626.819717558 -1626.57401459891
HF4 -1863.94934295751 -2.805 -2.843 0.038 -1863.59457044326 -2.956 -2.982 0.025
Fx1 -1626.81969422358 -1626.57396307011
xF1 -1626.8196370696 -1626.57389438932
FF1 -3253.64174854085 -1.405 -1.517 0.112 -3253.15315918619 -3.192 -3.327 0.135
Fx2 -1626.81958770749 -1626.57386470851
xF2 -1626.81958872181 -1626.57386612718
FF2 -3253.6402260916 -0.450 -0.659 0.209 -3253.15137948001 -2.075 -2.290 0.215
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E [Ha]

B9TM-V /def2-QZVP

BAE [kcal mol™!]

BIE [kcal mol~1]

E-def [keal mol~!]

E [Ha]

»wBITM-V /def2-QZVP

BAE [kcal mol ™!

BIE [kcal mol~1]

E-def [keal mol~!]

Methanes
H
F

Hx1
xH1
HH1
Hx2
xH2
HH2
Hx1
xF1
HF1
Hx2
xF2
HF2
Fx1
xF1
FF1
Fx2
xF2
FF2
Ethanes
H
F
Hx1
xH1
HH1
Hx2
xH2
HH2
Hx1
xF1
HF1
Hx2

HF2
Hx3
xF3
HF3
Hx4
xF4
HF4
Fx1
xF1
FF1
Fx2
xF2
FF2

-40.5346275635259
-437.567748985576
-40.5346279941849
-40.5346247297872
-81.0699247132812
-40.5346145302907
-40.5346145512595
-81.069772953125
-40.5346178172627
-437.567736175916
-478.103530368362
-40.5346206892954
-437.567733592544
-478.10302721959
-437.567739928678
-437.56774125294
-875.136811462286
-437.567737482119
-437.567741311718
-875.13677297774

-79.8634676185315
-675.401483616651
-79.8634844120543
-79.863460913367
-159.728890124617
-79.8634675051755
-79.8634685947661
-159.728711983365
-79.8634630201355
-675.401451126738
-755.266529348869
-79.8634810660224
-675.401447878314
-755.266806810393
-79.8634860682731
-675.40145709312
-755.266293482318
-79.8634696687753
-675.40146509215
-755.266701156412
-675.401462834626
-675.401425395704
-1350.80494647974
-675.401443320877
-675.401457663878
-1350.80453933562

-0.420

-0.325

-0.724

-0.408

-0.824

-0.800

-1.227

-1.115

-0.990

-1.164

-0.842

-1.098

-1.242

-0.987

-0.422

-0.341

-0.738

-0.422

-0.835

-0.812

-1.220

-1.114

-1.014

-1.178

-0.847

-1.108

-1.292

-1.028

0.002

0.016

0.014

0.014

0.011

0.012

-0.006

-0.001

0.023

0.014

0.005

0.010

0.050

0.042

-40.4957485046463
-437.613280285495
-40.4957476962338
-40.4957471970221
-80.9922062646482
-40.4957483738133
-40.4957478718937
-80.9920540519836
-40.4957471698063
-437.613286002039
-478.110294093698
-40.4957467708123
-437.613278250184
-478.109724388104
-437.613283661763
-437.613285923743
-875.228020669945
-437.613282413706
-437.613284222453
-875.227932974225

-79.799771959001
-675.463447286677
-79.7997728170933

-79.79977221734
-159.601538230249
-79.7997721413314
-79.7997722602839
-159.601272359127
-79.7997690954954
-675.463452268948
-755.264975628052
-79.7997721460025
-675.463462280309
-755.265257510737
-79.7997723075836
-675.463453606389
-755.264707655317

-79.799770814186
-675.463456299702
-755.265131492954
-675.463444391719

-675.4634096174
-1350.92912982858

-675.46345649593
-675.463443424911
-1350.92869936838

-0.445

-0.350

-0.794

-0.436

-0.916

-0.861

-1.251

-1.085

-1.102

-1.279

-0.934

-1.200

-1.403

-1.133

-0.446

-0.350

-0.791

-0.439

-0.911

-0.857

-1.251

-1.084

-1.101

-1.270

-0.930

-1.195

-1.428

-1.129

0.001

0.000

-0.003

0.002

-0.006

-0.004

-0.001

0.000

-0.001

-0.010

-0.004

-0.005

0.025

-0.003
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B97M-V/def2-QZVP wBI7TM-V/def2-QZVP

E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol~!]
Propanes

H -119.195746349543 -119.107038420108

F -913.235611080036 -913.313990815918
Hx1 -119.195751040919 -119.107040019672
xH1 -119.195751235565 -119.107040513007
HH1 -238.39464926539 -1.981 -1.975 -0.006 -238.217140494273 -1.922 -1.920 -0.002
Hx2 -119.195739574173 -119.107038139443
xH2 -119.195751301128 -119.10703954224
HH2 -238.393564206149 -1.300 -1.301 0.001 -238.215968431749 -1.187 -1.186 -0.001
Hx1 -119.195747158019 -119.107034110003
xF1 -913.235520036749 -913.313926445028
HF1 -1032.43412446875 -1.736 -1.793 0.057 -1032.42389439752 -1.798 -1.841 0.043
Hx2 -119.195743229829 -119.107036115086
xF2 -913.235560448272 -913.313977042428
HF2 -1032.43353788276 -1.368 -1.402 0.034 -1032.42330712558 -1.429 -1.439 0.010
Hx3 -119.195723331443 -119.107032036408
xF3 -913.235563818858 -913.313967916387
HF3 -1032.43346160282 -1.320 -1.364 0.044 -1032.42327916938 -1.412 -1.430 0.018
Hx4 -119.195749362503 -119.107037004719
xF4 -913.23555428915 -913.313966963938
HF4 -1032.43357510583 -1.392 -1.425 0.034 -1032.42329048709 -1.419 -1.435 0.016
Fx1 -913.235469341764 -913.31383468207
xF1 -913.235578542832 -913.313949338467
FF1 -1826.47408473935 -1.796 -1.906 0.109 -1826.63103234849 -1.914 -2.038 0.124
Fx2 -913.235612323517 -913.313987791468
xF2 -913.235615386666 -913.313989209126
FF2 -1826.47469791244 -2.181 -2.178 -0.003 -1826.63157041598 -2.252 -2.255 0.003

Butanes

H -158.528256438714 -158.414400341613

F -1151.06934645219 -1151.1640864102
Hx1 -158.528262190079 -158.414400900464
xH1 -158.52825623994 -158.414398581128
HH1 -317.061134263997 -2.900 -2.896 -0.003 -316.833382584199 -2.875 -2.876 0.001
Hx2 -158.528249584874 -158.414392074961
xH2 -158.528251642459 -158.414399841277
HH2 -317.059063280091 -1.600 -1.608 0.007 -316.831466359715 -1.673 -1.678 0.006
Hx1 -158.52825034829 -158.414397671149
xF1 -1151.06898226145 -1151.16366761481
HF1 -1309.60073427327 -1.965 -2.197 0.232 -1309.58192322833 -2.156 -2.421 0.264
Hx2 -158.52823774443 -158.414385410504
xF2 -1151.06933204032 -1151.16407399966
HF2 -1309.60105583654 -2.167 -2.188 0.021 -1309.5823188575 -2.405 -2.422 0.017
Hx3 -158.528239204002 -158.414375365031
xF3 -1151.06927688162 -1151.16401449552
HF3 -1309.60112646316 -2.211 -2.266 0.054 -1309.58221193721 -2.338 -2.398 0.061
Hx4 -158.52821183069 -158.414357925721
xF4 -1151.06935916862 -1151.16409150155
HF4 -1309.60108941313 -2.188 -2.208 0.020 -1309.58217743759 -2.316 -2.339 0.023
Fx1 -1151.06930291287 -1151.16402939764
xF1 -1151.06928533926 -1151.1640367469
FF1 -2302.14220640668 -2.205 -2.270 0.066 -2302.33203272416 -2.422 -2.489 0.067
Fx2 -1151.06921196654 -1151.16394851121
xF2 -1151.06926765903 -1151.16398611436
FF2 -2302.14260320689 -2.454 -2.588 0.134 -2302.33234525607 -2.618 -2.768 0.149
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E [Ha]

B97M-V/def2-QZVP

BAE [kcalmol™!]

BIE [kcalmol ™!

E-def [keal mol™1]

©BITM-V/def2-QZVP

BAE [kcal mol™!]

BIE [kcalmol ™!

E-def [kcal mol ]

Pentanes
H
F

Hx1
xH1
HH1
Hx2
xH2
HH2
Hx1
xF1
HF1
Hx2
xF2
HF2
Hx3
xF3
HF3
Hx4
xF4
HF4
Fx1
xF1
FF1
Fx2
xF2
FF2

Hexanes
H
F

Hx1
xH1

HH1
Hx2
xH2
HH2
Hx1
xF1

HF1
Hx2

HF2
Hx3
xF3
HF3
Hx4
xF4
HF4
Fx1

xF1
FF1

Fx2

FF2

-197.860420190153
-1388.90335480808
-197.860427954992
-197.860428009057
-395.72725042996
-197.860419374304
-197.860419308318
-395.724782048332
-197.860362802645
-1388.90313394693
-1586.76833452294
-197.860386963496
-1388.90297341392
-1586.76769650998
-197.860419965385
-1388.90327547579
-1586.76811046652
-197.860403595305
-1388.90330580609
-1586.76874488396
-1388.90332861873
-1388.90322727535
-2777.81202574803
-1388.90329675328
-1388.90329883243
-2777.81154904871

-237.192833856703
-1626.73729652087
-237.19284438643
-237.192844278365
-474.393219481582
-237.19283615573
-237.19283597222
-474.390341587435
-237.192672123572
-1626.73663012081
-1863.93516865747
-237.19277205658
-1626.73677829964
-1863.93487160703
-237.192733450481
-1626.73699148147
-1863.93532506853
-237.192820554453
-1626.73721092159
-1863.93568561775
-1626.73724201235
-1626.73721598677
-3253.48167011514
-1626.73729341561
-1626.7372905027

-3253.4796346857

-4.022

-2.473

-2.861

-2.461

-2.721

-3.119

-3.336

-3.037

-4.739

-2.933

-3.162

-2.975

-3.260

-3.486

-4.441

-3.164

-4.013

-2.474

-3.036

-2.721

-2.770

-3.160

-3.432

-3.108

-4.726

-2.930

-3.681

-3.339

-3.514

-3.548

-4.526

-3.169

-0.010

0.001

0.175

0.260

0.050

0.041

0.096

0.072

-0.013

-0.003

0.364

0.254

0.062

0.085

0.006

-197.721684828828
-1389.01437615101
-197.72168355061
-197.721683538158
-395.449466982842
-197.72168020287
-197.721680192709
-395.447055883623
-197.721592909566
-1389.01419305294
-1586.74095269262
-197.721651403275
-1389.01398801318
-1586.74026116524
-197.721673539593
-1389.01433273858
-1586.7405471167
-197.721654258961
-1389.01434436298
-1586.74126733087
-1389.01434732485
-1389.01426868359
-2778.03455550893
-1389.01430694186
-1389.01430989324
-2778.03400258757

-237.029020009266
-1626.86466363313
-237.029016679569
-237.029016563773
-474.065308054862
-237.029017404975
-237.029017250157
-474.062647937146
-237.028850242377
-1626.86406776417
-1863.8991389047
-237.028936080516
-1626.86419522586
-1863.89888879657
-237.028904043426
-1626.86434932274
-1863.89920268402
-237.028999680929
-1626.86459071103
-1863.89952682884
-1626.86461397394
-1626.86458414399
-3253.73707536975
-1626.86462285499
-1626.8646201186
-3253.73473241604

-3.826

-2.313

-3.070

-2.636

-2.815

-3.267

-3.642

-3.295

-2.892

-3.423

-3.266

-3.463

-3.667

-4.862

-3.392

-3.828

-2.319

-3.242

-2.900

-2.849

-3.306

-3.727

-3.380

-4.565

-2.895

-3.904

-3.613

-3.733

-3.725

-4.943

-3.445

0.002

0.006

0.173

0.265

0.034

0.039

0.086

0.085

0.004

0.003

0.480

0.347

0.270

0.059

0.081

0.053
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GFN1-xTB GFN2-xTB

E [Ha] BAE [kealmol™'] BIE [kealmol™!] E-def [kcalmol™!] E [Ha BAE [kealmol™!] BIE [kealmol™!] E-def [kcal mol™!]
Methanes

H -4.2742696 -4.1751772

F -22.6940918 -21.0784782
Hx1 -4.2742692 -4.1751781
xH1 -4.2742691 -4.1751779
HH1 -8.5491539 -0.386 -0.386 0.001 -8.3509684 -0.385 -0.384 -0.001
Hx2 -4.2742694 -4.175177
xH2 -4.2742694 -4.175177
HH2 -8.5490736 -0.335 -0.336 0.000 -8.3509953 -0.402 -0.402 0.000
Hx1 -4.2742695 -4.1751775
xF1 -22.6940844 -21.078461
HF1 -26.9692182 -0.538 -0.542 0.005 -25.2552051 -0.972 -0.983 0.011
Hx2 -4.274269 -4.1751774

xF2 -22.6940862 -21.0784656
HF2 -26.9689881 -0.393 -0.397 0.004 -25.2543451 -0.433 -0.441 0.008
Fx1 -22.6940837 -21.0784644

xF1 -22.6940859 -21.0784657
FF1 -45.3888706 -0.431 -0.440 0.009 -42.157921 -0.605 -0.622 0.017
Fx2 -22.6940858 -21.0784645

xF2 -22.6940851 -21.0784651
FF2 -45.389012 -0.520 -0.528 0.008 -42.1587683 -1.137 -1.154 0.017

Ethanes

H -7.4698011 -7.3362538

F -35.0833459 -32.6629925

Hx1 -7.4697937 -7.3362454
xH1 -7.4697931 -7.3362451
HH1 -14.9405102 -0.570 -0.579 0.010 -14.6737975 -0.809 -0.820 0.011
Hx2 -7.469805 -7.3362563
xH2 -7.4698048 -7.336256
HH2 -14.9407083 -0.694 -0.689 -0.005 -14.6738098 -0.817 -0.814 -0.003
Hx1 -7.4697961 -7.3362487

xF1 -35.0833841 -32.6630363
HF1 -42.5546094 -0.918 -0.897 -0.021 -40.000975 -1.085 -1.060 -0.024
Hx2 -7.4698035 -7.3362565

xF2 -35.0833714 -32.6630238
HF2 -42.5547999 -1.037 -1.020 -0.018 -40.0014073 -1.356 -1.335 -0.021
Hx3 -7.4698018 -7.3362549

xF3 -35.0834075 -32.6630687
HF3 -42.5544514 -0.819 -0.779 -0.039 -40.0007921 -0.970 -0.921 -0.049
Hx4 -7.4697963 -7.3362503

xF4 -35.0833905 -32.663046
HF4 -42.5547811 -1.025 -1.000 -0.025 -40.00123 -1.245 -1.213 -0.031
Fx1 -35.0833412 -32.6629955

xF1 -35.0833382 -32.6629733

FF1 -70.1680971 -0.882 -0.890 0.008 -65.3283223 -1.467 -1.477 0.010
Fx2 -35.0833867 -32.6630406

xF2 -35.0833903 -32.6630414

FF2 -70.1678576 -0.732 -0.678 -0.053 -65.327514 -0.959 -0.899 -0.061

5148



GFN1-xTB GFN2-xTB

E [Ha BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol™?] E [Ha| BAE [kcalmol™!] BIE [kcalmol™!] E-def [keal mol™1]
Propanes

H -10.6678644 -10.5006884

F -47.478235 -44.2593142
Hx1 -10.667849 -10.5006704
xH1 -10.6678495 -10.5006713
HH1 -21.3377442 -1.265 -1.284 0.019 -21.0034143 -1.279 -1.301 0.022
Hx2 -10.6678618 -10.5006749
xH2 -10.6678592 -10.5006797
HH2 -21.3375013 -1.112 -1.117 0.005 -21.0030408 -1.044 -1.058 0.014
Hx1 -10.667857 -10.5006844
xF1 -47.4781965 -44.2592979
HF1 -58.1484026 -1.445 -1.474 0.029 -54.7631668 -1.986 -1.998 0.013
Hx2 -10.6678692 -10.5006904
xF2 -47.4782409 -44.259336
HF2 -58.1480296 -1.211 -1.205 -0.007 -54.762107 -1.321 -1.306 -0.015
Hx3 -10.6678763 -10.5006824
xF3 -47.478166 -44.2592531
HF3 -58.1478846 -1.120 -1.156 0.036 -54.7624164 -1.515 -1.557 0.042
Hx4 -10.6678609 -10.5006869
xF4 -47.4782496 -44.2593396
HF4 -58.1481061 -1.259 -1.252 -0.007 -54.7620801 -1.304 -1.289 -0.015
Fx1 -47.4781669 -44.2592672
xF1 -47.4781744 -44.2592326
FF1 -94.958487 -1.266 -1.346 0.081 -88.5215965 -1.863 -1.943 0.081
Fx2 -47.4782286 -44.2592935
xF2 -47.4782255 -44.2592879
FF2 -94.9584804 -1.262 -1.272 0.010 -88.5210537 -1.522 -1.551 0.029

Butanes

H -13.8657005 -13.6649277

F -59.8743382 -55.8564535
Hx1 -13.8656727 -13.6649028
xH1 -13.8656729 -13.6649012
HH1 -27.7342996 -1.819 -1.854 0.035 -27.3327093 -1.791 -1.823 0.032
Hx2 -13.8656857 -13.6649116
xH2 -13.8656895 -13.6649131
HH2 -27.734063 -1.670 -1.687 0.016 -27.332256 -1.506 -1.526 0.019
Hx1 -13.8656974 -13.6649209
xF1 -59.8742641 -55.855973
HF1 -73.7432699 -2.028 -2.076 0.048 -69.5252193 -2.408 -2.714 0.306
Hx2 -13.8656844 -13.6649098
xF2 -59.8743571 -55.8564096
HF2 -73.7432047 -1.987 -1.985 -0.002 -69.5250389 -2.295 -2.334 0.039
Hx3 -13.8656755 -13.6649073
xF3 -59.8742799 -55.8562086
HF3 -73.7431685 -1.964 -2.016 0.052 -69.5248617 -2.184 -2.351 0.166
Hx4 -13.8656489 -13.6648761
xF4 -59.8743031 -55.8563515
HF4 -73.74315 -1.952 -2.007 0.054 -69.5252092 -2.402 -2.498 0.096
Fx1 -59.8743214 -55.8563084
xF1 -59.8742851 -55.8564035
FF1 -119.7511698 -1.565 -1.608 0.044 -111.7159843 -1.931 -2.053 0.122
Fx2 -59.8743327 -55.8562082
xF2 -59.8743167 -55.8562336
FF2 -119.7513298 -1.665 -1.682 0.017 -111.7159599 -1.916 -2.208 0.292

5149



GFN1xTB GFN2-xTB

E [Ha] BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol™!] E [Ha] BAE [kcalmol™!] BIE [kcalmol™'] E-def [kcal mol™!]
Pentanes

H -17.0636017 -16.8291968

F -72.2702448 -67.4531152
Hx1 -17.0635767 -16.8291766
xH1 -17.0635767 -16.8291767
HH1 -34.1311917 -2.503 -2.534 0.031 -33.6621913 -2.383 -2.408 0.025
Hx2 -17.0635417 -16.8291432
xH2 -17.0635416 -16.8291431
HH2 -34.1308895 -2.313 -2.388 0.075 -33.6615485 -1.980 -2.047 0.067
Hx1 -17.0635349 -16.8291103
xF1 -72.2702331 -67.4529268
HF1 -89.3378093 -2.487 -2.536 0.049 -84.2866131 -2.699 -2.871 0.173
Hx2 -17.063592 -16.829182
xF2 -72.2701361 -67.4528301
HF2 -89.3373658 -2.208 -2.283 0.074 -84.28638 -2.553 -2.741 0.188
Hx3 -17.0635774 -16.8291771
xF3 -72.2702059 -67.4529919
HF3 -89.3375131 -2.301 -2.340 0.040 -84.286467 -2.607 -2.697 0.090
Hx4 -17.0635703 -16.8291588
xF4 -72.2702151 -67.45299
HF4 -89.3382124 -2.740 -2.778 0.038 -84.2877218 -3.395 -3.497 0.102
Fx1 -72.2702465 -67.4531375
xF1 -72.2701741 -67.4530318
FF1 -144.544152 -2.298 -2.341 0.043 -134.9106641 -2.782 -2.821 0.038
Fx2 -72.2701706 -67.4529609
xF2 -72.2701712 -67.4529641
FF2 -144.5436885 -2.007 -2.100 0.093 -134.9105592 -2.716 -2.908 0.192

Hexanes

H -20.2615114 -19.993518

F -84.6661981 -79.0497328
Hx1 -20.2614814 -19.9934906
xH1 -20.2614812 -19.9934906
HH1 -40.5277942 -2.994 -3.032 0.038 -39.9913636 -2.716 -2.750 0.034
Hx2 -20.2614866 -19.9934879
xH2 -20.2614866 -19.993488
HH2 -40.5275329 -2.830 -2.861 0.031 -39.9908767 -2.410 -2.448 0.038
Hx1 -20.261371 -19.9933547
xF1 -84.6661926 -79.0494161
HF1 -104.9325144 -3.015 -3.107 0.092 -99.0476992 -2.791 -3.093 0.301
Hx2 -20.2614556 -19.9934451
xF2 -84.6661703 -79.0494934
HF2 -104.9322243 -2.833 -2.886 0.052 -99.0484417 -3.257 -3.453 0.196
Hx3 -20.2614009 -19.9933942
xF3 -84.6661321 -79.0495118
HF3 -104.9324373 -2.967 -3.077 0.111 -99.0483868 -3.223 -3.439 0.216
Hx4 -20.26149 -19.9934927
xF4 -84.6662103 -79.0496579
HF4 -104.9327494 -3.163 -3.168 0.006 -99.0492782 -3.782 -3.845 0.063
Fx1 -84.6662603 -79.0498048
xF1 -84.6661137 -79.0496731
FF1 -169.3374135 -3.148 -3.162 0.014 -158.1054502 -3.755 -3.748 -0.008
Fx2 -84.6660886 -79.0497135
xF2 -84.6660887 -79.0497093
FF2 -169.3358244 -2.151 -2.289 0.137 -158.1043577 -3.070 -3.097 0.027

5150



CCSD(T)/CBS(34) CCSD(T)-F12/ce-pVTZ-F12

E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!] E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!]
Methanes

H -40.458835527101 -40.45435366861

F -437.223954430823 -437.196105711662
Hx1 -40.458834706746 -40.454352711424
xH1 -40.458834717192 -40.454352729683
HH1 -80.918492058307 -0.515 -0.516 0.001 -80.909526118263 -0.514 -0.515 0.001
Hx2 -40.458835276684 -40.454353408584
xH2 -40.458835303851 -40.454353444011
HH2 -80.918319964781 -0.407 -0.407 0.000 -80.909349843905 -0.403 -0.403 0.000
Hx1 -40.458835268385 -40.454353365614
xF1 -437.223941360422 -437.196096332932
HF1 -477.684050987955 -0.791 -0.800 0.008 -477.651705876698 -0.782 -0.788 0.006
Hx2 -40.458834628794 -40.454352680522
xF2 -437.223944619657 -437.196098546992
HF2 -477.683463240106 -0.422 -0.429 0.007 -477.65115094201 -0.434 -0.439 0.005
Fx1 -437.223941775041 -437.196095349424
xF1 -437.223944397226 -437.196098227114
FF1 -874.449194822515 -0.807 -0.821 0.014 -874.39350561 -0.812 -0.823 0.011
Fx2 -437.22394399808 -437.196098160978
xF2 -437.22394355781 -437.196097317972
FF2 -874.449076217401 -0.733 -0.746 0.013 -874.39354404 -0.836 -0.846 0.010

Ethanes

H -79.7138450153 -79.70583503191

F -674.847888197 -674.80435257993
Hx1 -79.7138452637 -79.705835449029
xH1 -79.7138454003 -79.705835579999
HH1 -159.429906212 -1.391 -1.390 0.000 -159.413841250544 -1.362 -1.362 -0.001
Hx2 -79.7138461745 -79.705836312437
xH2 -79.7138461967 -79.705836348597
HH2 -159.429649819 -1.230 -1.228 -0.001 -159.413578137522 -1.197 -1.196 -0.002
Hx1 -79.7138414857 -79.705831263297
xF1 -674.847870399 -674.804342241885
HF1 -754.563396384 -1.044 -1.057 0.013 -754.511897859996 -1.073 -1.082 0.009
Hx2 -79.7138447957 -79.705834711312
xF2 -674.847863242 -674.804337089012
HF2 -754.56365468 -1.206 -1.222 0.016 -754.51217783368 -1.249 -1.259 0.010
Hx3 -79.7138447729 -79.705834703832
xF3 -674.847874756 -674.804346513413
HF3 -754.563187335 -0.912 -0.921 0.009 -754.511681101996 -0.937 -0.941 0.004
Hx4 -79.7138426297 -79.705832418504
xF4 -674.847881523 -674.804350855375
HF4 -754.5635855 -1.162 -1.168 0.006 -754.512089033869 -1.193 -1.196 0.003
Fx1 -674.847870779 -674.804338967135
xF1 -674.847842902 -674.804311243574
FF1 -1349.69774921 -1.238 -1.277 0.039 -1349.61078209367 -1.303 -1.338 0.034
Fx2 -674.847862818 -674.804336120495
xF2 -674.847878159 -674.804346634521
FF2 -1349.69740997 -1.025 -1.047 0.022 -1349.6103776125 -1.049 -1.064 0.014

5151



CCSD(T)/CBS(LPNO-CEPA /1) CCSD(T)/CBS(MP2)

E [Ha] BAE [kcalmol™!]  BIE [kcalmol™!]  E-def [keal mol~?] E [Ha] BAE [kcalmol™'] BIE [kcalmol™'] E-def [kcal mol™]
Methanes

H -40.4564853618 -40.4632579788

F -437.207904623 -437.225925685
Hx1 -40.4564845778 -40.4632569638
xH1 -40.4564845839 -40.4632569849
HH1 -80.913723895 -0.473 -0.474 0.001 -80.927347218 -0.522 -0.523 0.001
Hx2 -40.4564851119 -40.4632577139
xH2 -40.4564851404 -40.4632577534
HH2 -80.9135240798 -0.347 -0.348 0.000 -80.9271742318 -0.413 -0.413 0.000
Hx1 -40.4564851171 -40.4632576571
xF1 -437.207886651 -437.225917531
HF1 -477.665767595 -0.864 -0.876 0.011 -477.690700627 -0.952 -0.957 0.005
Hx2 -40.4564844873 -40.4632569533
xF2 -437.207892259 -437.225919405
HF2 -477.665121095 -0.459 -0.467 0.008 -477.690079237 -0.562 -0.567 0.005
Fx1 -437.207888553 -437.2259161
xF1 -437.207891506 -437.225919049
FF1 -874.41713011 -0.829 -0.847 0.018 -874.453433305 -0.993 -1.003 0.010
Fx2 -437.207890753 -437.225919088
xF2 -437.207888541 -437.225918125
FF2 -874.417154865 -0.844 -0.863 0.019 -874.453417584 -0.983 -0.992 0.009

Ethanes

H -79.7091919342 -79.7212675812

F -674.822345166 -674.852088075
Hx1 -79.7091881043 -79.7212678453
xH1 -79.7091902863 -79.7212680513
HH1 -159.420507656 -1.333 -1.336 0.003 -159.444715599 -1.368 -1.368 0.000
Hx2 -79.7091843925 -79.7212685565
xH2 -79.7091840582 -79.7212685932
HH2 -159.420317214 -1.213 -1.223 0.010 -159.444450167 -1.202 -1.200 -0.001
Hx1 -79.7091861193 -79.7212637383
xF1 -674.82231885 -674.852079549
HF1 -754.533408886 -1.175 -1.195 0.020 -754.575383674 -1.273 -1.280 0.008
Hx2 -79.7091893595 -79.7212670805
xF2 -674.822316344 -674.85207526
HF2 -754.533737159 -1.381 -1.400 0.020 -754.575703261 -1.473 -1.481 0.008
Hx3 -79.7091916675 -79.7212670955
xF3 -674.822327984 -674.852082795
HF3 -754.533186584 -1.035 -1.046 0.011 -754.575109569 -1.101 -1.104 0.004
Hx4 -79.7091914325 -79.7212649525
xF4 -674.822329425 -674.852086932
HF4 -754.533616941 -1.305 -1.315 0.010 -754.575592487 -1.404 -1.406 0.002
Fx1 -674.822316889 -674.852075278
xF1 -674.822509246 -674.852049182
FF1 -1349.64711979 -1.525 -1.439 -0.085 -1349.70662753 -1.538 -1.571 0.032
Fx2 -674.822308924 -674.852073779
xF2 -674.822327979 -674.852082752
FF2 -1349.64646961 -1.117 -1.150 0.034 -1349.70611771 -1.218 -1.231 0.012

5152



CCSD(T)/CBS(LPNO-CEPA/1) CCSD(T)/CBS(MP2)

E [Ha) BAE [kcalmol™!]  BIE [kcalmol™!]  E-def [kcalmol~!] E [Ha) BAE [kcalmol™!]  BIE [kcalmol™!]  E-def [kcal mol~!]
Propanes

H -118.965353755 -118.982669996

F -912.437655968 -912.478703185
Hx1 -118.965348083 -118.982665214
xH1 -118.965349908 -118.982665615
HH1 -237.933847853 -1.971 -1.977 0.006 -237.968529133 -2.001 -2.007 0.006
Hx2 -118.965348909 -118.982666863
xH2 -118.965349885 -118.982665607
HH2 -237.93270847 -1.256 -1.261 0.005 -237.967300652 -1.230 -1.235 0.005
Hx1 -118.965348859 -118.982664774
xF1 -912.437461087 -912.478628787
HF1 -1031.40590608 -1.817 -1.943 0.125 -1031.46454325 -1.989 -2.039 0.050
Hx2 -118.9653506 -118.982667866
xF2 -912.437577231 -912.478667995
HF2 -1031.40538374 -1.490 -1.541 0.051 -1031.46396683 -1.628 -1.651 0.023
Hx3 -118.965351507 -118.982672817
xF3 -912.437516045 -912.478658971
HF3 -1031.40527507 -1.422 -1.511 0.089 -1031.46392093 -1.599 -1.625 0.026
Hx4 -118.965347544 -118.982664418
xF4 -912.437622762 -912.478657386
HF4 -1031.40545173 -1.532 -1.557 0.025 -1031.46400574 -1.652 -1.684 0.032
Fx1 -912.43739287 -912.478550971
xF1 -912.437577494 -912.478663612
FF1 -1824.87823528 -1.834 -2.049 0.214 -1824.96079523 -2.127 -2.247 0.120
Fx2 -912.437637249 -912.478699771
xF2 -912.43763246 -912.478702192
FF2 -1824.8789201 -2.264 -2.291 0.026 -1824.96135146 -2.476 -2.478 0.003

Butanes

H -158.221640465 -158.24418516

F -1150.05230427 -1150.1049852
Hx1 -158.221639528 -158.244180372
xH1 -158.22163919 -158.244179874
HH1 -316.447849443 -2.867 -2.868 0.001 -316.492931507 -2.862 -2.869 0.006
Hx2 -158.22163578 -158.244177995
xH2 -158.221639435 -158.244184027
HH2 -316.446048691 -1.737 -1.740 0.004 -316.491078586 -1.699 -1.705 0.005
Hx1 -158.221639274 -158.244182832
xF1 -1150.05190277 -1150.10461504
HF1 -1308.27754688 -2.260 -2.513 0.253 -1308.35302406 -2.418 -2.652 0.234
Hx2 -158.221627277 -158.244169385
xF2 -1150.05225178 -1150.10496833
HF2 -1308.27786347 -2.459 -2.500 0.041 -1308.35336097 -2.630 -2.650 0.020
Hx3 -158.22161186 -158.244154117
xF3 -1150.05235518 -1150.10490613
HF3 -1308.27792249 -2.496 -2.482 -0.014 -1308.35327611 -2.576 -2.645 0.069
Hx4 -158.221594367 -158.24413582
xF4 -1150.05227058 -1150.10498577
HF4 -1308.27772791 -2.374 -2.424 0.050 -1308.35323683 -2.552 -2.582 0.031
Fx1
xF1
FF1
Fx2
xF2
FF2

51563



CCSD(T)-F12/cc-pVDZ-F12 ExtremePNO-DLPNO-CCSD(T)/CBS(34)

E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!] E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!]
Methanes

H -40.447999976925 -40.45883236544

F -437.122744137689 -437.222431231796
Hx1 -40.447999035723 -40.458831557834
xH1 -40.447999052373 -40.458831565443
HH1 -80.896787083326 -0.494 -0.495 0.001 -80.918472574501 -0.507 -0.508 0.001
Hx2 -40.447999717363 -40.458832115762
xH2 -40.447999751484 -40.458832142124
HH2 -80.8966197003 -0.389 -0.389 0.000 -80.91829878399 -0.398 -0.398 0.000
Hx1 -40.447999679402 -40.458832110835
xF1 -437.122738504592 -437.22241605469
HF1 -477.571962046076 -0.764 -0.768 0.004 -477.682488234706 -0.768 -0.778 0.010
Hx2 -40.447998998258 -40.458831475222
xF2 -437.122739653581 -437.222420508373
HF2 -477.571417478363 -0.423 -0.426 0.003 -477.681915605826 -0.409 -0.416 0.007
Fx1 -437.122736072511 -437.222420849004
xF1 -437.12273923139 -437.222420265875
FF1 -874.246755931905 -0.795 -0.804 0.008 -874.446072896779 -0.760 -0.773 0.013
Fx2 -437.122739514482 -437.222420272937
xF2 -437.122738258817 -437.222419671603
FF2 -874.246821616374 -0.837 -0.843 0.007 -874.445976788717 -0.699 -0.713 0.014

Ethanes

H -79.693734466298 -79.713724795789

F -674.691619616535 -674.845120739521
Hx1 -79.693734710715 -79.713725039495
xH1 -79.693734890698 -79.713725166933
HH1 -159.389578828691 -1.324 -1.324 0.000 -159.429612933537 -1.358 -1.357 0.000
Hx2 -79.693735549941 -79.713725933073
xH2 -79.693735582632 -79.71372595889
HH2 -159.389340370727 -1.174 -1.173 -0.001 -159.429369053514 -1.204 -1.203 -0.001
Hx1 -79.693730594262 -79.713721272974
xF1 -674.691616880024 -674.845096137316
HF1 -754.387028471939 -1.051 -1.055 0.004 -754.560453063559 -1.009 -1.026 0.018
Hx2 -79.693734076935 -79.713724566739
xF2 -674.691613869448 -674.845091893913
HF2 -754.387305120539 -1.224 -1.228 0.004 -754.560690601218 -1.158 -1.176 0.018
Hx3 -79.693734078752 -79.713724557059
xF3 -674.691620113649 -674.845102202878
HF3 -754.38682317727 -0.922 -0.922 0.000 -754.56023653073 -0.873 -0.885 0.012
Hx4 -79.693731851176 -79.713722423374
xF4 -674.691622374721 -674.845111211258
HF4 -754.387213663146 -1.167 -1.167 0.000 -754.560622627775 -1.115 -1.123 0.007
Fx1 -674.691609506162 -674.84509839362
xF1 -674.691584467383 -674.845070795438
FF1 -1349.38531064049 -1.300 -1.328 0.028 -1349.69207685299 -1.152 -1.197 0.045
Fx2 -674.691612139525 -674.845090367952
xF2 -674.691617643655 -674.845107306051
FF2 -1349.38490896877 -1.048 -1.054 0.006 -1349.69178287617 -0.967 -0.995 0.027

5154



CCSD(T)-F12/ce-pVDZ-F12 ExtremePNO-DLPNO-CCSD(T) /CBS(34)

E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol~!]
Propanes

H -118.942844355675 -118.972067786382

F -912.260942870335 -912.468011042762
Hxl1 -118.942839980005 -118.972064160139
xH1 -118.942840442653 -118.972064477887
HH1 -237.888877693659 -2.001 -2.006 0.005 -237.947319736954 -1.998 -2.002 0.004
Hx2 -118.942841158761 -118.972063930754
xH2 -118.942840842427 -118.972065101736
HH2 -237.887635306472 -1.222 -1.226 0.004 -237.946073662057 -1.216 -1.220 0.004
Hx1 -118.942839183879 -118.972063607711
xF1 -912.260867578635 -912.467944538586
HF1 -1031.20646186905 -1.678 -1.729 0.050 -1031.44266454604 -1.623 -1.667 0.044
Hx2 -118.94284228285 -118.972065686724
xF2 -912.260913751534 -912.467957771246
HF2 -1031.20602157557 -1.402 -1.422 0.020 -1031.44216043208 -1.306 -1.341 0.035
Hx3 -118.942846184931 -118.972067499376
xF3 -912.260901002422 -912.467959335761
HF3 -1031.20597874094 -1.375 -1.400 0.025 -1031.44222455346 -1.346 -1.379 0.033
Hx4 -118.942839145392 -118.972063186267
xF4 -912.260903629426 -912.467944476894
HF4 -1031.2060135717 -1.397 -1.425 0.028 -1031.44222367377 -1.346 -1.391 0.045
Fx1 -912.260782171931 -912.467890738825
xF1 -912.260901047332 -912.46797888394
FF1 -1824.52474494826 -1.794 -1.921 0.127 -1824.93856280435 -1.594 -1.690 0.096
Fx2 -912.260939151683 -912.468006315844
xF2 -912.260941184676 -912.468010463395
FF2 -1824.5252075978 -2.084 -2.088 0.003 -1824.93906806307 -1.911 -1.915 0.003

Butanes

H -158.192066667656 -158.230530166731

F -1149.82992018262 -1150.09061289021
Hx1 -158.192061823679 -158.2305277631
xH1 -158.192061035021 -158.230525723237
HH1 -316.388735463913 -2.888 -2.894 0.007 -316.465617221183 -2.859 -2.864 0.004
Hx2 -158.192059116789 -158.230524542646
xH2 -158.192064851329 -158.230527376907
HH2 -316.386870245669 -1L717 -1.723 0.006 -316.463744573946 -1.684 -1.690 0.005
Hx1 -158.192063771568 -158.230526351675
xF1 -1149.82961839877 -1150.09016731751
HF1 -1308.0253277113 -2.096 -2.288 0.191 -1308.32425492421 -1.953 -2.235 0.282
Hx2 -158.192050371468 -158.230515759292
xF2 -1149.82991506622 -1150.090587977
HF2 -1308.02561181709 -2.275 -2.288 0.013 -1308.32465110068 -2.201 -2.226 0.025
Hx3 -158.192036332102 -158.230503871159
xF3 -1149.82986329354 -1150.09052306273
HF3 -1308.02552777129 -2.222 -2.277 0.055 -1308.3245961659 -2.167 -2.240 0.073
Hx4 -158.192017187497 -158.230485613852
xF4 -1149.82992664017 -1150.09061091914
HF4 -1308.02550927225 -2.210 -2.237 0.027 -1308.32465110068 -2.201 -2.231 0.029
Fx1 -1150.09055716374
xF1 -1150.0905491159
FF1 -2300.1845317021 -2.074 -2.149 0.075
Fx2 -1150.09045281713
xF2 -1150.09047895973
FF2 -2300.18475070843 -2.212 -2.396 0.184

5155



NormalPNO-DLPNO-CCSD(T)/CBS(34) TightPNO-DLPNO-CCSD(T)/CBS(34)

E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!] E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!]
Methanes

H -40.458979789634 -40.458900385254

F -437.220645058674 -437.221777818776
Hx1 -40.458979070777 -40.458899578178
xH1 -40.458979077608 -40.458899585582
HH1 -80.91873445578 -0.486 -0.487 0.001 -80.918578889665 -0.488 -0.489 0.001
Hx2 -40.458979540573 -40.458900135613
xH2 -40.458979566395 -40.458900161934
HH2 -80.918553742962 -0.373 -0.373 0.000 -80.91842154816 -0.390 -0.390 0.000
Hx1 -40.45897956448 -40.458900130834
xF1 -437.2206309157 -437.221765937366
HF1 -477.680560993753 -0.587 -0.596 0.009 -477.681817954508 -0.715 -0.723 0.008
Hx2 -40.45897895856 -40.458899495379
xF2 -437.220634165649 -437.221769183984
HF2 -477.680109428997 -0.304 -0.311 0.007 -477.681280973822 -0.378 -0.384 0.006
Fx1 -437.220632521522 -437.221765711528
xF1 -437.220632066669 -437.22176977829
FF1 -874.44219105764 -0.565 -0.581 0.016 -874.444720881471 -0.731 -0.744 0.013
Fx2 -437.220630217326 -437.22176920529
xF2 -437.22063446222 -437.221768841067
FF2 -874.442052003138 -0.478 -0.494 0.016 -874.44457747893 -0.641 -0.652 0.011

Ethanes

H -79.713874124651 -79.713808937866

F -674.84225036989 -674.843921099744
Hx1 -79.713872984657 -79.713809212295
xH1 -79.713874471439 -79.713809324241
HH1 -159.429854718811 -1.322 -1.322 0.000 -159.429733420158 -1.328 -1.327 0.000
Hx2 -79.713875126026 -79.713810055344
xH2 -79.713875151483 -79.713810081251
HH2 -159.429616023382 -1.172 -1.171 -0.001 -159.429493298095 -1.177 -1.175 -0.001
Hx1 -79.713872503343 -79.713807074755
xF1 -674.842225642529 -674.84390260749
HF1 -754.557504425239 -0.866 -0.882 0.017 -754.559243623915 -0.950 -0.963 0.013
Hx2 -79.713874433134 -79.713808702769
xF2 -674.842226803085 -674.843906279609
HF2 -754.557705400251 -0.992 -1.007 0.015 -754.559482525291 -1.100 -1.109 0.009
Hx3 -79.71387385788 -79.713808693182
xF3 -674.842228598466 -674.843907832661
HF3 -754.557239608612 -0.700 -0.714 0.014 -754.559079021046 -0.846 -0.855 0.008
Hx4 -79.713871135672 -79.713806646741
xF4 -674.842239667514 -674.843917052641
HF4 -754.557610235492 -0.932 -0.941 0.009 -754.559449746863 -1.079 -1.083 0.004
Fx1 -674.842230574223 -674.843904021205
xF1 -674.842247809953 -674.843869802666
FF1 -1349.68593238178 -0.898 -0.912 0.014 -1349.6895815669 -1.091 -1.134 0.043
Fx2 -674.842227722824 -674.843886664823
xF2 -674.842244913549 -674.843910702744
FF2 -1349.68564419369 -0.718 -0.735 0.018 -1349.68923248412 -0.872 -0.901 0.028

5156



NormalPNO-DLPNO-CCSD(T)/CBS(34) TightPNO-DLPNO-CCSD(T)/CBS(34)

E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol~!]
Propanes

H -118.972132968789 -118.972167148961

F -912.463755063015 -912.466215512477
Hx1 -118.972126403027 -118.972158957498
xH1 -118.972126506231 -118.972159476421
HH1 -237.947370069894 -1.948 -1.956 0.008 -237.947426946602 -1.941 -1.951 0.010
Hx2 -118.972126637966 -118.972158904248
xH2 -118.972127230858 -118.972160491154
HH2 -237.946010605398 -1.095 -1.102 0.008 -237.94626001514 -1.208 -1.218 0.009
Hx1 -118.972124584908 -118.972160730635
xF1 -912.463837010732 -912.466129682442
HF1 -1031.4382638712 -1.491 -1.445 -0.046 -1031.44086140384 -1.555 -1.613 0.058
Hx2 -118.972126160584 -118.972162530038
xF2 -912.463729571619 -912.46615666121
HF2 -1031.4378065979 -1.204 -1.224 0.020 -1031.44041814971 -1.277 -1.317 0.040
Hx3 -118.972128306644 -118.972164158349
xF3 -912.463800210181 -912.466163376212
HF3 -1031.43775808144 -1.173 -1.148 -0.025 -1031.44044683014 -1.295 -1.330 0.035
Hx4 -118.972126524598 -118.972160357895
xF4 -912.463707942626 -912.46613786162
HF4 -1031.43776318789 -1.177 -1.210 0.034 -1031.4404378602 -1.290 -1.343 0.053
Fx1 -912.463828656995 -912.46608508582
xF1 -912.463758260495 -912.466172958188
FF1 -1824.92959361174 -1.307 -1.259 -0.048 -1824.93471712658 -1.435 -1.543 0.109
Fx2 -912.463776044488 -912.466209322132
xF2 -912.463767854572 -912.466212076848
FF2 -1824.92968283165 -1.363 -1.342 -0.021 -1824.93507707936 -1.660 -1.666 0.006

Butanes

H -158.230488269785 -158.230620228219

F -1150.08536238358 -1150.08821681391
Hx1 -158.230455597828 -158.230615017062
xH1 -158.230468825232 -158.230613642962
HH1 -316.465418788441 -2.788 -2.820 0.033 -316.465679348846 -2.785 -2.793 0.007
Hx2 -158.230453964235 -158.230611156389
xH2 -158.23046035736 -158.230617580791
HH2 -316.463373653961 -1.504 -1.543 0.039 -316.463908297992 -1.674 -1.681 0.007
Hx1 -158.23046944099 -158.230615513641
xF1 -1150.0846351836 -1150.08771116569
HF1 -1308.3181972081 -1.472 -1.941 0.468 -1308.32189804079 -1.921 -2.241 0.320
Hx2 -158.23047175533 -158.230603385692
xF2 -1150.08531658225 -1150.08817328028
HF2 -1308.31891191766 -1.921 -1.960 0.039 -1308.32227519998 -2.157 -2.195 0.038
Hx3 -158.230450789595 -158.230589327012
xF3 -1150.08517794591 -1150.08810668018
HF3 -1308.31868840588 -1.781 -1.920 0.139 -1308.32217862525 -2.097 -2.185 0.089
Hx4 -158.230425195218 -158.230569980284
xF4 -1150.08531267617 -1150.08820129335
HF4 -1308.31867097241 -1.770 -1.841 0.071 -1308.32220383099 -2.113 -2.154 0.041
Fx1 -1150.08522612095 -1150.08815864686
xF1 -1150.08520973919 -1150.08814110261
FF1 -2300.17306169007 -1.466 -1.648 0.181 -2300.17949081754 -1.918 -2.002 0.084
Fx2 -1150.08504471506 -1150.08802522914
xF2 -1150.08518408051 -1150.08806632909
FF2 -2300.17306236078 -1.467 -1.778 0.311 -2300.17960669457 -1.991 -2.206 0.215

S157



NormalPNO-DLPNO-CCSD(T) /CBS(34) TightPNO-DLPNO-CCSD(T) /CBS(34)

E [Ha] BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol™!]
Pentanes

H -197.488752226916 -197.489046101804

F -1387.70699376063 -1387.71050735664
Hx1 -197.488720324413 -197.489041714705
xH1 -197.488720312273 -197.489041706961
HH1 -394.983304864186 -3.640 -3.680 0.040 -394.983878502499 -3.631 -3.636 0.006
Hx2 -197.488718314884 -197.489036751423
xH2 -197.488718287335 -197.489036726222
HH2 -394.980697750479 -2.004 -2.046 0.043 -394.981591213658 -2.196 -2.207 0.012
Hx1 -197.48863896484 -197.488945867352
xF1 -1387.70684319738 -1387.71034583079
HF1 -1585.19947836648 -2.342 -2.508 0.166 -1585.20381128164 -2.672 -2.836 0.164
Hx2 -197.48871662501 -197.489013289816
xF2 -1387.70658610746 -1387.71013796355
HF2 -1585.19898809687 -2.034 -2.313 0.278 -1585.20325589262 -2.323 -2.576 0.252
Hx3 -197.488736432724 -197.48903155831
xF3 -1387.7069336869 -1387.71048612585
HF3 -1585.19944778121 -2.323 -2.371 0.048 -1585.20359800258 -2.538 -2.560 0.022
Hx4 -197.488703868569 -197.489007214974
xF4 -1387.70689166249 -1387.71049681111
HF4 -1585.1997595802 -2.519 -2.613 0.094 -1585.20419633452 -2.913 -2.944 0.031
Fxl1 -1387.70688247019 -1387.71049027577
xF1 -1387.70692240684 -1387.71041886084
FF1 -2775.41768992575 -2.323 -2.438 0.115 -2775.4253988967 -2.751 -2.817 0.066
Fx2 -1387.706958301 -1387.7104822998
xF2 -1387.70684032426 -1387.71049053408
FF2 -2775.41738019717 -2.129 -2.247 0.119 -2775.42522895213 -2.644 -2.671 0.026

Hexanes

H -236.747058132828 -236.747501883392

F -1625.32854816406 -1625.33277572995
Hx1 -236.747001322901 -236.74749361514
xH1 -236.747001155531 -236.747493470246
HH1 -473.500874618682 -4.241 -4.312 0.071 -473.501816683307 -4.275 -4.286 0.010
Hx2 -236.747007677672 -236.747494086152
xH2 -236.747007622285 -236.747494034557
HH2 -473.497979196046 -2.424 -2.487 0.063 -473.499304559628 -2.699 -2.709 0.010
Hx1 -236.74688716963 -236.747315564704
xF1 -1625.3279818125 -1625.33219611172
HF1 -1862.07988175585 -2.683 -3.146 0.463 -1862.0849724539 -2.946 -3.427 0.481
Hx2 -236.746973440593 -236.747408823833
xF2 -1625.32814618926 -1625.33230949939
HF2 -1862.07974344451 -2.596 -2.901 0.305 -1862.08486937564 -2.881 -3.232 0.351
Hx3 -236.746932240669 -236.747374558127
xF3 -1625.32818213363 -1625.33247236672
HF3 -1862.07975632521 -2.604 -2.913 0.309 -1862.08516480069 -3.067 -3.337 0.270
Hx4 -236.747013583376 -236.747476792503
xF4 -1625.32856153143 -1625.33270972626
HF4 -1862.0802881985 -2.938 -2.958 0.020 -1862.0855392657 -3.302 -3.359 0.057
Fx1 -1625.32848543712 -1625.33272867229
xF1 -1625.32847640981 -1625.33270905255
FF1 -3250.6621173447 -3.151 -3.235 0.084 -3250.67149979911 -3.733 -3.804 0.071
Fx2 -1625.32839954454 -1625.33270649309
xF2 -1625.32838038054 -1625.33270736838
FF2 -3250.66024838001 -1.978 -2.176 0.199 -3250.66966163483 -2.579 -2.666 0.086

5158



VeryTightPNO-DLPNO-CCSD(T) /CBS(34) MP2/CBS(34)

E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!] E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!]
Methanes

H -40.458829605571 -40.473039630273

F -437.222292901903 -437.404761018784
Hx1 -40.458828797064 -40.473040873783
xH1 -40.458828804595 -40.473040735131
HH1 -80.918462536915 -0.504 -0.505 0.001 -80.946816065582 -0.462 -0.461 -0.001
Hx2 -40.458829355838 -40.473039514805
xH2 -40.458829382253 -40.473039419455
HH2 -80.918296349692 -0.400 -0.400 0.000 -80.946682691332 -0.379 -0.379 0.000
Hx1 -40.458829350677 -40.473040033543
xF1 -437.222278372874 -437.40474154585
HF1 -477.68231594593 -0.749 -0.758 0.009 -477.878852364044 -0.660 -0.672 0.012
Hx2 -40.458828714761 -40.473040071465
xF2 -437.222282187068 -437.404746621481
HF2 -477.68174550036 -0.391 -0.398 0.007 -477.8783357398 -0.336 -0.345 0.009
Fx1 -437.222279356036 -437.40474438795
xF1 -437.222281940974 -437.404746562853
FF1 -874.445721163073 -0.712 -0.728 0.015 -874.810534395821 -0.635 -0.655 0.020
Fx2 -437.222281580913 -437.404745587253
xF2 -437.222281240395 -437.404745861874
FF2 -874.445626004777 -0.653 -0.667 0.014 -874.810424401864 -0.566 -0.585 0.019

Ethanes

H -79.713696715595 -79.749427666505

F -674.844748222117 -675.131824576874
Hx1 -79.713696909679 -79.749425053668
xH1 -79.713697027752 -79.749425373311
HH1 -159.429547825058 -1.352 -1.352 0.000 -159.50112155962 -1.422 -1.425 0.003
Hx2 -79.713697858593 -79.749427274354
xH2 -79.71369788307 -79.749427151209
HH2 -159.429296305 -1.194 -1.193 -0.001 -159.500802427155 -1.222 -1.222 0.001
Hx1 -79.713693127083 -79.749425362763
xF1 -674.844727527179 -675.131791138192
HF1 -754.559997736102 -0.974 -0.990 0.015 -754.882709901028 -0.915 -0.937 0.022
Hx2 -79.713696479885 -79.749428775361
xF2 -674.844725764402 -675.131778944523
HF2 -754.560240266736 -1.127 -1.141 0.014 -754.882930636669 -1.053 -1.081 0.028
Hx3 -79.713696488727 -79.749428544236
xF3 -674.844735472761 -675.131797431439
HF3 -754.559803688484 -0.853 -0.861 0.008 -754.882520217856 -0.796 -0.812 0.016
Hx4 -79.71369435948 -79.749427595914
xF4 -674.844741687269 -675.131808410933
HF4 -754.560181534136 -1.090 -1.095 0.006 -754.882899595339 -1.034 -1.044 0.010
Fx1 -674.844730329606 -675.131800185421
xF1 -674.844694142796 -675.131771704903
FF1 -1349.69128091431 -1.120 -1.165 0.045 -1350.26528087191 -1.024 -1.072 0.048
Fx2 -674.844722848258 -675.131780367396
xF2 -674.84473794725 -675.131806232494
FF2 -1349.69097989253 -0.931 -0.953 0.022 -1350.26498223949 -0.837 -0.876 0.039

5159



VeryTightPNO-DLPNO-CCSD(T)/CBS(34) MP2/CBS(34)

E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol~!]
Propanes

H -118.972022669517 -119.029774534044

F -912.467399702174 -912.858925862397
Hx1 -118.97201944583 -119.029771061025
xH1 -118.972019819919 -119.029771147672
HH1 -237.947221518947 -1.993 -1.997 0.004 -238.062918904442 -2.115 -2.119 0.004
Hx2 -118.972019145367 -119.029759395825
xH2 -118.972020582871 -119.029774551531
HH2 -237.945963119191 -1.203 -1.207 0.004 -238.061466882786 -1.203 -1.213 0.009
Hx1 -118.972018348951 -119.029776667231
xF1 -912.467328616063 -912.858844561952
HF1 -1031.44196843866 -1.598 -1.645 0.047 -1031.89118353796 -1.558 -1.608 0.050
Hx2 -118.972020762989 -119.029771569985
xF2 -912.467355375762 -912.858856805422
HF2 -1031.44148288504 -1.293 -1.322 0.029 -1031.89068976309 -1.248 -1.294 0.045
Hx3 -118.97202241253 -119.029748713332
xF3 -912.467353911319 -912.858864466224
HF3 -1031.44153026236 -1.323 -1.352 0.029 -1031.8907011493 -1.255 -1.310 0.055
Hx4 -118.972018370909 -119.029777076259
xF4 -912.46734077082 -912.858844347636
HF4 -1031.44151527512 -1.313 -1.353 0.040 -1031.89072660804 -1.271 -1.321 0.050
Fx1 -912.467271830224 -912.858811311382
xF1 -912.467366321716 -912.858891153689
FF1 -1824.937286182 -1.560 -1.662 0.101 -1825.72022386377 -1.489 -1.582 0.094
Fx2 -912.467407755647 -912.858925679747
xF2 -912.467405993299 -912.85892957805
FF2 -1824.93774235481 -1.847 -1.838 -0.009 -1825.72050550751 -1.665 -1.663 -0.002

Butanes

H -158.230471666199 -158.310243431337

F -1150.08978210425 -1150.5857899199
Hx1 -158.230467683388 -158.310242735017
xH1 -158.230466661263 -158.310238832543
HH1 -316.465455021217 -2.831 -2.837 0.006 -316.625417394412 -3.094 -3.097 0.003
Hx2 -158.230464211975 -158.310238001219
xH2 -158.23046848121 -158.310234651012
HH2 -316.463577552471 -1.653 -1.660 0.007 -316.623153129918 -1.673 -1.682 0.009
Hx1 -158.23046833367 -158.310237829722
xF1 -1150.08935614244 -1150.58528336107
HF1 -1308.32330003111 -1.912 -2.181 0.269 -1308.89911851347 -1.936 -2.257 0.321
Hx2 -158.230456313239 -158.310226978252
xF2 -1150.0897675522 -1150.5857556517
HF2 -1308.32366338457 -2.140 -2.158 0.019 -1308.89953734719 -2.199 -2.231 0.032
Hx3 -158.230443028036 -158.310236274444
xF3 -1150.08970423561 -1150.5856774136
HF3 -1308.32364876576 -2.130 -2.197 0.067 -1308.89938822685 -2.105 -2.180 0.075
Hx4 -158.230424358444 -158.310205841967
xF4 -1150.08978603459 -1150.58579187308
HF4 -1308.3236474947 -2.130 -2.157 0.027 -1308.89936664775 -2.092 -2.114 0.022
Fx1 -1150.08973688692 -1150.58572786092
xF1 -1150.08971569626 -1150.58571096713
FF1 -2300.18280329497 -2.033 -2.103 0.070 -2301.17478923392 -2.014 -2.102 0.088
Fx2 -1150.08964160566 -1150.58558761295
xF2 -1150.08967256438 -1150.58564200617
FF2 -2300.18297058111 -2.138 -2.294 0.157 -2301.17474134423 -1.984 -2.204 0.220
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VeryTightPNO-DLPNO-CCSD(T)/CBS(34) MP2/CBS(34)

E [Ha] BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol™!]
Pentanes

H -197.488869247624 -197.590632808594

F -1387.71242766832 -1388.31295287017
Hx1 -197.488864109103 -197.59063744064
xH1 -197.488864093842 -197.590637515538
HH1 -394.983595378707 -3.675 -3.682 0.006 -395.187736422226 -4.060 -4.055 -0.006
Hx2 -197.488860150701 -197.590618761916
xH2 -197.488860121898 -197.590618731269
HH2 -394.981206562891 -2.176 -2.188 0.011 -395.184803119208 -2.220 -2.237 0.018
Hx1 -197.48876966214 -197.590538222972
xF1 -1387.71224464374 -1388.31274431025
HF1 -1585.20546998969 -2.619 -2.796 0.177 -1585.90794462138 -2.735 -2.926 0.190
Hx2 -197.488836289482 -197.590595633557
xF2 -1387.71204256854 -1388.31254553895
HF2 -1585.20497316136 -2.307 -2.569 0.262 -1585.90736306987 -2.370 -2.649 0.279
Hx3 -197.488853939243 -197.590628115447
xF3 -1387.71237286413 -1388.3128896462
HF3 -1585.20534848053 -2.542 -2.586 0.044 -1585.90764798382 -2.549 -2.592 0.043
Hx4 -197.488831405326 -197.590606824727
xF4 -1387.71240260176 -1388.3129124386
HF4 -1585.20598263007 -2.940 -2.980 0.039 -1585.90826976091 -2.939 -2.981 0.042
Fx1 -1387.71239215427 -1388.31291871597
xF1 -1387.71230238936 -1388.31282284606
FF1 -2775.42952881838 -2.933 -3.034 0.101 -2776.63059909978 -2.945 -3.048 0.103
Fx2 -1387.71237991222 -1388.31291228651
xF2 -1387.71238372849 -1388.31291311482
FF2 -2775.42925194185 -2.759 -2.816 0.058 -2776.63016866222 -2.675 -2.725 0.050

Hexanes

H -236.747299412113 -236.871048982949

F -1625.33502778657 -1626.04005403153
Hx1 -236.747290444749 -236.871054554354
xH1 -236.747290295613 -236.871054435193
HH1 -473.501448018185 -4.298 -4.309 0.011 -473.749753465073 -4.804 -4.797 -0.007
Hx2 -236.747291722787 -236.871043108598
xH2 -236.747291664414 -236.871043000593
HH2 -473.498806834847 -2.641 -2.650 0.010 -473.746396898488 -2.698 -2.705 0.007
Hx1 -236.747113053312 -236.870890601574
xF1 -1625.33448744958 -1626.03946006817
HF1 -1862.08692414107 -2.885 -3.341 0.456 -1862.91599873187 -3.072 -3.544 0.472
Hx2 -236.747209098801 -236.870968561554
xF2 -1625.33458032738 -1626.03956825392
HF2 -1862.08688708679 -2.861 -3.199 0.337 -1862.91585254711 -2.980 -3.336 0.355
Hx3 -236.747171848673 -236.870935192859
xF3 -1625.33475026021 -1626.03976029794
HF3 -1862.08717179529 -3.040 -3.294 0.254 -1862.91607419783 -3.119 -3.375 0.256
Hx4 -236.747275187722 -236.871030273572
xF4 -1625.33496500237 -1626.03998106786
HF4 -1862.08759012109 -3.303 -3.357 0.055 -1862.91638935568 -3.317 -3.375 0.058
Fx1 -1625.33499435808 -1626.04002176516
xF1 -1625.33497001083 -1626.03998505914
FF1 -3250.67627600161 -3.903 -3.961 0.057 -3252.0865009415 -4.012 -4.075 0.064
Fx2 -1625.33497440454 -1626.04004998724
xF2 -1625.33497575486 -1626.04004725869
FF2 -3250.67450174373 -2.790 -2.856 0.066 -3252.084493053 -2.752 -2.758 0.007

5161



RI-MP2/CBS(34) RI-SCS-MP2/CBS(34)

E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!] E [Ha] BAE [kcalmol™!] BIE [kcalmol™!]  E-def [kcal mol~!]
Methanes

H -40.435492481401 -40.445986267425

F -437.189772434115 -437.165045632345
Hx1 -40.435492969586 -40.445986282521
xH1 -40.435492884472 -40.445986229959
HH1 -80.871766282232 -0.490 -0.490 -0.001 -80.892444412396 -0.296 -0.296 0.000
Hx2 -40.435492314922 -40.445986067793
xH2 -40.435492264406 -40.445986044929
HH2 -80.871582920018 -0.375 -0.375 0.000 -80.892330101407 -0.224 -0.225 0.000
Hx1 -40.43549264231 -40.445986277061
xF1 -437.18976163049 -437.165037591519
HF1 -477.626398860948 -0.712 -0.718 0.007 -477.611773322418 -0.465 -0.470 0.005
Hx2 -40.435492429291 -40.445985904851
xF2 -437.189764248269 -437.165039420644
HF2 -477.625823413853 -0.350 -0.356 0.005 -477.611329772827 -0.187 -0.191 0.004
Fx1 -437.189761186263 -437.165036066588
xF1 -437.189763962477 -437.165039059105
FF1 -874.380673358703 -0.708 -0.721 0.012 -874.330813181171 -0.453 -0.463 0.010
Fx2 -437.189763775124 -437.165039133253
xF2 -437.18976311495 -437.165038158121
FF2 -874.38046847986 -0.580 -0.591 0.011 -874.330631616688 -0.339 -0.348 0.009

Ethanes

H -79.674742123241 -79.68836916151

F -674.79145751654 -674.752574362835
Hx1 -79.674740048867 -79.688367073939
xH1 -79.674740350804 -79.688367533178
HH1 -159.351741835024 -1.417 -1.419 0.002 -159.378102816602 -0.856 -0.859 0.002
Hx2 -79.674742198032 -79.688368699852
xH2 -79.674742113684 -79.688368637248
HH2 -159.351429924236 -1.221 -1.221 0.000 -159.37796412311 -0.769 -0.770 0.001
Hx1 -79.674739018593 -79.688365478233
xF1 -674.79143655709 -674.752564517323
HF1 -754.467725395654 -0.957 -0.973 0.015 -754.44186013616 -0.575 -0.584 0.008
Hx2 -79.674742818406 -79.688369215021
xF2 -674.791431613982 -674.752561013076
HF2 -754.467953106209 -1.100 -1.116 0.016 -754.441995471855 -0.660 -0.668 0.008
Hx3 -79.674742604006 -79.688369108877
xF3 -674.791438050698 -674.752567696445
HF3 -754.467520102061 -0.829 -0.841 0.012 -754.441746150483 -0.504 -0.508 0.004
Hx4 -79.674741121841 -79.688367667324
xF4 -674.791446559011 -674.752572213556
HF4 -754.467893735162 -1.063 -1.071 0.008 -754.441938747135 -0.625 -0.627 0.002
Fx1 -674.791441432108 -674.75256196063
xF1 -674.791411187472 -674.752530607489
FF1 -1349.58460524901 -1.061 -1.100 0.039 -1349.50617392248 -0.643 -0.679 0.035
Fx2 -674.791428576729 -674.752558707676
xF2 -674.791442232505 -674.752567166265
FF2 -1349.58430540736 -0.872 -0.900 0.028 -1349.50603764072 -0.558 -0.572 0.014
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RI-MP2/CBS(34) RI-SCS-MP2/CBS(34)

E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol~!]
Propanes

H -118.917917059007 -118.933987930226

F -912.393212253362 -912.339665036802
Hx1 -118.917911407732 -118.933985828876
xH1 -118.91791163553 -118.933986370387
HH1 -237.839242613518 -2.139 -2.146 0.007 -237.870011144179 -1.277 -1.279 0.002
Hx2 -118.917903734797 -118.933984163937
xH2 -118.9179143726 -118.93398666009
HH2 -237.83778980864 -1.227 -1.237 0.010 -237.869137080427 -0.729 -0.732 0.003
Hx1 -118.917917177098 -118.933984506492
xF1 -912.393131515729 -912.33957670393
HF1 -1031.31370320277 -1.615 -1.666 0.051 -1031.27521852806 -0.982 -1.040 0.058
Hx2 -118.917914208475 -118.933985961423
xF2 -912.393163254693 -912.339616805787
HF2 -1031.31324610535 -1.328 -1.361 0.033 -1031.27497139944 -0.827 -0.859 0.032
Hx3 -118.917899530606 -118.933978140383
xF3 -912.393167716094 -912.339618284443
HF3 -1031.31325363174 -1.333 -1.372 0.039 -1031.27506561233 -0.886 -0.922 0.035
Hx4 -118.917916648783 -118.933987568864
xF4 -912.393151940683 -912.339600185458
HF4 -1031.31330092862 -1.363 -1.401 0.038 -1031.27491074012 -0.789 -0.830 0.041
Fx1 -912.393063604665 -912.339501548281
xF1 -912.393179392134 -912.339613845924
FF1 -1824.78881466499 -1.500 -1.614 0.114 -1824.68070106287 -0.860 -0.995 0.135
Fx2 -912.393212148871 -912.339664416705
xF2 -912.393215641175 -912.33966745534
FF2 -1824.7892023759 -1.743 -L741 -0.002 -1824.6808973028 -0.983 -0.982 -0.001

Butanes

H -158.161214371129 -158.179685179575

F -1149.99467502283 -1149.92634565488
Hx1 -158.161211184182 -158.179681801609
xH1 -158.161208403364 -158.179680065527
HH1 -316.327427388356 -3.137 -3.142 0.006 -316.362406870214 -1.905 -1.911 0.005
Hx2 -158.161208558704 -158.179676459869
xH2 -158.16120696587 -158.179682829791
HH2 -316.325175210878 -1.723 -1.732 0.008 -316.361049469501 -1.054 -1.061 0.007
Hx1 -158.16120951982 -158.179682840458
xF1 -1149.99428134088 -1149.92600093304
HF1 -1308.15918358405 -2.067 -2.317 0.250 -1308.10806379463 -1.276 -1.493 0.218
Hx2 -158.161197784108 -158.179671037446
xF2 -1149.99465477503 -1149.92633479001
HF2 -1308.15952831722 -2.283 -2.307 0.023 -1308.10831726004 -1.435 -1.450 0.016
Hx3 -158.16119976441 -158.179662776496
xF3 -1149.99460473627 -1149.92630267501
HF3 -1308.1594674361 -2.245 -2.299 0.053 -1308.10819478085 -1.358 -1.399 0.041
Hx4 -158.161170552327 -158.179639514864
xF4 -1149.99468844172 -1149.92636242434
HF4 -1308.1593934866 -2.199 -2.218 0.019 -1308.10824966733 -1.392 -1.410 0.018
Fx1 -1149.99462978799 -1149.926316129
xF1 -1149.9946152374 -1149.92627851558
FF1 -2299.99261428004 -2.048 -2.114 0.066 -2299.85491059159 -1.393 -1.453 0.061
Fx2 -1149.99452833668 -1149.92623692003
xF2 -1149.99457012064 -1149.92625282515
FF2 -2299.99278332072 -2.154 -2.312 0.158 -2299.85489779506 -1.385 -1.511 0.126

5163



RI-MP2/CBS(34) RI-SCS-MP2/CBS(34)

E [Ha] BAE [kcalmol™!]  BIE [kcalmol™!] E-def [kcalmol™!] E [Ha| BAE [kcalmol™!] BIE [kcalmol™!] E-def [kcalmol™!]
Pentanes

H -197.404462162306 -197.425337724747

F -1387.59646061689 -1387.51332788493
Hx1 -197.404463077491 -197.425334214906
xH1 -197.404463123273 -197.425334213012
HH1 -394.815475718482 -4.111 -4.110 -0.001 -394.854663930587 -2.503 -2.507 0.004
Hx2 -197.404448993591 -197.425325317936
xH2 -197.40444897344 -197.425325292134
HH2 -394.812540564044 -2.269 -2.286 0.017 -394.852813553745 -1.342 -1.357 0.016
Hx1 -197.404361090133 -197.42523983588
xF1 -1387.59628966361 -1387.51318734358
HF1 -1585.0054873144 -2.864 -3.035 0.171 -1584.94152957574 -1.797 -1.947 0.150
Hx2 -197.404427449449 -197.425306347887
xF2 -1387.5961038781 -1387.51298761459
HF2 -1585.00490723059 -2.500 -2.746 0.246 -1584.9411915187 -1.585 -1.818 0.233
Hx3 -197.404453656203 -197.42532658121
xF3 -1387.59642608015 -1387.51332367002
HF3 -1585.00522889461 -2.702 -2.729 0.027 -1584.94144681702 -1.745 -1.755 0.010
Hx4 -197.404429825236 -197.425304769556
xF4 -1387.59643678052 -1387.51332164591
HF4 -1585.00584065694 -3.086 -3.121 0.035 -1584.94177947046 -1.954 -1.979 0.025
Fxl1 -1387.59642976193 -1387.51330085803
xF1 -1387.5963601874 -1387.51324484781
FF1 -2775.19770855459 -3.004 -3.086 0.082 -2775.02976879154 -1.953 -2.023 0.069
Fx2 -1387.5964296109 -1387.51330161886
xF2 -1387.59643112323 -1387.5133027558
FF2 -2775.19736543233 -2.789 -2.827 0.038 -2775.0296231026 -1.862 -1.894 0.032

Hexanes

H -236.647743952463 -236.671014658316

F -1625.1982147814 -1625.10029601806
Hx1 -236.64774368556 -236.671007251215
xH1 -236.647743546025 -236.671007184506
HH1 -473.303240272074 -4.865 -4.865 0.000 -473.346749513861 -2.962 -2.971 0.009
Hx2 -236.647735652197 -236.671007256512
xH2 -236.647735579256 -236.671007195554
HH2 -473.299965399022 -2.810 -2.820 0.010 -473.344733159233 -1.697 -1.706 0.009
Hx1 -236.647567121088 -236.670836191603
xF1 -1625.19765538289 -1625.09977559826
HF1 -1861.85109980175 -3.226 -3.688 0.462 -1861.7742809699 -1.864 -2.302 0.439
Hx2 -236.647657407232 -236.670924343473
xF2 -1625.19776112768 -1625.09987433242
HF2 -1861.8509344224 -3.122 -3.461 0.339 -1861.77442790802 -1.956 -2.277 0.321
Hx3 -236.647619640759 -236.670890983152
xF3 -1625.19793075979 -1625.10001291096
HF3 -1861.85120433896 -3.292 -3.548 0.256 -1861.77446496225 -1.979 -2.235 0.255
Hx4 -236.647720860827 -236.670993950899
xF4 -1625.19815109942 -1625.10024212975
HF4 -1861.8515083028 -3.482 -3.537 0.054 -1861.77489373176 -2.248 -2.295 0.047
Fx1 -1625.19816042238 -1625.10023607984
xF1 -1625.19814840912 -1625.10022541542
FF1 -3250.40287990912 -4.048 -4.123 0.076 -3250.20471563305 -2.588 -2.670 0.082
Fx2 -1625.19818263553 -1625.10022309199
xF2 -1625.19818061266 -1625.1002218105
FF2 -3250.40096728658 -2.847 -2.889 0.042 -3250.20328463178 -1.690 -1.782 0.092
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E [Ha]

RI-MP3/CBS(34)

BAE [kcal mol™]

BIE [kcal mol™!]

E-def [keal mol 1]

Methanes
H
F

Hx1
xH1
HH1
Hx2
xH2
HH2
Hx1
xF1
HF1
Hx2
xF2
HF?2
Fx1
xF1
FF1
Fx2
xF2
FF2

-40.450132125006
-437.17451400149
-40.450132335882
-40.450132270113
-80.901004636956
-40.45013194056
-40.450131906272
-80.900854151209
-40.45013219751
-437.174471626474
-477.625662076919
-40.450131893386
-437.174483188876
-477.625143108106
-437.174483057299
-437.174483723941
-874.349921058965
-437.174480664149
-437.174483324126
-874.349860161874

-0.465

-0.370

-0.638

-0.312

-0.560

-0.522

-0.464

-0.370

-0.664

-0.331

-0.599

-0.562

0.000

0.000

0.027

0.019

0.038

0.040

S165



4.2 Rigid Geometry Scans

The following tables provide the results of the rigid geometry scans using RI-MP2 and
DLPNO-CCSD(T). Re.c refers to the distance of the carbon chains of the interacting

molecules, E refers to the electronic energy of the whole system and BIE refers to the bond

interaction energy at the respective distance.

RI-MP2/CBS(34)

Rec [4] E [Ha] BIE [keal mol™!] Re.c [A] E [Ha] BIE [kcalmol '] Rec [A] E [Ha) BIE [kcal mol ']
1-HH1 1-HH2 1-HF1
3.30371146716  -80.871314375168  -0.206096699090305  3.5804338401 -80.871164919099  -0.113164914840978  3.40464005758 -477.625676691007 -0.265071426879289

3.41383518274
3.52395889831
3.63408261388
3.74420632945
3.85433004502
3.9644537606
4.07457747617
4.18470119174
4.29482490731
4.40494862289
4.51507233846
4.62519605403
4.7353197696
4.84544348517
4.95556720075
1-HF2
3.82497722955
3.95247647054
4.07997571152
4.20747495251
4.33497419349
4.46247343448
4.58997267546
4.71747191645
4.84497115743
4.97247039842
5.0999696394
5.22746888039
5.35496812137
5.48246736236
5.60996660334
5.73746584433

-80.871597872807
-80.871729151672
-80.87176721384
-80.871750641883
-80.871703827028
-80.871642239594
-80.871575555299
-80.871509508202
-80.871447308882
-80.871390531901
-80.871339632057
-80.87129472787
-80.871255339209
-80.871220937473
-80.871190963884

-477.62504796232
-477.625494231289
-477.625718009162
-477.625810847935
-477.625830372334

-477.62581113238

-477.62577295038
-477.625726952577
-477.625679340599
-477.625633475402
-477.625591165247
-477.625553027746

-477.62551904461
-477.625488818465
-477.625461807651
-477.625437491047

-0.383994153421553
-0.466372884943958
-0.490257255966371
-0.479858195943085
-0.450481430908516
-0.411834732591534
-0.369989705716685
-0.328544526614265
-0.289513864038841
-0.253885770557731
-0.22194563622367
-0.193767833454524
-0.169051075512503
-0.147463660249133
-0.128654949185662

0.130970790454453
-0.149067215527506
-0.289489950890891
-0.347747160511797
-0.359998905872243
-0.347925652466979
-0.323966085714584
-0.295102028549269
-0.265225061275488
-0.236444215652078
-0.209894192519202
-0.185962549322063
-0.164637809521719
-0.145670617180479
-0.128721075498562
-0.113462176132189

3.69978163477
3.81912942944
3.93847722411
4.05782501878
417717281345
4.29652060812
4.41586840279
4.53521619746
4.65456399213
4.7739117868
4.89325958147
5.01260737614
5.13195517081
5.25130296548
5.37065076015
1-FF1
3.67080659217
3.79316681191
3.91552703165
4.03788725139
4.16024747113
4.28260769087
4.40496791061
4.52732813035
4.64968835009
4.77204856983
4.89440878957
5.01676900931
5.13912922904
5.26148944878
5.38384966852
5.50620988826

-80.871426494135
-80.871547069978
-80.871583062571
-80.87157063085
-80.871532862273
-80.871483605481
-80.871430861487
-80.871379053245
-80.871330503495
-80.871286325796
-80.871246927011
-80.871212291518
-80.871182151959
-80.871156105264
-80.871133691272

-874.379996195724
-874.380426057967
-874.380618388711
-874.380673966356
-874.380653092282
-874.38059112512
-874.38050848369
-874.38041696968
-874.380323552297
-874.380232455284
-874.380146230332
-874.380066334319
-874.379993496201
-874.379927978382
-874.379869761769
-874.379818653798

-0.277305728087989
-0.35296821191429
-0.375553905014655
-0.367752882306686
-0.344052742418505
-0.31314363878198
-0.280046282847654
-0.247536120157735
-0.217070692078107
-0.189348767418662
-0.16462565656329
-0.142891556572556
-0.12397869775697
-0.107634149879229
-0.093569157549499

-0.295586445116713
-0.565329075173816
-0.686018439157131
-0.720893937910469
-0.707795258761323
-0.668910277477654
-0.617051997262556
-0.55962608896922
-0.501005796083257
-0.443841557400714
-0.389734583098939
-0.339599078038824
-0.293892468889151
-0.252779416789085
-0.216247940543583
-0.184177204550751

3.5181280595
3.63161606142
3.74510406334
3.85859206526
3.97208006718

4.0855680691
4.19905607102
4.31254407294
4.42603207486
4.53952007678

4.6530080787
4.76649608062
4.87998408254
4.99347208446
5.10696008638

1-FF2
3.88048063632
4.00982999086
4.13917934541
4.26852869995
4.39787805449
4.52722740904
4.65657676358
4.78592611813
4.91527547267
5.04462482721
5.17397418176

5.3033235363
5.43267289085
5.56202224539
5.69137159993
5.82072095448

-477.626115103494
-477.626324103687
-477.626395230664
-477.626385375171
-477.62632960142
-477.626249854687
-477.626159826906
-477.626068293851
-477.625980579791
-477.625899782159
-477.625827083041
-477.625762480478
-477.625705211272
-477.625654186379
-477.625608333626

-874.378909067058
-874.37977942358
-874.38023142074

-874.380435608704

-874.380499010687

-874.380486609748

-874.380436292132

-874.380368917421

-874.380295094996

-874.380219736624
-874.38014501555

-874.380072123443

-874.380002129658

-874.379936225471

-874.379875615966

-874.379821292258

-0.540179415973888
-0.671329017164381
-0.715961869083122
-0.7097774538695
-0.674778896716017
-0.62473706621551
-0.568243780733287
-0.510805921528554
-0.455764517883792
-0.405063238330317
-0.359443853002518
-0.318905132683972
-0.282968163370774
-0.250949559587473
-0.222176522686138

0.38768979579546
-0.158467167517413
-0.442099667628959

-0.57022954956144
-0.610014894545747
-0.602233187837231
-0.570658407087547
-0.528380137648465
-0.482055866526288
-0.434767774159215
-0.387879592361225
-0.342139104621549
-0.298217341401261
-0.256861839711385
-0.218828801038807
-0.184740159668724

5166



LITS

RI-MP2/CBS(34)

Ro.c [A] E [Ha] BIE [keal mol™!] Rec [A] E [Ha] BIE [kcal mol™1] Rec [4] E [Ha] BIE [keal mol™!] Re-c [A] E [Ha] BIE [kcal mol™1]
2-HH1 2-HH2 2-HF1 2-HF2
3.34273389134  -159.350949729516  -0.922018398173698  3.58048380658 -159.350668726325 -0.743231388291426  3.90237412775 -754.466415720511 -0.150693154709938  3.77935622887 -754.466513107231 -0.212521672565869

3.45415835439
3.56558281743
3.67700728048
3.78843174352
3.89985620657
4.01128066961
4.12270513266
4.2341295957
4.34555405875
4.45697852179
4.56840298483
4.67982744788
4.79125191092
4.90267637397
5.01410083701
2-HF3
4.1164580051
4.25367327193
4.39088853877
4.52810380561
4.66531907244
4.80253433928
4.93974960612
5.07696487295
5.21418013979
5.35139540663
5.48861067346
5.6258259403
5.76304120714
5.90025647397
6.03747174081
6.17468700765

-159.351483696921
-159.351716524255
-159.3517571959
-159.351680946545
-159.351538617298
-159.351363735611
-159.351177757921
-159.350993889131
-159.350819791931
-159.35065970828
-159.3505146464
-159.350385523694
-159.350271514084
-159.350171547197
-159.350084338888

-754.465943261392
-754.466936785684
-754.467377534664
-754.46751435537
-754.467494946883
-754.467402560086
-754.467282170608
-754.467157190089
-754.467039177046
-754.466933228916
-754.466840851946
-754.466761441066
-754.46669317709
-754.466633760049
-754.466581039945
-754.466533425286

-1.25708800362146

-1.40318936151428

-1.42871120407237

-1.38086401142086

-1.29155106049343

-1.18181114507059

-1.06510838264619
-0.949728974946194
-0.840481332556879
-0.740027324924059
-0.648999620904695
-0.567973899581551
-0.496431789178482
-0.433701620495597
-0.378977580388251

0.148966552401164

-0.474479353459763
-0.751053514099607
-0.836909803329708
-0.824730793866361
-0.76675720350744

-0.691211665448513
-0.612785205716842
-0.538730903183184
-0.472247447856241
-0.414280024018215
-0.364448944440687
-0.321612652765051
-0.284327896673321
-0.251245531937668
-0.22136688229853

3.6998332668
3.81918272702
3.93853218724
4.05788164746
4.17723110768
4.29658056789
4.41593002811
4.53527948833
4.65462894855
4.77397840877
4.89332786899
5.01267732921
5.13202678943
5.25137624965
5.37072570987

2-HF4
3.78617705941
3.91238296139
4.03858886337
4.16479476535
4.29100066733
4.41720656931
4.54341247129
4.66961837327
4.79582427525
4.92203017723
5.04823607921
5.17444198119
5.30064788317
5.42685378515
5.55305968713
5.67926558911

-159.351214217536
-159.351431486543
-159.351451338471
-159.351359553442
-159.351210676546
-159.351038299307
-159.3508623665
-159.350694154815
-159.350539508614
-159.350400932039
-159.350278886194
-159.350172657412
-159.350080889958
-159.350001949135
-159.349934154841

-754.466356019137
-754.467275370218
-754.467722182154
-754.467881858744
-754.467876041844
-754.467782122607
-754.4676477723
-754.467501219054
-754.467358163094
-754.467226396483
-754.467108882831
-754.467005803652
-754.466915846803
-754.466837029369
-754.466767228252
-754.466704176365

-1.08553229117745
-1.22187065146477
-1.23432792437205
-1.17673194909463
-1.08331028640017
-0.975141935818958
-0.864742432641196
-0.759188006661367
-0.66214605041769
-0.575187936741347
-0.498603012730381
-0.431943445621594
-0.374358498834959
-0.324822384506947
-0.28228082274943

-0.105633868741545
-0.682535381962415
-0.962914104935162
-1.0631126779284
-1.05946251803348
-1.00052730704131
-0.91622121655931
-0.824257666286135
-0.734488696041244
-0.651803899323041
-0.578062969323857
-0.513379807938976
-0.456931032925216
-0.407472346390664
-0.363671484190652
-0.324105827764389

4.03245326534
4.16253240293
4.29261154053
4.42269067812
4.55276981571
4.6828489533
4.81292809089
4.94300722849
5.07308636608
5.20316550367
5.33324464126
5.46332377885
5.59340291644
5.72348205404
5.85356119163
2-FF1
4.18662183349
4.3261758946
4.46572995572
4.60528401684
4.74483807795
4.88439213907
5.02394620018
5.1635002613
5.30305432242
5.44260838353
5.58216244465
5.72171650576
5.86127056688
6.000824628
6.14037868911
6.27993275023

-754.46722702637
-754.467602413971
-754.467721543581
-754.467698133337
-754.467602149935
-754.467475245236
-754.467341108038
-754.467212226479
-754.467094288005
-754.466989026833
-754.466896061924
-754.466814045371
-754.466741355745
-754.466676479586
-754.466618192283

-1349.58217947699
-1349.5835459017
-1349.5842539442

-1349.58456095936

-1349.58463511239

-1349.58458250581

-1349.58446694233
-1349.5843245924

-1349.58417461646

-1349.58402639816

-1349.58388418813

-1349.58374993791

-1349.58362490683
-1349.5835103514

-1349.58340756083

-1349.58331754881

-0.659795267527997
-0.895354543593359
-0.970109502483782
-0.955419352577752
-0.895188858517378
-0.815554957554053
-0.731382595017946
-0.650508195708087
-0.576500685938342
-0.510448303231085
-0.452111942110083
-0.400645778116915
-0.355032349072305
-0.314321944697857
-0.277746109865832

0.422403352588597
-0.435041098515189
-0.879344475282897
-1.07199939680257
-1.1185311256706
-1.08551999827309
-1.01300281972825
-0.923676890028927
-0.829565566759294
-0.736557179317194
-0.647319038235104
-0.563075753253711
-0.484617566034023
-0.412732948445053
-0.348230891898363
-0.291747496648453

3.90533476983
4.03131331079
4.15729185176
4.28327039272
4.40924893368
4.53522747464
4.66120601561
4.78718455657
4.91316309753
5.03914163849
5.16512017945
5.29109872042
5.41707726138
5.54305580234
5.6690343433
2-FF2
4.58731127773
4.74022165365
4.89313202958
5.0460424055
5.19895278143
5.35186315735
5.50477353327
5.6576839092
5.81059428512
5.96350466105
6.11641503697
6.2693254129
6.42223578882
6.57514616474
6.72805654067
6.88096691659

-754.467382928067
-754.467799578388
-754.467943916397
-754.467932549948
-754.467838024083
-754.467704079445
-754.467556383622
-754.467409568235
-754.46727156323
-754.467146174173
-754.467034615334
-754.466936475194
-754.466850389759
-754.466774551942
-754.466707115693

-1349.5813414665
-1349.58313615688
-1349.58396180227

-1349.5842695924
-1349.58431622788
-1349.58424199907
-1349.58412001749
-1349.58398553846
-1349.58385309267
-1349.58372709484
-1349.58360844471
-1349.58349791419
-1349.58339702867
-1349.58330754626
-1349.58323065162
-1349.58316650397

-0.75834248783057
-1.0197945116568
-1.11036797970522
-1.1032354253245
-1.04391954946647
-0.959868020106714
-0.86718749191109
-0.775059445649848
-0.688459997589334
-0.609777176338748
-0.539772947978748
-0.478189080324272
-0.424169654296725
-0.37658070563698
-0.334263820517917

0.959677054642131

-0.166508161808554
-0.684608466212446
-0.877749688734245
-0.907013894243422
-0.860434612702404
-0.783890015647134
-0.699503150226163
-0.616392162298197
-0.537327330218131
-0.462873249592967
-0.393514301106348
-0.330207681553587
-0.274056621394634
-0.225804506319726
-0.185551248249558




891S

RI-MP2/CBS(34)

Re.c [A] E [Ha) BIE [keal mol™!] Rec [4] E [Ha] BIE [keal mol~1] Re.c [A] E [Ha) BIE [keal mol™!] Re-c [A] E [Ha] BIE [keal mol~1]
3-HH1 3-HH2 3-HF1 3-HF2
3.43594668895  -237.837861377554  -1.27907407939742  4.03806907476  -237.836522602713  -0.442077485178922  4.05575650873  -1031.3113995789  -0.220184335009038  4.26586656335 -1031.31130221495 -0.141033872547684

3.55047824525
3.66500980155
3.77954135785
3.89407291414
4.00860447044
4.12313602674
4.23766758304
4.35219913934
4.46673069564
4.58126225193
4.69579380823
4.81032536453
4.92485692083
5.03938847713
5.15392003343
3-HF3
4.37726127205
4.52316998112
4.66907869019
4.81498739925
4.96089610832
5.10680481739
5.25271352646
5.39862223553
5.5445309446
5.69043965366
5.83634836273
5.9822570718
6.12816578087
6.27407448994
6.419983199
6.56589190807

-237.83874095408
-237.839150172
-237.839254745088
-237.839169394898
-237.838973324662
-237.838719333703
-237.838442099831
-237.83816395024
-237.837898055062
-237.837651986313
-237.837429162035
-237.837230414556
-237.83705498468
-237.836901102104
-237.836766974394

-1031.31209771694
-1031.31297410286
-1031.31328584863
-1031.31329098054
-1031.3131452053

-1031.31293825837
-1031.3127180476

-1031.31250807999
-1031.31231861639
-1031.31215278152
-1031.31200985422
-1031.31188725786
-1031.31178179961
-1031.31169039359
-1031.31161042869
-1031.31153990507

-1.83101668258137
-2.0878048042995
-2.15342540775082
-2.09986735491477
-1.97683142425481
-1.81744969118365
-1.64348280999129
-1.46894130643353
-1.30208956315436
-1.14767909190598
-1.00785474641623
-0.883138820407496
-0.773054911207008
-0.676492136882983
-0.592325728133181

-0.646629838228183
-1.19657030593169
-1.39219373007186
-1.39541405223501
-1.30393870815846
-1.17407754889265
-1.03589320439887

-0.904136539977102
-0.78524633599342

-0.681183383866519

-0.591495149038477

-0.514564771713646
-0.44838872065294

-0.391030577172944

-0.340851844900511

-0.296597605194244

4.17267137725
4.30727367975
4.44187598224
4.57647828473
4.71108058722
4.84568288971
4.98028519221
5.1148874947
5.24948979719
5.38409209968
5.51869440218
5.65329670467
5.78789900716
5.92250130965
6.05710361214
3-HF4
4.22420781328
4.36501474039
4.5058216675
4.6466285946
4.78743552171
4.92824244882
5.06904937593
5.20985630304
5.35066323015
5.49147015726
5.63227708437
5.77308401148
5.91389093859
6.0546978657
6.19550479281
6.33631171992

-237.837307613826
-237.837678630023
-237.837790617196
-237.837749307621
-237.837624452991
-237.837460299879
-237.837283714427
-237.837110149298
-237.836947820504
-237.836800543288
-237.836669547111
-237.836554616218
-237.836454635955
-237.836368497742
-237.836294568794

-1031.31058766216
-1031.31220980401
-1031.3129888652
-1031.31327446575
-1031.31328710823
-1031.31316088249
-1031.31297302434
-1031.31276593365
-1031.31256212623
-1031.31237305927
-1031.31220392045
-1031.3120562612
-1031.31192944759
-1031.31182148696
-1031.31172959288
-1031.31165070082

-0.934679395787768
-1.16749557440859
-1.23776858643242
-1.21184643676427
-1.13349897356532
-1.03049134060137

-0.919682296494421

-0.810768533697704

-0.708905677556631

-0.616487829211417

-0.534286487082257

-0.462166262866155

-0.399427700619418

-0.345375155893108

-0.298984040612549

0.30178644078492
-0.716122938275052
-1.20499121573787
-1.38420826671427
-1.39214154268117
-1.31293369488555
-1.19505092601954
-1.06509955615817
-0.937208469160786
-0.818567160510878
-0.71243094856727
-0.619773370310587
-0.540196628606443
-0.472450310477856
-0.414785904664084
-0.365280389624495

4.19094839235
4.32614027597
4.4613321596
4.59652404322
4.73171592685
4.86690781047
5.00209969409
5.13729157772
5.27248346134
5.40767534497
5.54286722859
5.67805911222
5.81325099584
5.94844287946
6.08363476309
3-FF1
4.44732592776
4.59557012535
4.74381432294
4.89205852053
5.04030271812
5.18854691572
5.33679111331
5.4850353109
5.63327950849
5.78152370608
5.92976790367
6.07801210127
6.22625629886
6.37450049645
6.52274469404
6.67098889163

-1031.31285655846
-1031.3135109562
-1031.31370274065
-1031.31364340516
-1031.31345993928
-1031.31322601078
-1031.31298287917
-1031.31275244341
-1031.3125449229
-1031.31236339598
-1031.3122066766
-1031.31207134739
-1031.31195328892
-1031.31184871055
-1031.31175472753

-1824.78445056558
-1824.78702710472
-1824.7882612566
-1824.78875098608
-1824.78884791919
-1824.78875142358
-1824.78856912456
-1824.78835469745
-1824.78813210007
-1824.78791128926
-1824.78769733805
-1824.78749441437
-1824.78730661091
-1824.78713747843
-1824.78698940015
-1824.78686323827

-1.13445281238934
-1.54509359396339
-1.66544015327481
-1.62820657126654
-1.51307999333098
-1.3662876433813
-1.21372025469163
-1.06911963218628
-0.938898546110254
-0.824988683906854
-0.726645788258997
-0.641725426859504
-0.567642618461369
-0.502018700555898
-0.443043464998624

1.1247675713992
-0.492035149025557
-1.26647714607955
-1.57378703449108
-1.63461347932528
-1.57406156983622
-1.45966720766942
-1.32511216466507
-1.18543019989738
-1.04686932459436
-0.912612913443614
-0.785276381722467
-0.667427931326234
-0.56129569770496
-0.468375174214675
-0.389207399138361

4.40806211546
4.55025766757
4.69245321968
4.83464877179
4.97684432391
5.11903987602
5.26123542813
5.40343098024
5.54562653235
5.68782208446
5.83001763658
5.97221318869
6.1144087408
6.25660429291
6.39879984502
3-FF2
4.42086165258
4.56822370767
4.71558576275
4.86294781784
5.01030987293
5.15767192801
5.3050339831
5.45239603818
5.59975809327
5.74712014836
5.89448220344
6.04184425853
6.18920631361
6.3365683687
6.48393042379
6.63129247887

-1031.31258788714
-1031.31312693244
-1031.31325615605
-1031.31317832977
-1031.31300847649
-1031.3128076432
-1031.31260627994
-1031.31241863296
-1031.31225064694
-1031.312103845
-1031.31197713831
-1031.31186788429
-1031.31177282207
-1031.31168888208
-1031.31161371676

-1824.78052595176
-1824.78559165462
-1824.78802608247
-1824.7890464368
-1824.78934412849
-1824.78929792993
-1824.78910640865
-1824.78886681809
-1824.78862081133
-1824.78838193633
-1824.7881525155
-1824.78793286868
-1824.78772482796
-1824.78753178467
-1824.78735736284
-1824.78720417806

-0.947805352137851
-1.28606138480416
-1.36715042447023
-1.31831369633365
-1.21172915401553
-1.08570436176005

-0.959347008409867

-0.841596750793424

-0.736183931626196

-0.644064323480366

-0.564554675212889

-0.495996742516836
-0.43634429884862

-0.383671159899212

-0.336504209394797

3.70345943850342
0.524682901343512
-1.00294363826856

-1.6432256471596
-1.83003000302429
-1.80103996888578
-1.68085855125686
-1.53051320490476
-1.37614163241176
-1.22624530685852
-1.08228156249431

-0.944451101921318
-0.813903579109802
-0.692767085753593
-0.583315735083428
-0.48719083425142




691S

RI-MP2/CBS(34)

Ro.c [A] E [Ha] BIE [keal mol™!] Rec [A] E [Ha] BIE [kcal mol™1] Rec [4] E [Ha] BIE [keal mol™!] Re-c [A] E [Ha] BIE [kcal mol™1]
4-HH1 4-HH2 4-HF1 4-HF2
3.45206253651  -316.32564440408 -2.0236029269884  4.10663636738 -316.323655396208 -0.778031196860239  4.0391979304  -1308.15613439667 -0.403824918087795 4.07104188193 -1308.15630426445 -0.283449362666392

3.56713128772
3.68220003894
3.79726879016
3.91233754137
4.02740629259
4.14247504381
4.25754379502
4.37261254624
4.48768129746
4.60275004867
4.71781879989
4.83288755111
4.94795630232
5.06302505354
5.17809380476
4-HF3
4.08162960506
4.21768392523
4.3537382454
4.48979256557
4.62584688574
4.76190120591
4.89795552608
5.03400984625
5.17006416641
5.30611848658
5.44217280675
5.57822712692
5.71428144709
5.85033576726
5.98639008743
6.1224444076

-316.326814175797
-316.327342334374
-316.327453943624
-316.327306557984
-316.327008835124
-316.326633873091
-316.32622991513
-316.325827446367
-316.32544457813
-316.325090964031
-316.324770885697
-316.324485020144
-316.324232086675
-316.324009740335
-316.323815166165

-1308.15519200744
-1308.15772169597
-1308.15895653107
-1308.159421429
-1308.15945200837
-1308.15925682531
-1308.15895978383
-1308.1586307797
-1308.15830727499
-1308.15800791066
-1308.15774038252
-1308.157506039
-1308.15730269285
-1308.15712639721
-1308.15697257382
-1308.1568368484

-2.75764576182457
-3.08907027268291
-3.15910613443404
-3.06662024900802
-2.87979633372436
-2.64450410563114
-2.39101665800716
-2.13846369622711
-1.89821025020886
-1.67631405296552
-1.47546186594108
-1.29607852314568
-1.13736037507459
-0.997835940200208
-0.875738805132298

0.384345310824318
-1.20305820794187
-1.97792893211324
-2.26965678762324
-2.28884563193011
-2.1663664126243
-1.9799700697201
-1.77351686117214
-1.57051459078367
-1.38266063754606
-1.21478419509867
-1.06773141620461
-0.940129780514541
-0.829502596250264
-0.732976961661903

-0.647807974734881

4.24352424629
4.38041212521
4.51730000412
4.65418788303
4.79107576194
4.92796364086
5.06485151977
5.20173939868
5.33862727759
5.47551515651
5.61240303542
5.74929091433
5.88617879324
6.02306667216
6.15995455107
4-HF4
4.17634016747
4.31555150639
4.4547628453
4.59397418422
4.73318552313
4.87239686205
5.01160820097
5.15081953988
5.2900308788
5.42924221771
5.56845355663
5.70766489555
5.84687623446
5.98608757338
6.12529891229
6.26451025121

-316.324630880772
-316.325073551191
-316.325185961149
-316.325104942558
-316.324919958382
-316.324687461667
-316.324441569378
-316.324201776109

-316.32397834577
-316.323775969878
-316.323596084211
-316.323438289386
-316.323301187214
-316.323182885079
-316.323081295161

-1308.15638707146
-1308.15828290484
-1308.15914304788
-1308.15939429479
-1308.15931096664
-1308.15906392204
-1308.15875343387
-1308.15843400863
-1308.15813261128
-1308.15786050491
-1308.15762030431
-1308.15741020914
-1308.15722656343
-1308.15706527243
-1308.1569225265
-1308.15679513315

-1.3901570025344
-1.66793688430191
-1.73847519790526
-1.68763526451575
-1.57155594151658
-1.42566205018004
-1.27136230924812
-1.12088976116512

-0.980685106651279
-0.85369231711096
-0.74081235681695

-0.641794609190055

-0.555761697351135

-0.481525986857464

-0.417777350838629

-0.331373579686099
-1.521026986684
-2.06077489326169
-2.21843470960689
-2.1661455062285
-2.01112267910198
-1.81628841097728
-1.61584604640579
-1.42671635407394
-1.25596702885299
-1.10523887680595
-0.973402167106314
-0.858162744242505
-0.756951113646242
-0.667376690112234
-0.58743615613474

4.17383786142
4.30847779243
4.44311772345
4.57775765446
4.71239758547
4.84703751649
4.9816774475
5.11631737851
5.25095730953
5.38559724054
5.52023717155
5.65487710257
5.78951703358
5.92415696459
6.05879689561
4-FF1
4.75115085185
4.90952254691
5.06789424198
5.22626593704
5.3846376321
5.54300932716
5.70138102222
5.85975271728
6.01812441235
6.17649610741
6.33486780247
6.49323949753
6.65161119259
6.80998288765
6.96835458272
7.12672627778

-1308.15806771584
-1308.15894102419
-1308.15918831531
-1308.15909063928
-1308.15882413314
-1308.15849258775
-1308.15815260346
-1308.1578323836
-1308.15754406009
-1308.15729098345
-1308.15707192951
-1308.1568834251
-1308.1567210049
-1308.15657993674
-1308.15645578943

-2299.98867221467
-2299.991298698
-2299.99236170672
-2299.9926239729
-2299.99251293278
-2299.99225113552
-2299.99194493412
-2299.99163773285
-2299.99134245093
-2299.99106125625
-2299.99079739006
-2299.99055208258
-2299.99033241357
-2299.99014268995
-2299.98998434538
-2299.98985577784

-1.6170010134617
-2.16501027683348
-2.32018779753475
-2.25889516332134
-2.09166003548013
-1.88361216230285

-1.6702687992403

-1.4693278033358
-1.28840206926593
-1.12959407995991

-0.992135657372862
-0.873847354168304
-0.77192713989117
-0.683405532999417
-0.605501919889615

0.359444153805805
-1.28869901907521
-1.95574706206679
-2.12032157473662
-2.05064284720833
-1.88636258628532
-1.69421830697097
-1.50144659958264
-1.31615439728859
-1.13970207145246
-0.974123537405948
-0.820190769743027
-0.682346384685167
-0.563293015838413
-0.463930297955702
-0.383252948662157

4.206743278
4.34244467406
4.47814607013
4.61384746619
4.74954886225
4.88525025832
5.02095165438
5.15665305045
5.29235444651
5.42805584258
5.56375723864
5.69945863471
5.83516003077
5.97086142683

6.1065628229
4-FF2
4.63747496367
4.79205746246
4.94663996125
5.10122246004
5.25580495883
5.41038745762
5.56496995641
5.7195524552
5.87413495398
6.02871745277
6.18329995156
6.33788245035
6.49246494914
6.64704744793
6.80162994672
6.95621244551

-1308.15829111768
-1308.15922061181
-1308.15951830946
-1308.15946100554
-1308.15922245654
-1308.15890683864
-1308.15857311715
-1308.15825227922

-1308.1579588236
-1308.15769792257
-1308.15746967203
-1308.15727156061
-1308.15709986937

-1308.1569505106
-1308.15681959356

-2299.98657913224
-2299.99031882083
-2299.99206476011
-2299.99271294703
-2299.99278955683
-2299.99259634766
-2299.9922949113
-2299.99196533771
-2299.99164178973
-2299.99133512726
-2299.99104708878
-2299.9907779907
-2299.99052950073
-2299.99030444649
-2299.99010552769

-2299.98993418862

-1.53021858789934
-2.11348496056763
-2.30029305633781
-2.26433430355895
-2.11464254607102
-1.91658932364805
-1.70717592696354
-1.50584708636506
-1.32170090457441
-1.15798303643523
-1.01475366015454
-0.890436867274115
-0.782698987581169
-0.68897494428149
-0.606823261375745

1.58090035586702
-0.765789664186952
-1.86138310355788
-2.26812653677373
-2.31619991184578
-2.19495932721164
-2.00580515570587
-1.79899460555096
-1.59596518260961
-1.4035315774029
-1.22278470233029
-1.05392310767921
-0.897993297538926
-0.75676962963825
-0.63194619812905
-0.524429308299203




0LIS

RI-MP2/CBS(34)

Ro.c [A] E [Ha] BIE [keal mol™!] Rec [A] E [Ha] BIE [kcal mol™1] Rec [4] E [Ha] BIE [keal mol™!] Re-c [A] E [Ha] BIE [kcal mol™1]
5-HH1 5-HH2 5-HF1 5-HF2
3.45905710032  -394.813085628483  -2.61008030011037  4.15692279807  -394.809603043717  -0.442442300372499  4.10335551576  -1585.00185437984  -0.755286779080415 4.32605659689 -1585.00169258799  -0.728701928505616

3.57435900366
3.68966090701
3.80496281035
3.9202647137
4.03556661704
4.15086852038
4.26617042373
4.38147232707
4.49677423042
4.61207613376
4.7273780371
4.84267994045
4.95798184379
5.07328374714
5.18858565048
5-HF3
4.28282642262
4.42558730337
4.56834818412
4.71110906488
4.85386994563
4.99663082639
5.13939170714
5.28215258789
5.42491346865
5.5676743494
5.71043523016
5.85319611091
5.99595699166
6.13871787242
6.28147875317
6.42423963392

-394.814633576371
-394.815342800908
-394.815505454051
-394.815326837432
-394.814948731591
-394.814467116977
-394.81394529263

-394.813423420483
-394.812925537337
-394.812464642187
-394.812046486195
-394.811672266429
-394.811340517787
-394.811048347524
-394.810792216973

-1585.00117601367
-1585.0037138363
-1585.0048705519

-1585.00522277345

-1585.00513440654

-1585.00482861738

-1585.00443591668

-1585.00402819551

-1585.00364241596

-1585.00329539503

-1585.00299214504

-1585.00273080417

-1585.00250599392

-1585.00231114745

-1585.00214007931

-1585.00198783895

-3.58143226509733
-4.02647738125208
-4.12854376944743
-4.01646014881367
-3.779195151424
-3.4769774183292
-3.14952769682034
-2.82204798034053
-2.50962158927386
-2.22040551615564
-1.95800866956047
-1.72318222103633
-1.51500680519635
-1.33166719711931
-1.17094284981632

-0.185916823298706
-1.77842456700206
-2.50427456473713
-2.72529692429295

-2.6698458511116
-2.47796025620382
-2.2315368464422
-1.97568794954848
-1.73360762703843
-1.51584870571103
-1.32555646406865
-1.16156259213067
-1.02049203049938
-0.898224024539625
-0.790877146031166
-0.695344877827

4.29548689134
4.43405098461
4.57261507788
4.71117917115
4.84974326442
4.98830735769
5.12687145096
5.26543554423
5.4039996375
5.54256373077
5.68112782403
5.8196919173
5.95825601057
6.09682010384
6.23538419711
5-HF4
4.08325326395
4.21936170608
4.35547014821
4.49157859034
4.62768703247
4.7637954746
4.89990391674
5.03601235887
5.172120801
5.30822924313
5.44433768526
5.58044612739
5.71655456953
5.85266301166
5.98877145379
6.12487989592

-394.811368359287
-394.81222066863
-394.812520570453
-394.812499360426
-394.812302974418
-394.812019659631
-394.811704559238
-394.811388393271
-394.811088331554
-394.810813008687
-394.810565947916
-394.810347649498
-394.810156893262
-394.809991531633
-394.809848980926

-1585.00156467174
-1585.00417563905
-1585.00541528991
-1585.00582358259
-1585.00575716769
-1585.00544556325
-1585.00502916063
-1585.00458814091
-1585.0041645749
-1585.00377776481
-1585.00343396224
-1585.00313235281
-1585.00286878135
-1585.00263794612
-1585.00243455607
-1585.00225389129

-1.5501945451278
-2.08502673265863
-2.27321796785117
-2.25990847496456
-2.13667439439266
-1.95889168142722
-1.76116319957018
-1.56276605989907
-1.37447448970653

-1.201706782239
-1.04667380780804
-0.909689482341613
-0.789988137021487
-0.686222148187047
-0.596770229030101

-0.438043018372701
-2.07644974165176
-2.85434240078111
-3.11054992567687
-3.06887394674497
-2.87333920853112
-2.61204261949776
-2.33529856695896
-2.06950688274864
-1.82677988660407
-1.61104051681445
-1.42177774208845
-1.25638415373111
-1.11153286010746

-0.983903676785985

-0.870534815626312

4.24013403296
4.37691255015
4.51369106734
4.65046958453
4.78724810173
4.92402661892
5.06080513611
5.1975836533
5.33436217049
5.47114068769
5.60791920488
5.74469772207
5.88147623926
6.01825475645
6.15503327365
5-FF1
4.5471930552
4.69876615704
4.85033925888
5.00191236072
5.15348546256
5.3050585644
5.45663166624
5.60820476808
5.75977786992
5.91135097176
6.0629240736
6.21449717544
6.36607027728
6.51764337912
6.66921648096
6.8207895828

-1585.00419094514
-1585.0052218196
-1585.00549862548
-1585.00536571698
-1585.00503125628
-1585.00461599273
-1585.00418645284
-1585.00377719983
-1585.00340473237
-1585.00307510737
-1585.0027879402
-1585.00253894343
-1585.00232198658
-1585.00213082188
-1585.00196021505

-2775.19101248781
-2775.19509961334
-2775.19698422899
-2775.1976487433

-2775.19767813052
-2775.19740897956
-2775.19701638743
-2775.19659197969
-2775.1961737625

-2775.19577430191
-2775.19539654296
-2775.19504220271
-2775.19471468778
-2775.19441860577
-2775.19415799273
-2775.19393263197

-2.22150364135994
-2.86838713148758
-3.04208544367686
-2.95868410071194
-2.74880684288633
-2.48822503094976
-2.21868468059866
-1.96187453953059
-1.72814767961713
-1.52130486928165
-1.3411047495023
-1.18485691727122
-1.04871443847593
-0.928756778114617
-0.821699376025003

1.11537394351929
-1.44933604803141
-2.63195022321876
-3.04893924825614
-3.06738000745009
-2.89848522991247
-2.65212994886732
-2.38581007120587
-2.12337482248571
-1.87270951779577
-1.63566219779472
-1.41331033365139
-1.20779161237415
-1.02199734588709

-0.858460194427516
-0.717044182211092

4.47025848346
4.61446037002
4.75866225658
4.90286414315
5.04706602971
5.19126791627
5.33546980283
5.4796716894
5.62387357596
5.76807546252
5.91227734909
6.05647923565
6.20068112221
6.34488300878
6.48908489534
5-FF2
4.89471861206
5.05787589912
5.22103318619
5.38419047326
5.54734776033
5.7105050474
5.87366233447
6.03681962154
6.1999769086
6.36313419567
6.52629148274
6.68944876981
6.85260605688
7.01576334395
7.17892063102
7.34207791808

-1585.00388581532
-1585.00477682229
-1585.00494629473
-1585.00474170385
-1585.00436807736
-1585.00394105381
-1585.0035210091
-1585.00313626399
-1585.00279734042
-1585.00250483238
-1585.00225413988
-1585.00203864698
-1585.0018517505
-1585.00168790661
-1585.00154295276

-2775.19067480704
-2775.19483264114
-2775.19670237998
-2775.19732169336
-2775.19730548382
-2775.1970010412
-2775.19659212646
-2775.19616659829
-2775.19575963046
-2775.19538092313
-2775.1950309865
-2775.19470948101
-2775.19441796739
-2775.19415932317
-2775.19393594099
-2775.19374824127

-2.10497285674995
-2.66408817185668
-2.77043373347148
-2.64205101797572
-2.4075968557349
-2.13963553252256
-1.8760534975401
-1.63462229589709
-1.42194454484144
-1.23839297849057
-1.08108105967767
-0.945857223349749
-0.828577911464193
-0.725764318200819
-0.634804404070654

1.37168995849074
-1.23739033040057
-2.41066916641524
-2.79929417999859
-2.78912253991441

-2.5980819116781
-2.34148403821221
-2.07446108000413
-1.81908491118905
-1.58144247366034
-1.36185392313259
-1.16010618201415

-0.977178623861053
-0.814876925328425
-0.674702490968874
-0.55691913849892




ILTS

RI-MP2/CBS(34)

Rec [A] E [Ha) BIE [keal mol~1] Rec [4] E [Ha] BIE [kcal mol~1] Rec [A] E [Ha] BIE [keal mol~?] Rec [A] E [Ha] BIE [kcal mol™!]
6-HH1 6-HH2 6-HF1 6-HF2
3.66066245322  -473.299921047196  -2.78226130187702  4.10083752819 -473.297115542032  -1.0318210312603  4.07836427965 -1861.84505717283 0.103746861768915  4.2821480345 -1861.84646193192  -0.65474150770167

3.78268453499
3.90470661677
4.02672869854
4.14875078031
4.27077286209
4.39279494386
4.51481702564
4.63683910741
4.75886118918
4.88088327096
5.00290535273
5.1249274345
5.24694951628
5.36897159805
5.49099367983
6-HF3
4.20626486631
4.34647369519
4.48668252407
4.62689135294
4.76710018182
4.9073090107
5.04751783957
5.18772666845
5.32793549733
5.46814432621
5.60835315508
5.74856198396
5.88877081284
6.02897964171
6.16918847059
6.30939729947

-473.302064635571
-473.303035173339
-473.303270922303
-473.303063236651
-473.30260498797
-473.302022180777
-473.301393483241
-473.300768293732
-473.300174800302
-473.299627601647
-473.2991326992
-473.298690881967
-473.29829948655
-473.297955938149
-473.297655337072

-1861.84465613971
-1861.84866024618
-1861.85052048804
-1861.85115845884
-1861.85113663334
-1861.85078769241
-1861.85030102682
-1861.84977945004
-1861.84927606355
-1861.84881659355
-1861.8484112345
-1861.84806062379
-1861.84775943391
-1861.84749938082
-1861.84727176679
-1861.84706929155

-4.12738331555836
-4.73640495986073
-4.88433966823978
-4.75401495398663
-4.46645956523825
-4.10074253008972
-3.70622886996847
-3.31391653003787
-2.94149377994536
-2.59812143977331
-2.28756546559147
-2.01032096609199
-1.76471663383702
-1.54913675745529
-1.36050673373376

0.561157148702416
-1.95145759605987
-3.1187769871152
-3.51910970837523
-3.50541400036872
-3.28645026089423
-2.98106299252424
-2.65376862159188
-2.33788883004489
-2.04956705209131
-1.79520040778716
-1.57518886555791
-1.38618936223002
-1.22300358467988
-1.08017362451372
-0.953118493001637

4.23753211246
4.37422669673
4.51092128101
4.64761586528
4.78431044955
4.92100503383
5.0576996181
5.19439420237
5.33108878664
5.46778337092
5.60447795519
5.74117253946
5.87786712374
6.01456170801
6.15125629228
6-HF4
4.20917353341
4.34947931786
4.48978510231
4.63009088675
4.7703966712
4.91070245565
5.0510082401
5.19131402454
5.33161980899
5.47192559344
5.61223137788
5.75253716233
5.89284294678
6.03314873123
6.17345451567
6.31376030012

-473.298853708634
-473.299690756044
-473.299959550278
-473.299888314835
-473.299627253157
-473.299273217238
-473.298886621118
-473.298501022173
-473.298137364226
-473.297804606073
-473.297506390366
-473.297242974478
-473.297012694476
-473.296812874207
-473.296640384628

-1861.84733034042
-1861.84996300203
-1861.85116960267
-1861.85151536121
-1861.85137478002
-1861.85098851568
-1861.85050239709
-1861.84999858695
-1861.84951968893
-1861.84908487884
-1861.84869976552
-1861.84836267356
-1861.84806863088
-1861.84781163376
-1861.84758574059
-1861.84738558549

-2.12253647666118
-2.64779165663346
-2.8164625850181
-2.77176166965859
-2.6079429933954
-2.38578210010279
-2.14318937219434
-1.90122238104138
-1.673023574009
-1.46421468042836
-1.27708149898708
-1.11178553369175
-0.967282650745907
-0.841893538840237
-0.733654693868979

-0.915147375290368
-2.56716747729046
-3.32432081036078
-3.54128756985137
-3.45307154128961
-3.21068700831444

-2.9056429877064
-2.58949735182845
-2.28898430720369
-2.01613685624049

-1.7744745992921
-1.56294620086836
-1.37843163353495
-1.21716350579867
-1.07541340154042

-0.949814179911805

4.21430975564
4.35025523163
4.48620070762
4.6221461836
4.75809165959
4.89403713558
5.02998261157
5.16592808756
5.30187356355
5.43781903953
5.57376451552
5.70970999151
5.8456554675
5.98160094349
6.11754641948
6-FF1
4.33323976416
4.47768108963
4.62212241511
4.76656374058
4.91100506605
5.05544639152
5.19988771699
5.34432904247
5.48877036794
5.63321169341
5.77765301888
5.92209434435
6.06653566983
6.2109769953
6.35541832077
6.49985964624

-1861.84874646628
-1861.85047104451
-1861.85106037463
-1861.85102680542
-1861.85067875421
-1861.85019453786
-1861.84967264042
-1861.84916507911
-1861.84869748588
-1861.84828016435
-1861.84791439698
-1861.84759639775
-1861.84732001195
-1861.84707847812
-1861.84686555392

-3250.39431899719
-3250.39932794826
-3250.40178886551
-3250.4027632384
-3250.40290814767
-3250.402624422
-3250.40214608261
-3250.40160164861
-3250.40105489086
-3250.40053189351
-3250.40003943985
-3250.39957737158
-3250.39914571985
-3250.39874724346
-3250.39838667548
-3250.39806851767

-2.21131973058476
-3.29350890848152
-3.66331914207303
-3.64225414475207
-3.42384871315776
-3.11999836602954
-2.79250277799404
-2.47400324727853
-2.1805840654492
-1.91871085167361
-1.68918836179048
-1.48964083224581
-1.31620612418237
-1.1646413576151
-1.03102940486261

1.24863988110531
-1.89452437016434
-3.43877325905846
-4.05020147883085

-4.141133418719
-3.96309287264205
-3.66293037381702
-3.32129288059625

-2.9781972126034
-2.65001142067059
-2.34099208340666
-2.05103986645607
-1.78017431628966
-1.53012660651303
-1.30386678310688
-1.10421974285525

4.42488630232
4.56762457013
4.71036283795
4.85310110577
4.99583937358
5.1385776414
5.28131590922
5.42405417703
5.56679244485
5.70953071267
5.85226898048
5.9950072483
6.13774551612
6.28048378393
6.42322205175
6-FF2
5.1937903833
5.36691672941
5.54004307552
5.71316942163
5.88629576774
6.05942211385
6.23254845996
6.40567480607
6.57880115218
6.75192749829
6.9250538444
7.09818019051
7.27130653662
7.44443288273
7.61755922884
7.79068557495

-1861.84942330538
-1861.85067242442
-1861.85096468256
-1861.85075559058
-1861.85031350551
-1861.84979073654
-1861.84926804331
-1861.84878396714
-1861.84835355296
-1861.84797925419
-1861.84765688837
-1861.84737926743
-1861.84713854397
-1861.84692769202
-1861.84674121046

-3250.38387467508
-3250.39420638939
-3250.39891420176
-3250.40072495566
-3250.40113422805
-3250.40092932957
-3250.400500485
-3250.40002518241
-3250.39957050652
-3250.39915099629
-3250.39876343966
-3250.39840501753
-3250.39807815327
-3250.39778802378
-3250.39753544248
-3250.39732750376

-2.51303140992823
-3.2968654417069
-3.48026019341498
-3.34905299504737
-3.07164042526913
-2.74359794382697
-2.41560299008894
-2.11184060721597
-1.84175163147618
-1.60687560726726
-1.40458800111637
-1.23037823102515
-1.07932197931729
-0.947010383089046
-0.829991437511718

7.83669794339467
1.35344933103976
-1.60074753283396
-2.73701276011462
-2.99383506243881
-2.86525932490142
-2.59615529448057
-2.29789841619149
-2.01258498757397
-1.74933834372686
-1.50614288675123
-1.28122960453476
-1.07611918471522
-0.894060180948259
-0.735563022419248
-0.605079505610587




GLIS

TightPNO-DLPNO-CCSD(T)/cc-pVQZ

Rec[A]  BIE kealmol™!]  Rec[A]  BIE [kealmol™)]  Rec [A]  BIE [kealmol™!] R [A]  BIE [kealmol™]  Rec[A]  BIE [kealmol™)]  Rec [A]  BIE [kealmol™!]  Rec[A]  BIE [kealmol™!]  Rec [A]  BIE [kealmol™]

1-HH1 1-HH2 1-HF1 1-HF?2 1-FF1 1-FF2
330371146716 -0.112609 35804338401 0.0419088 340464005758  -0.0721955  3.82497722955 0.2242 367080659217 -0.0007777  3.88048063632 0.482832
341383518274 -0.300277 3.60078163477  -0.214587 35181280595 0347836 395247647054 -0.0596355 379316681191 -0.366859 400082009086 -0.0434683
3.52395889831 -0.380495 381912042044 -0.295629  3.63161606142  -0.479656 407997571152 -0.196788 391552703165 -0.487365 413917934541 -0.306829
363408261388 -0.419488 3.93847722411 0326033 3.74510406334 0517481 420747495251 0252219 403788725139 -0.477106 426852869905 -0.422088
3.74420632945 -0.414464 4.05782501878 -0.325639 3.85859206526 -0.505145 4.33497419349 -0.264318 4.16024747113 -0.434117 4.39787805449 -0.447067
385433004502 -0.388837  AATTIT281345  -0.305492 397208006718 -0.462119 146247343448 -0.248703 128260769087 -0.300042 452722740904 -0.415557
39644537606 -0.354816 420652060812 -0.279457 40855680691 -0.40885 458097267546 -0.215004 440496791061 -0.295796 465657676358 -0.355531
407457747617 -0.315621 441586840279 -0.253394 419905607102 -0.343115 4.71747191645 -0.179351 4.52732813035 -0.217168 4.78592611813 -0.284486
4.18470119174 -0.273674 4.53521619746 -0.22228 4.31254407294 -0.278651 4.84497115743 -0.139164 4.64968835009 -0.146014 4.91527547267 -0.216121
420482490731 0.234530  4.65456309213 0101847 442603207486 -0.217661 497247039842 0101815 477204856983 -0.0759355  5.04462482721 -0.15038
4.40494862289 -0.202115 4.7739117868 -0.164035 4.53952007678 -0.165643 5.0999696394 -0.0687836 4.89440878957 -0.0134125 5.17397418176 -0.0907891
451507233846 -0.172812  4.89323058147  -0.140377 46530080787 0111975 522746888039 -0.0391888 501676000931 0.0394407 53033235363 -0.0368613
462519605403 -0.145541 501260737614 -0.119178 476649608062  -0.0640438 535496812137  -0.0120497 513012022004 0.0840676  5.43267280085  0.00691842
4.7353197696 -0.12392 5.13195517081 -0.10222 4.87998408254 -0.0216397 5.48246736236 0.0115913 5.26148944878 0.123147 5.56202224539 0.0470864
484544348517 -0.103927 525130206548 -0.0862070  4.99347208446  0.0175056  5.60996660334  0.0329467 5.38384066852 0.158872 560137159993 0.0838028
4.95556720075 -0.0899487 5.37065076015 -0.0726374 5.10696008638 0.0514087 5.73746584433 0.0514417 5.50620988826 0.18999 5.82072095448 0.114971

2-HH1 2-HH2 2-HF1 2-HF2 2-HF3 2-HF4 2-FF1 2-FF2
334273380134 -0.507082 358048380658 -0.414245 390237412775 0.0969077  3.77935622887  0.0675529 41164580051 0.35832 378617705941 0.18243 418662183349 0.713446 458731127773 1.21386
3.45415835439 -0.897779 3.6998332668 -0.811118 4.03245326534 -0.4305 3.90533476983 -0.50209 4.25367327193 -0.282909 3.91238296139 -0.417481 4.3261758946 -0.123781 4.74022165365 0.104539
3.56538281743 -1.09092 381918272702 -0.982045  4.16253240293  -0.672950 103131331079 -0.774183 4.30088853877 -0.56882 403858886337 -0.724536 446572005572 -0.538518 180313202058 -0.399381
367700728048 -1.15075 3.93853218724 -1.02402 420261154053 -0.749613 415720185176 -0.860884 452810380561 0.653699  4.16479476535  -0.827095 460528401684 -0.737665 5.0460424055 -0.564898
3.78843174352 -1.13225 4.05788164746 -0.990036 4.42269067812 -0.734984 4.28327039272 -0.867846 4.66531907244 -0.638451 4.29100066733 -0.82778 4.74483807795 -0.758373 5.19895278143 -0.573188
3.80985620657 -1.06784 417723110768 -0.914908  4.55276981571 0678422 110921893368 -0.810097 180253133928 0577486 4.41720656931 -0.773283 488439213907 -0.692446 535186315735 -0.506162
401128066961 0.974643  4.20658056780  -0.828053 4.6828489533 0586352 453522747464 -0.719285 493074060612 -0.492062 454341247120 -0.679954 502304620018 -0.594191 550477353327 -0.407677
112270513266 0.874077  4.41593002811 -0.738431 1.81202809089  -0.496506 466120601561 0616672 507696487205 -0.405076  4.66061837327  -0.578067 5.1635002613 0469877 5.6576839092 -0.299621
42341295957 -0.792078  4.53527948833  -0.639432 494300722849 -0.404911 AT8TISASE657  -0.507038 521418013079 -0.316083  4.79582427525  -0.475324 530305432242 -0.354923 581050428512 -0.201467
434555405875 -0.692637  4.65462804855  -0.547928  5.07308636608  -0.322186 491316300753 0402337 5.35130540663  -0.235586 492203017723 -0.38176 544260838353 -0.243377  5.96350466105 -0.114678
445697852179 -0.611001 ATT30TRA08TT  -0.471391 520316550367 -0.236508 503914163849 -0.306846 548861067346 -0.167641 5.04823607921 -0.29298 558216244465 -0.137027  6.11641503697  -0.0368178
456840208483 0528576 4.89332786899 039677 533324464126 -0.165429 516512017945 0222755 56258250403 -0.107273 517444198119 -0.211981 572171650576 -0.0491073  6.2693254129 00371114
4.67T982744788 -0.457589 5.01267732921 -0.340982 5.46332377885 -0.100063 5.29109872042 -0.15255 5.76304120714 -0.0552279 5.30064788317 -0.141477 5.86127056688 0.0264806 6.42223578882 0.0932827
479125191002 -0.387747 513202678043 -0.286831 550340291644 -0.0459152 541707726138 -0.0840435  5.90025647397  -0.00395252  5.42685378515  -0.078384 6.000824628 00923936 6.57514616474 0.149055
490267637307 -0.328123 525137624965 -0.239485 572348205404 0.0053074 554305580234 -0.0255223  G.0374TITA081 00362027 555305068713  -0.0211873  6.14037868911 0.153425 6.72805654067 0.186285
5.01410083701 -0.276534 5.37072570987 -0.204714 5.85356119163 0.0511367 5.6690343433 0.026357 6.17468700765 0.0729573 5.67926558911 0.0289137 6.27993275023 0.201559 6.88096691659 0.218014

3-HH1 3-HH2 3-HF1 3-HF2 3-HF3 3-HF4 3-FF1 3-FF2
343504668805 0507062  4.03806007476 0114213 405575650873 0.228009 426586656335 0.226684 437726127205 -0.293302  4.22420781328 0.798957 444732502776 164127 442086165258 442426
3.55047824525 -1.25341 417267137725 -0.658265 4.19094839235 -0.721951 4.40806211546 -0.619477 4.52316998112 -0.866789 4.36501474039 -0.270346 4.59557012535 0.0122426 4.56822370767 1.21394
3.66500980155 -1.6037 430727367975 -0.941821 432614027597 -1.15691 455025766757 -0.981608 466907869019 -1.08102 45058216675 0780156 4.74381432204 0742174 471538576275 -0.333331
377954135785 172195 444187508224 -1.06276 44613321596 -1.28733 460245321968 -1.06881 4.81498739925 -1.09102 46466285946 0.990677  4.89205852053 -1.05222 486204781784 -0.990336
3.89407291414 -1.70594 4.57647828473 -1.05557 4.59652404322 -1.27007 4.83464877179 -1.02173 4.96089610832 -1.00969 4.78743552171 -1.01854 5.04030271812 -1.10688 5.01030987293 -1.20215
4.00860447044 -1.61299 ATII0R058722  -0.988879  4.73171502685 -1.16315 197684432391 0913805 510680481739 -0.880177  4.92824244882  -0.950601 518854691572 -1.03835 515767192801 -1.18195
4.12313602674 -1.48567 4.84568288971 -0.895304 4.86690781047 -1.01086 5.11903987602 -0.781867 5.25271352646 -0.744296 5.06904937593 -0.837481 5.33679111331 -0.893223 5.3050339831 -1.03852
1.23766758304 -1.38261 198028519221 -0.80386 500200069400 -0.844059 526123542813 -0.646347 530862223553 -0.603626 5.20085630304 -0.70491 5.4850353109 -0.716528 5.45230603818 -0.829339
4.35219913934 -1.23418 51148874947 0703056 5.13729157772  -0.679288 540343008024 -0.518883 55445300446 -0.475589 5.35066323015  -0.576705 563327050849 -0.546162 550075800327 -0.623749
4.4 069564 -1.10031 5.24948979719 -0.604706 5.27248346134 -0.533556 -0.392423 5.69043965366 -0.360389 5.49147015726 -0.445555 578152370608 -0.383508 5.74712014836 -0.440116
458126225193 -0.967273 538409200968  -0.510882  5.40767534497  -0.399039 568782208446 -0.280126 583634836273  -0.261203 5.63227708437  -0.328321 592976790367 -0.232854 5.80448220344 -0.264919
460579380823 -0.820829 551860440218 0436706  5.54286722859  -0.203142 583001763658 -0.183479 59822570718 -0.175272 577308401148 -0.224751 607801210127 -0.116461 604184425853 -0.106823
4.81032536453 -0.713197 5.65329670467 -0.364543 5.67805911222 -0.186403 597221318869 -0.10242 6.12816578087 -0.10574 5.91389093859 -0.144229 6.22625629886 -0.00584207 6.18920631361 0.0204041
192485692083 -0.60631 578780000716 -0.301609  5.81325090584  -0.0950333 61144087408 -0.0350205  6.27407448994  -0.0411108 60516078657 -0.0736421  6.37450049645  0.0940649 63365683687 0.136018
503038847713 -0.509879 592250130065 -0.250749  5.04844287946  -0.0172386 625660420201  0.0269559 6.419983199 00144938 619550479281  -0.0102317  6.52274469404 0.173002 6.48393042379 0.233225
5.15392003343 -0.443403 6.05710361214 -0.204221 6.08363476309 0.052602 6.39879984502 0.0790619 6.56589190807 0.0619782 6.33631171992 0.0481404 6.67098889163 0.235852 6.63129247887 0.313131




4.3 Energy Decomposition Analysis

The following tables provide the computational raw data for the SAPT and LED computa-
tions. In SAPT, El refers to electrostatics, Ex refers to exchange, In refers to induction, Disp
refers to dispersion, BIE refers to the bond interaction energy. In LED, BIE refers to the
bond interaction energy, HF;, refers to the HF component of the interaction energy, HF e,
refers to the HF component of the electronic preparation energy, Cor;,; refers to the corre-
lation energy component of the interaction energy, Corp., refers to the correlation energy
component of the interaction energy, El refers to electrostatics, Ex refers to exchange, Disp
refers to dispersion, CT refers to charge-transfer and (T) refers to the perturbative triples

correction component of the interaction energy.
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sSAPTO/jun-cc-pVDZ
El [kealmol™!] Ex [kcalmol™!] In [kealmol™!] Disp [kcalmol™'] BIE [kcalmol™!]

Methanes
HH1 -0.1655 0.6412 -0.0454 -0.5785 -0.1481
HH2 -0.1462 0.5257 -0.0347 -0.4368 -0.0918
HF1 -0.3017 0.7804 -0.0274 -0.6775 -0.2258
HF2 -0.1219 0.5724 -0.0204 -0.4542 -0.0237
FF1 0.2219 0.3977 -0.0081 -0.5809 0.0306
FF2 -0.3626 0.7541 -0.0157 -0.5896 -0.2134
Ethanes
HH1 -0.5483 1.8674 -0.1497 -1.7955 -0.6241
HH2 -0.4353 1.4234 -0.1084 -1.4379 -0.5576
HF1 -0.2777 1.1779 -0.0506 -1.1746 -0.3242
HF2 -0.4147 1.4056 -0.0604 -1.3314 -0.4001
HF3 -0.2454 1.0090 -0.0469 -1.0072 -0.2900
HF4 -0.3753 1.4296 -0.0620 -1.3305 -0.3371
FF1 -0.4096 1.1732 -0.0311 -1.1293 -0.3963
FF2 -0.1611 0.8058 -0.0168 -0.8516 -0.2234
Propanes
HH1 -0.8415 2.9705 -0.2724 -2.9617 -1.1029
HH2 -0.5316 1.8318 -0.1310 -1.8072 -0.6356
HF1 -0.5894 1.8992 -0.0864 -1.9644 -0.7395
HF2 -0.4091 1.4736 -0.0774 -1.5875 -0.5995
HF3 -0.3821 1.1785 -0.0666 -1.4111 -0.6805
HF4 -0.5801 1.9893 -0.1124 -1.8131 -0.5141
FF1 -0.5519 1.6868 -0.0511 -1.7687 -0.6843
FF2 -0.6313 2.4109 -0.0701 -2.1253 -0.4148
Butanes
HH1 -1.2350 4.1487 -0.3776 -4.2930 -1.7530
HH2 -0.6707 2.3040 -0.1641 -2.4901 -1.0174
HF1 -0.8010 2.4715 -0.1385 -2.6728 -1.1391
HF2 -0.8034 2.6421 -0.1427 -2.7558 -1.0578
HF3 -0.9149 3.0342 -0.1571 -2.8962 -0.9310
HF4 -0.7539 2.4869 -0.1227 -2.6009 -0.9885
FF1 -0.4532 1.3455 -0.0419 -1.9254 -1.0746
FF2 -0.6180 2.0733 -0.0511 -2.3286 -0.9236
Pentanes
HH1 -1.6127 5.3858 -0.4846 -5.6800 -2.3877
HH2 -0.9523 3.3861 -0.2346 -3.5262 -1.3221
HF1 -0.8901 3.1166 -0.1770 -3.5828 -1.5310
HF2 -0.7447 2.4912 -0.1432 -3.0342 -1.4293
HF3 -0.9255 2.9806 -0.1629 -3.1994 -1.3049
HF4 -1.1477 3.6389 -0.1916 -3.7320 -1.4286
FF1 -0.8443 2.6409 -0.0869 -3.1834 -1.4728
FF2 -0.7482 2.2696 -0.0656 -2.7247 -1.2681
Hexanes
HH1 -1.9335 6.3845 -0.5775 -6.7867 -2.9085
HH2 -1.1511 3.9393 -0.2797 -4.2908 -1.7757
HF1 -1.2676 4.3638 -0.2421 -4.6080 -1.7497
HF2 -1.0073 3.2889 -0.1952 -3.9062 -1.8178
HF3 -1.2177 4.1424 -0.2232 -4.3421 -1.6370
HF4 -1.1879 3.7916 -0.1979 -4.1249 -1.7157
FF1 -1.2223 3.7755 -0.1188 -4.4151 -1.9792
FF2 -0.9438 3.2711 -0.0952 -3.2594 -1.0259
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SAPT2+ /aug-cc-pVDZ
El [kealmol™!] Ex [kcalmol™!] In [kealmol™!] Disp [kcalmol™'] BIE [kcalmol™!]

Methanes
HH1 -0.2178 0.7190 -0.0332 -0.9490 -0.4810
HH2 -0.1889 0.5757 -0.0265 -0.7285 -0.3681
HF1 -0.3655 0.9508 -0.0389 -1.2066 -0.6601
HF2 -0.1820 0.6794 -0.0238 -0.8256 -0.3520
FF1 -0.0219 0.5850 -0.0164 -1.1912 -0.6445
FF2 -0.3762 1.0425 -0.0251 -1.2385 -0.5973
Ethanes
HH1 -0.6603 2.0879 -0.1456 -2.5149 -1.2329
HH2 -0.5398 1.5928 -0.0983 -2.0682 -1.1136
HF1 -0.4080 1.4149 -0.0517 -1.9006 -0.9453
HF2 -0.5421 1.6830 -0.0615 -2.1682 -1.0888
HF3 -0.3560 1.2121 -0.0474 -1.6361 -0.8273
HF4 -0.5234 1.7117 -0.0629 -2.1633 -1.0378
FF1 -0.5011 1.5888 -0.0380 -2.1004 -1.0507
FF2 -0.3240 1.1032 -0.0255 -1.6084 -0.8547
Propanes
HH1 -1.0134 3.3548 -0.2747 -3.9636 -1.8969
HH2 -0.6837 2.1044 -0.1294 -2.5143 -1.2229
HF1 -0.7669 2.2922 -0.0860 -3.0472 -1.6079
HF2 -0.5547 1.7538 -0.0795 -2.4207 -1.3011
HF3 -0.4724 1.4037 -0.0660 -2.1720 -1.3067
HF4 -0.7464 2.3460 -0.1137 -2.7717 -1.2859
FF1 -0.6796 2.2708 -0.0590 -3.0945 -1.5623
FF2 -1.0800 3.2783 -0.0939 -3.8724 -1.7680
Butanes
HH1 -1.5017 4.7227 -0.3845 -5.6107 -2.7743
HH2 -0.8830 2.6888 -0.1624 -3.3967 -1.7533
HF1 -0.9912 2.9380 -0.1369 -3.9650 -2.1551
HF2 -1.0355 3.1456 -0.1395 -4.1051 -2.1345
HF3 -1.2138 3.6455 -0.1601 -4.3913 -2.1197
HF4 -0.9982 2.9997 -0.1266 -3.9696 -2.0947
FF1 -0.5589 1.8385 -0.0456 -3.2464 -2.0124
FF2 -0.9603 2.8616 -0.0641 -4.0849 -2.2477
Pentanes
HH1 -1.9734 6.1493 -0.4936 -7.3317 -3.6494
HH2 -1.2628 3.9647 -0.2305 -4.8190 -2.3475
HF1 -1.1901 3.7200 -0.1764 -5.1941 -2.8406
HF2 -0.9764 2.9917 -0.1396 -4.4419 -2.5663
HF3 -1.2059 3.5841 -0.1649 -4.7320 -2.5187
HF4 -1.4824 4.3690 -0.1937 -5.5860 -2.8931
FF1 -1.1151 3.5558 -0.0953 -5.2701 -2.9247
FF2 -1.0010 3.1049 -0.0762 -4.6981 -2.6704
Hexanes
HH1 -2.3649 7.3092 -0.5928 -8.6740 -4.3225
HH2 -1.5342 4.6407 -0.2760 -5.7280 -2.8975
HF1 -1.6978 5.1984 -0.2405 -6.6419 -3.3819
HF2 -1.2957 3.9296 -0.1860 -5.6633 -3.2155
HF3 -1.6355 4.9790 -0.2202 -6.4036 -3.2803
HF4 -1.5591 4.5665 -0.2048 -6.0923 -3.2896
FF1
FF2
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SAPT2+(3)3MP2/aug-cc-pVTZ
El [kcalmol™] Ex [kecalmol™'] In [kcalmol™!] Disp [kcalmol™!] BIE [kcalmol™!]

Methanes
HH1 -0.1791 0.6892 0.0131 -1.0104 -0.4871
HH2 -0.1677 0.5564 0.0050 -0.7739 -0.3802
HF1 -0.3451 0.9132 0.0155 -1.3281 -0.7445
HF2 -0.1545 0.6526 0.0047 -0.9071 -0.4043
FF1 0.0308 0.5667 0.0128 -1.3359 -0.7256
FF2 -0.3345 0.9961 0.0226 -1.4161 -0.7319

Ethanes
HH1 -0.5997 2.0146 -0.0873 -2.6366 -1.3090
HH2 -0.4776 1.5343 -0.0449 -2.1652 -1.1534
HF1 -0.3472 1.3605 -0.0087 -2.0483 -1.0437
HF2 -0.4817 1.6153 -0.0134 -2.3402 -1.2201
HF3 -0.3046 1.1665 -0.0126 -1.7588 -0.9095
HF4 -0.4533 1.6452 -0.0168 -2.3288 -1.1538
FF1 -0.4285 1.5217 0.0113 -2.3362 -1.2317
FF2 -0.2579 1.0556 0.0164 -1.7875 -0.9735
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SAPT2+(CCD)3MP2/aug-cc-pVTZ
El [kcalmol™] Ex [kecalmol™'] In [kcalmol™!] Disp [kcalmol™!] BIE [kcalmol™!]

Methanes
HH1 -0.1913 0.6892 0.0131 -1.0340 -0.5230
HH2 -0.1781 0.5564 0.0050 -0.7922 -0.4088
HF1 -0.3709 0.9132 0.0155 -1.3356 -0.7777
HF2 -0.1751 0.6526 0.0047 -0.9128 -0.4305
FF1 -0.0209 0.5667 0.0128 -1.3205 -0.7619
FF2 -0.3675 0.9961 0.0226 -1.4031 -0.7520

Ethanes
HH1 -0.6321 2.0146 -0.0873 -2.7030 -1.4079
HH2 -0.5082 1.5343 -0.0449 -2.2152 -1.2340
HF1 -0.3890 1.3605 -0.0087 -2.0472 -1.0844
HF2 -0.5270 1.6153 -0.0134 -2.3406 -1.2658
HF3 -0.3396 1.1665 -0.0126 -1.7581 -0.9438
HF4 -0.5014 1.6452 -0.0168 -2.3296 -1.2026
FF1 -0.4839 1.5217 0.0113 -2.2962 -1.2472
FF2 -0.3110 1.0556 0.0165 -1.7604 -0.9993
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LED-TightPNO-DLPNO-CCSD(T) /ce-pVQZ
BIE [kealmol™!] HFy, [kcalmol™] HF ey [kealmol™!]  Coryy [kealmol™!]  Corpyey [kealmol™!]  El [kealmol™!] Ex [kealmol~!] Disp [kealmol™!] CT [kealmol™!] (T) [keal mol~']

Methanes
HH1 -0.4228 -1.2560 1.6863 -1.1074 0.2543 -0.8259 -0.4302 -0.8187 -0.1601 -0.1286
HH2 -0.3297 -1.0838 1.4214 -0.8440 0.1767 -0.7351 -0.3487 -0.6170 -0.1283 -0.0987
HF1 -0.5185 -2.4290 2.8692 -1.2994 0.3406 -1.8757 -0.5532 -1.0008 -0.3593 -0.1555
HF2 -0.2619 -1.6811 2.0975 -0.8740 0.1957 -1.2863 -0.3949 -0.6878 -0.1370 -0.0982
FF1 -0.4643 -1.3964 1.9097 -1.1205 0.1430 -1.0429 -0.3535 -1.0144 -0.0288 -0.0774
FF2 -0.4332 -2.6955 3.0986 -1.2149 0.3786 -2.1537 -0.5418 -1.0339 -0.0694 -0.1117

Ethanes
HH1 -1.1517 -3.6255 4.7819 -2.9893 0.6811 -2.3506 -1.2749 -2.1308 -1.0814 -0.3656
HH2 -1.0192 -2.9478 3.8134 -2.4352 0.5504 -1.9577 -0.9901 -1.7526 -0.4609 -0.2980
HF1 -0.7522 -3.4510 4.2879 -2.0180 0.4288 -2.6373 -0.8136 -1.5815 -0.6836 -0.2209
HF2 -0.8819 -4.2212 5.1375 -2.3180 0.5198 -3.2486 -0.9726 -1.7994 -0.3167 -0.2623
HF3 -0.6621 -3.0106 3.7186 -1.7161 0.3459 -2.3083 -0.7022 -1.3516 -0.8224 -0.1755
HF4 -0.8379 -4.2216 5.1991 -2.3141 0.4986 -3.2384 -0.9831 -1.7782 -0.9072 -0.2598
FF1 -0.7582 -4.0169 4.7685 -2.0074 0.4976 -3.2117 -0.8052 -1.7281 -0.1235 -0.1558
FF2 -0.5745 -2.7525 3.3443 -1.4919 0.3256 -2.1830 -0.5695 -1.3087 -0.0785 -0.1047

Propanes

HH1 -1.7283 -5.9781 7.8295 -4.6709 1.0912 -3.9172 -2.0610 -3.2331 -1.0388 -0.5887
HH2 -1.0701 -3.5448 4.7036 -2.8678 0.6389 -2.3730 -1.1717 -2.1021 -0.9529 -0.3469
HF1 -1.2931 -5.6153 6.8290 -3.2221 0.7152 -4.3250 -1.2902 -2.4638 -1.3955 -0.3501
HF2 -1.0645 -4.3570 5.3336 -2.5406 0.4995 -3.3559 -1.0011 -2.0141 -0.8686 -0.2619
HF3 -1.0688 -3.6071 4.3367 -2.2434 0.4450 -2.7964 -0.8107 -1.7972 -0.3503 -0.2249
HF4 -1.0177 -5.6779 6.9699 -2.9264 0.6167 -4.4056 -1.2723 -2.2746 -1.3889 -0.3081
FF1 -1.0959 -5.8027 6.9031 -2.9673 0.7711 -4.6354 -1.1673 -2.5310 -0.1811 -0.2552
FF2 -1.0919 -7.9548 9.5825 -3.7118 0.9923 -6.3266 -1.6282 -3.1194 -0.2646 -0.3279
Butanes
HH1 -2.5133 -8.2529 10.7756 -6.5687 1.5327 -5.4007 -2.8522 -4.5348 -1.5720 -0.8308
HH2 -1.5119 -4.5493 6.0109 -3.8277 0.8542 -3.0525 -1.4969 -2.8106 -0.8198 -0.4618
HF1 -1.8065 -7.2869 8.8276 -4.1659 0.8188 -5.6628 -1.6241 -3.2559 -1.0812 -0.4189
HF2 -1.7537 -7.5827 9.2840 -4.3375 0.8825 -5.8714 -1.7113 -3.3495 -1.3807 -0.4503
HF3 -1.6842 -8.5403 10.4982 -4.6658 1.0237 -6.5875 -1.9528 -3.5165 -2.2677 -0.5072
HF4 -1.7015 -7.2192 8.8152 -4.1794 0.8819 -5.5690 -1.6502 -3.2311 -0.7695 -0.4494
FF1 -1.4874 -4.8906 5.7644 -3.0415 0.6803 -3.8994 -0.9911 -2.6752 -0.1417 -0.2245
FF2 -1.5431 -7.0455 8.4265 -3.8582 0.9340 -5.6061 -1.4394 -3.3005 -0.4170 -0.3120
Pentanes
HH1 -3.2890 -10.7154 13.9828 -8.5458 1.9895 -7.0186 -3.6968 -5.9167 -1.6238 -1.0800
HH2 -1.9799 -6.6387 8.8281 -5.4121 1.2428 -4.4628 -2.1759 -3.9376 -1.1283 -0.6561
HF1 -2.3580 -8.8550 10.9050 -5.4759 1.0680 -6.8193 -2.0357 -4.2590 -2.5971 -0.5548
HF2 -2.1264 -7.3394 8.9512 -4.6544 0.9162 -5.6642 -1.6752 -3.6163 -1.9033 -0.4716
HF3 -2.0523 -8.5165 10.4056 -4.9817 1.0403 -6.5740 -1.9426 -3.7850 -1.6877 -0.5215
HF4 -2.3477 -10.4022 12.6961 -5.8867 1.2451 -8.0478 -2.3544 -4.5378 -1.5210 -0.6332
FF1 -2.0535 -9.0827 10.8071 -5.0100 1.2320 -7.2488 -1.8338 -4.2965 -0.3063 -0.4072
FF2 -1.9018 -7.8007 9.2848 -4.4262 1.0402 -6.2235 -1.5772 -3.8356 -0.2504 -0.3401
Hexanes
HH1 -3.8853 -12.6854 16.5336 -10.0815 2.3480 -8.3072 -4.3783 -6.9774 -1.9601 -1.2727
HH2 -2.4579 -7.7052 10.2079 -6.4026 1.4419 -5.1818 -2.5234 -4.6784 -1.4741 -0.7692
HF1 -2.7893 -12.0610 14.9135 -7.0105 1.3687 -9.3009 -2.7601 -5.4285 -3.2386 -0.7015
HF2 -2.6772 -9.5310 11.6349 -5.9277 1.1466 -7.3766 -2.1543 -4.6434 -2.1057 -0.5937
HF3 -2.6872 -11.4912 14.1912 -6.7359 1.3488 -8.8474 -2.6439 -5.1350 -2.7370 -0.6878
HF4 -2.6969 -10.9335 13.3236 -6.3840 1.2970 -8.4645 -2.4690 -4.9660 -1.0364 -0.6677
FF1 -2.7133 -12.7262 15.1942 -6.8939 1.7126 -10.1625 -2.5636 -5.8944 -0.4389 -0.5606
FF2 -1.7413 -10.4968 12.7335 -5.2852 1.3072 -8.3808 -2.1161 -4.4953 -0.3793 -0.4107
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C1-C2 [keal mol~!]

C1-X2 [kealmol ']

X1-C2 [keal mol~]

LED-TightPNO-DLPNO-CCSD(T)/cc-pVQZ

X1-X2 [keal mol™']

C1-CX2 [keal mol~!]

CX1-C2 [keal mol~]

X1-CX2 [keal mol™']

CX1-X2 [keal mol~!]

CX1-CX2 [keal mol~!]

Methanes
HH1
HH2
HF1
HF2
FF1
FF2

Ethanes
HH1
HH2
HF1
HF2
HF3
HF4

FF2
Propanes

HH1

HF2
HF3
HF4
FF1
FF2
Butanes
HH1
HH2
HF1

FF2
Pentanes
HH1
HH2
HF1
HF2
HF3
HF4
FF1
FF2
Hexanes
HH1
HH2
HF1
HF2
HF3
HF4
FF1
FF2

-0.2706
-0.1264
0.0000
0.0000
0.0000
0.0000

-0.5235
-0.4541
-0.0325
-0.0410
-0.0328
-0.0350
-0.0041
-0.0029

-0.8321
-0.6254
-0.0882
-0.0704
-0.0565
-0.0630
-0.0121
-0.0109

-1.2381
-0.9501
-0.1387
-0.1437
-0.1548
-0.1472
-0.0197
-0.0234

-1.6107
-1.4310
-0.2157
-0.1911
-0.2032
-0.2250
-0.0400
-0.0270

-2.0050
-1.7640
-0.3184
-0.2587
-0.2867
-0.2808
-0.0604
-0.0362

0.0000
0.0000
-0.3181
-0.2481
0.0000
0.0000

0.0000
0.0000
-0.6689
-0.6807
-0.5701
-0.7182
-0.0647
-0.0540

0.0000
0.0000
-0.9498
-0.7875
-0.8134
-0.9620
-0.1233
-0.1486

0.0000
0.0000
-1.3930
-1.5151
-1.4167
-1.2261
-0.2013
-0.2229

0.0000
0.0000
-1.8426
-1.5619
-1.5620
-1.7000
-0.3166
-0.2582

0.0000
0.0000
-2.4036
-2.0403
-2.1555
-1.9099
-0.4425
-0.3166

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-0.0774
-0.0517

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-0.1474
-0.1484

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-0.1742
-0.2279

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-0.3293
-0.2582

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-0.4499
-0.3152

0.0000
0.0000
0.0000
0.0000
-0.8033
-0.7698

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-1.1472
-0.8749

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-1.4830
-1.7565

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-1.5540
-1.7060

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-2.2452

-2.1589

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-3.0478
-2.4311

-0.1704
-0.1643
-0.1573
-0.0612
0.0000
0.0000

-0.5514
-0.4152
-0.1131
-0.1997
-0.1065
-0.1814
-0.0120
-0.0027

-0.8191
-0.5182
-0.2729
-0.2031
-0.1432
-0.1641
-0.0160
-0.0108

-1.1032
-0.5990
-0.3278
-0.3282
-0.3691
-0.3592
-0.0050
-0.0092

-1.4902
-0.8713
-0.4046
-0.4135
-0.4087
-0.5546
-0.0265
-0.0077

-1.6503
-0.9824
-0.4817
-0.4899
-0.5224
-0.5101
-0.0536
-0.0163

-0.1668
-0.1585
0.0000
0.0000
0.0000
0.0000

-0.5281
-0.4155
-0.0468
-0.0501
-0.0324
-0.0553
0.0000
-0.0030

-0.8014
-0.4588
-0.0954
-0.0823
-0.0517
-0.0658
-0.0201
-0.0107

-1.1108
-0.6018
-0.1489
-0.1331
-0.1443
-0.1228
-0.0116
-0.0091

-1.4898
-0.8699
-0.1918
-0.1505
-0.1682
-0.1659
-0.0285
-0.0078

-1.6288
-0.9822
-0.2211
-0.1794
-0.2095
-0.1942
-0.0465
-0.0170

0.0000
0.0000
0.0000
0.0000
-0.0833
-0.0983

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-0.1757
-0.1227

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-0.3913
-0.4198

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-0.2745
-0.4586

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-0.5381
-0.4711

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-0.6475
-0.5533

0.0000
0.0000
-0.2113
-0.2390
-0.0804
-0.0995

0.0000
0.0000
-0.3996
-0.4986
-0.3206
-0.4276
-0.1877
-0.1349

0.0000
0.0000
-0.4897
-0.4863
-0.4645
-0.6632
-0.2191
-0.4199

0.0000
0.0000
-0.6875
-0.6633
-0.7451
-0.6787
-0.2947
-0.4372

0.0000
0.0000
-0.8317
-0.6544
-0.7561
-0.9732
-0.5037
-0.4674

0.0000
0.0000
-1.0655
-0.8557
-1.0138
-1.1094
-0.6226
-0.5451

-0.2109
-0.1677
-0.3141
-0.1395
-0.0474
-0.0663

-0.5278
-0.4679
-0.3206
-0.3294
-0.2892
-0.3606
-0.0593
-0.0618

-0.7806
-0.4997
-0.5679
-0.3845
-0.2679
-0.3565
-0.1186
-0.1936

-1.0827
-0.6597
-0.5601
-0.5662
-0.6865
-0.6970
-0.1402
-0.2063

-1.3260
-0.7653
-0.7726
-0.6449
-0.6868
-0.9191
-0.2686
-0.1792

-1.6934
-0.9498
-0.9382
-0.8194
-0.9471
-0.9616
-0.5236
-0.2646
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4.4 Simple Interaction Models

The first table contains the computational raw data for determination of the adiabatic ion-
ization potential, as well as, the molecular polarizabilities, the molecular volumes and the
molecular surfaces. E(X) refers to the electronic energy of the ground-state, E(X™) refers to
the electronic energy of the ionized state, IP refers to the ionization potential, o, refers to
the isotropic polarizability. The following tables contain all the data of the London disper-
sion interaction models. I.4 refers to the pre-factor in the London dispersion formula derived
from the ionization potentials of the two molecules, r(C-C) refers to the intermolecular dis-
tance of the respective carbon chains, r(Disp) refers to the r®-weighted average distance of
the atom types interacting most strongly by dispersion, ajouy refers to the product of the
polarizabilities of the interacting molecules, Eqg;s,(C-C) refers to energy derived from the in-
termolecular London dispersion model using the carbon chain distance, Eq;sp(Disp) refers to
the energy derived from the intermolecular London dispersion model using the r%-weighted
average distance between the molecules. C-C, C-H, H-H, C-F, F-F and H-F refer to the
percentage of the contribution of the interaction between these types of atoms to the overall

atom-pairwise intermolecular dispersion, Eqisp.

IP: RI-MP2/CBS(34). tiso: MP2/def2-TZVPPD. V/A: COSMO

E(X) [Ha] E(X") [Hal IP [eV]  oiso [amu]  oigo [A?]  Molecular volume [A%]  Molecular surface [A?]

Methanes

H -40.435492481401 -39.903689641836  14.471 16.404 2.428 37.71 55.61

F -437.189772434115  -436.58679506406  16.408 19.075 2.824 69.11 87.97
Ethanes

H -79.674742123241 -79.205808283572 12.76 28.111 4.161 59.30 78.43

F -674.79145751654  -674.255658948474  14.58 32.023 4.741 106.05 119.63
Propanes

H -118.917917059007  -118.46471168706  12.332 40.027 5.925 80.62 98.91

F -912.393212253362 -911.886017735483  13.801 44.803 6.632 141.47 146.50
Butanes

H -158.161214371129  -157.722388749223  11.941 52.079 7.71 101.87 118.95

F -1149.99467502283  -1149.50545348592  13.312 57.668 8.537 176.18 172.42
Pentanes

H -197.404462162306 -196.962312056686  12.032 64.209 9.505 122.95 138.91

F -1387.59646061689  -1387.12010519885  12.962 70.643 10.458 210.99 198.59
Hexanes

H -236.647743952463  -236.214008280866  11.803 76.469 11.32 144.00 158.44

F -1625.1982147814  -1624.73095229536  12.715 83.772 12.401 245.73 224.77
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Intermolecular London Dispersion Model

r(C-C) [A] r(Disp) [A] T [eV] oqop [A9] Edisp (C-C) [kealmol™']  Egisp (Disp) [kcal mol™!]

Methanes
HH1 3.671 3.671 7.236 5.897 -0.603 -0.603
HH2 3.978 3.978 7.236 5.897 -0.372 -0.372
HF1 3.783 3.717 7.689 6.857 -0.622 -0.692
HF2 4.250 4.026 7.689 6.857 -0.310 -0.428
FF1 4.079 3.874 8.204 7.974 -0.492 -0.670
FF2 4.312 3.845 8.204 7.974 -0.352 -0.700
Ethanes
HH1 3.714 3.857 6.380 17.318 -1.456 -1.160
HH2 3.978 3.994 6.380 17.318 -0.964 -0.941
HF1 4.336 4.118 6.805 19.727 -0.699 -0.953
HF2 4.199 4.038 6.805 19.727 -0.847 -1.071
HF3 4.574 4.225 6.805 19.727 -0.507 -0.816
HF4 4.207 4.040 6.805 19.727 -0.838 -1.067
FF1 4.652 4.112 7.290 22.473 -0.559 -1.172
FF2 5.097 4.293 7.290 22473 -0.323 -0.905
Propanes
HH1 3.818 4.064 6.166 35.111 -2.419 -1.661
HH2 4.487 4.459 6.166 35.111 -0.918 -0.953
HF1 4.506 4.280 6.513 39.301 -1.057 -1.441
HF2 4.740 4.451 6.513 39.301 -0.781 -1.138
HF3 4.864 4.522 6.513 39.301 -0.669 -1.035
HF4 4.694 4.350 6.513 39.301 -0.828 -1.307
FF1 4.941 4.270 6.901 43.990 -0.721 -1.733
FF2 4.912 4.113 6.901 43.990 -0.748 -2.168
Butanes
HH1 3.836 4.187 5.971 59.437 -3.855 -2.278
HH2 4.563 4.642 5.971 59.437 -1.360 -1.227
HF1 4.488 4.471 6.295 65.815 -1.754 -1.794
HF2 4.523 4.406 6.295 65.815 -1.673 -1.958
HF3 4.535 4.368 6.295 65.815 -1.647 -2.062
HF4 4.640 4.468 6.295 65.815 -1.435 -1.800
FF1 5.279 4.581 6.656 72.878 -0.775 -1.815
FF2 5.153 4.420 6.656 72.878 -0.896 -2.251
Pentanes
HH1 3.843 4.305 6.016 90.350 -5.833 -2.952
HH2 4.619 4.737 6.016 90.350 -1.936 -1.663
HF1 4.559 4.527 6.240 99.403 -2.389 -2.494
HF2 4.807 4.652 6.240 99.403 -1.740 -2.118
HF3 4.759 4.617 6.240 99.403 -1.848 -2.215
HF4 4.537 4.510 6.240 99.403 -2.460 -2.550
FF1 5.052 4.514 6.481 109.363 -1.474 -2.899
FF2 5.439 4.577 6.481 109.363 -0.947 -2.667
Hexanes
HH1 4.067 4.439 5.901 128.146 -5.777 -3.421
HH2 4.556 4.844 5.901 128.146 -2.923 -2.025
HF1 4.532 4.590 6.121 140.383 -3.433 -3.178
HF2 4.758 4.722 6.121 140.383 -2.562 -2.682
HF3 4.674 4.636 6.121 140.383 -2.852 -2.995
HF4 4.677 4.709 6.121 140.383 -2.840 -2.728
FF1 4.815 4.516 6.357 153.790 -2.715 -3.988
FF2 5.771 4.686 6.357 153.790 -0.916 -3.194
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Atom-pairwise London Dispersion Model 1: Atom-type dependent ionization potentials

C-C[% C-HI[% HH[% CF[% FF[% HF[%  Egp kealmol™]

1-HH1 20.89 46.01 33.1 0 0 0 0.461
1-HH2 17.36 45.41 37.23 0 0 0 0.343
2-HH1 22.98 46.66 30.36 0 0 0 1.302
2-HH2 23.27 45.96 30.77 0 0 0 1.043
3-HH1 25.22 45.22 29.57 0 0 0 2.054
3-HH2 24.3 46.3 29.4 0 0 0 1.226
4-HH1 27.37 45.38 27.25 0 0 0 2.967
4-HH2 26.4 46.25 27.35 0 0 0 1.661
5-HH1 28.43 45.28 26.29 0 0 0 3.885
5-HH2 26.61 46.11 27.28 0 0 0 2.308
6-HH1 29.46 45.12 25.41 0 0 0 4.662
6-HH2 28.67 45.97 25.37 0 0 0 2.84
1-HF1 4.06 4.45 0 42.43 0 49.06 0.648
1-HF2 3 4.12 0 39.1 0 53.78 0.435
2-HF1 6.29 6.31 0 43.44 0 43.96 1.054
2-HF2 4.52 8.16 0 29.04 0 58.28 1.332
2-HF3 5.9 5.9 0 43.57 0 44.64 0.901
2-HF4 6.42 6.32 0 43.03 0 44.23 1.193
3-HF1 8.65 7.27 0 43.41 0 40.67 1.693
3-HF2 7.88 7.09 0 43.35 0 41.69 1.341
3-HF3 7.3 6.2 0 43.9 0 42.6 1.188
3-HF4 6.48 5.9 0 43.86 0 43.75 1.499
4-HF1 9.99 7.53 0 43.21 0 39.27 2.19
4-HF2 9.36 7.1 0 44.9 0 38.64 2.296
4-HF3 9.77 7.43 0 44.35 0 38.46 2.45
4-HF4 9.95 7.75 0 43.14 0 39.16 2.2

5-HF1 10.74 7.73 0 45.1 0 36.43 2.923
5-HF2 10.75 7.73 0 44.89 0 36.63 2.506
5-HF3 10.23 7.31 0 45.05 0 37.41 2.623
5-HF4 7.78 9.14 0 34 0 49.08 3.466
6-HF1 10.98 7.79 0 45.67 0 35.55 3.759
6-HF2 10.87 7.43 0 45.48 0 36.22 3.277
6-HEF3 11.22 7.83 0 44.9 0 36.05 3.636
6-HF4 11.67 8.09 0 43.51 0 36.73 3.385
1-FF1 0.7 0 0 14.67 84.64 0 0.786
1-FF2 0.49 0 0 12.92 86.6 0 0.803
2-FF1 1.64 0 0 21.61 76.75 0 1.369
2-FF2 1.7 0 0 21.27 77.03 0 1.054
3-FF1 2.33 0 0 24.74 72.93 0 1.97
3-FF2 2.21 0 0 23.67 74.12 0 2.387
4-FF1 3.27 0 0 28.06 68.67 0 2.067
4-FF2 3.34 0 0 28.13 68.54 0 2.61
5-FF1 3.96 0 0 30.03 66.01 0 3.297
5-FF2 3.45 0 0 28.22 68.32 0 2.944
6-FF1 4.26 0 0 30.75 65 0 4.513
6-FF2 3.58 0 0 28.32 68.1 0 3.55
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Atom-pairwise London Dispersion Model 2: Atom-type dependent pre-factors A

CC % CHI[% HWH[% CF[% FF[% HLF[% By kealmol]
1-HH1 21.59 48.93 29.48 0 0 0 0.45
1-HH2 18.04 48.59 33.36 0 0 0 0.333
2-HH1 23.64 49.42 26.93 0 0 0 1.277
2-HH2 23.96 48.72 27.32 0 0 0 1.022
3-HH1 25.93 47.86 26.21 0 0 0 2.014
3-HH2 24.97 48.98 26.05 0 0 0 1.203
4-HH1 28.05 47.88 24.07 0 0 0 2.92
4-HH2 27.05 48.78 24.16 0 0 0 1.635
5-HH1 29.09 47.71 23.2 0 0 0 3.829
5-HH2 27.26 48.64 24.1 0 0 0 2.272
6-HH1 30.12 47.49 22.4 0 0 0 4.6
6-HH2 29.29 48.36 22.35 0 0 0 2.802
1-HF1 3.99 4.51 0 41.03 0 50.47 0.665
1-HF2 2.95 4.16 0 37.71 0 55.18 0.448
2-HF'1 6.2 6.41 0 42.08 0 45.32 1.078
2-HF2 4.42 8.2 0 27.88 0 59.51 1.376
2-HF3 5.81 5.98 0 42.21 0 46 0.922
2-HF4 6.32 6.41 0 41.69 0 45.58 1.221
3-HF1 8.54 7.39 0 42.11 0 41.97 1.73
3-HF2 707 7.2 0 42.03 0 43 1.371
3-HF3 7.2 6.3 0 42.56 0 43.95 1.215
3-HF4 6.39 5.99 0 42.51 0 45.11 1.534
4-HF'1 9.86 7.65 0 41.94 0 40.55 2.237
4-HF2 9.25 7.22 0 43.61 0 39.92 2.344
4-HF3 9.65 7.55 0 43.07 0 39.73 2.501
4-HF4 9.82 7.88 0 41.87 0 40.43 2.247
5-HF1 10.62 7.87 0 43.83 0 37.68 2.982
5-HF2 10.63 7.87 0 43.63 0 37.88 2.557
5-HF3 10.11 7.44 0 43.78 0 38.67 2.676
5-HF4 7.63 9.23 0 32.79 0 50.35 3.563
6-HF1 10.87 7.94 0 44.42 0 36.78 3.832
6-HF2 10.75 7.56 0 44.22 0 37.46 3.342
6-HF3 11.1 7.97 0 43.65 0 37.28 3.708
6-HF4 11.54 8.23 0 42.27 0 37.96 3.454
1-FF1 0.72 0 0 14.95 84.32 0 0.764
1-FF2 0.51 0 0 13.18 86.32 0 0.78
2-FF1 1.7 0 0 21.99 76.31 0 1.334
2-FF2 1.76 0 0 21.64 76.6 0 1.027
3-FF1 2.41 0 0 25.15 72.45 0 1.921
3-FF2 2.28 0 0 24.07 73.65 0 2.328
4-FF1 3.38 0 0 28.49 68.13 0 2.018
4-FF2 3.44 0 0 28.56 68 0 2.548
5-FF1 4.08 0 0 30.47 65.45 0 3.222
5-FF2 3.56 0 0 28.65 67.78 0 2.875
6-FF1 4.39 0 0 31.18 64.42 0 4.412
6-FF2 3.7 0 0 28.75 67.55 0 3.467




4.5 Interaction Descriptors

In the following table, Qagom (C) refers to the largest Qatom of carbon in the respective molecule
on its van der Waals surface, Quiom(C) refers to the corresponding Qagom of either hydrogen
or fluorine (depending on the molecule), the same is analogously valid for the P, values.
Qiot(ave) refers to the average Quor value of the molecule on its van der Waals surface,
Qiot (max) refers to the corresponding maximum on the van der Waals surface, the same is

analogously valid for the Py, values.

Molecule  Qatom(C)  Qatom(X)  Patom(C) [keal®® mol=0%]  Poiom(X) [keal®® mol="]  Qqo(ave)  Quop(max)  Pigg(ave) [keal®™ mol=0] Py (max) [keal®® mol=09)

1-H 0.0307 0.0369 0.545 0.384 0.282 0.324 3.59 4.32
2-H 0.0310 0.0360 0.552 0.374 0.337 0.450 4.43 6.21
3-H 0.0310 0.0356 0.551 0.369 0.373 0.561 4.98 7.88
4-H 0.0314 0.0351 0.559 0.365 0.400 0.600 5.41 8.53
5-H 0.0312 0.0347 0.554 0.361 0.420 0.636 5.73 9.14
6-H 0.0312 0.0345 0.555 0.358 0.437 0.658 6.00 9.50
1-F 0.0101 0.0383 0.180 0.721 0.238 0.330 4.46 6.16
2-F 0.0163 0.0383 0.290 0.720 0.282 0.406 5.26 7.54
3-F 0.0171 0.0377 0.305 0.709 0.310 0.513 5.77 9.51
4-F 0.0179 0.0372 0.317 0.699 0.331 0.524 6.16 9.69
5-F 0.0179 0.0368 0.317 0.692 0.347 0.551 6.45 10.18
6-F 0.0176 0.0370 0.313 0.696 0.363 0.579 6.73 10.69
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4.6 Interaction Geometries

The following table contains volumes, surfaces and the negpiacts measure of the intermolecular
complexes. Voosmo refers to the molecular COSMO volume, AV osmo refers to the volume
change upon interaction, Scosmo refers to the molecular COSMO surface, AScosmo refers to

the surface change upon interaction, neopgacts refers to the newly introduced neopgacts Mmeasure.
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Veosmo [A*] AVeosmo [A*] Scosmo [A%] AScosmo [A%] neontacts
Methanes
HH1 7777 2.357 100.72 -10.50 4.973
HH2 77.39 1.979 102.01 -9.22 3.723
HF1 109.92 3.103 126.83 -16.75 6.047
HF2 109.00 2.183 131.60 -11.98 3.969
FF1 141.29 3.074 153.64 -22.30 5.571
FF2 139.94 1.723 156.76 -19.17 5.361
Ethanes
HH1 119.93 1.339 136.08 -20.79 13.564
HH2 120.65 2.055 137.73 -19.14 10.852
HF1 167.27 1.926 174.25 -23.82 9.027
HF2 167.30 1.953 173.50 -24.56 10.304
HF3 167.98 2.635 179.06 -19.00 7.631
HF4 166.94 1.595 173.84 -24.23 10.235
FF1 214.21 2.106 209.44 -29.82 8.749
FF2 214.17 2.071 213.09 -26.18 6.722
Propanes
HH1 163.64 2.389 169.04 -28.77 20.921
HH2 164.61 3.361 175.40 -22.42 12.507
HF1 223.24 1.147 213.32 -32.09 14.288
HF2 224.50 2.405 220.54 -24.87 11.174
HF3 225.97 3.879 218.70 -26.71 10.059
HF4 223.74 1.650 217.79 -27.62 12.591
FF1 281.81 -1.132 257.26 -35.75 12.486
FF2 280.93 -2.008 250.52 -42.49 15.662
Butanes
HH1 205.46 1.717 199.06 -38.84 29.619
HH2 207.27 3.527 209.17 -28.73 16.632
HF1 281.10 3.051 252.00 -39.37 18.309
HF2 278.49 0.434 248.90 -42.46 19.075
HF3 279.30 1.246 251.43 -39.94 20.303
HF4 280.42 2.371 250.39 -40.98 18.450
FF1 352.49 0.129 304.55 -40.29 13.325
FF2 351.13 -1.226 296.80 -48.04 16.643
Pentanes
HH1 248.41 2.516 230.61 -47.21 38.483
HH2 249.76 3.873 238.07 -39.75 23.268
HF1 334.17 0.233 286.31 -51.19 24.154
HF2 335.10 1.159 291.69 -45.81 20.691
HF3 334.55 0.614 294.84 -42.66 21.835
HF4 335.24 1.298 284.72 -52.78 25.827
FF1 420.03 -1.958 341.67 -55.51 21.323
FF2 421.83 -0.157 340.53 -56.65 19.185
Hexanes
HH1 289.01 1.004 262.38 -54.50 45.440
HH2 292.90 4.895 274.70 -42.17 27.772
HF1 392.17 2.434 325.93 -57.28 30.733
HF2 392.10 2.361 327.56 -55.65 26.282
HF3 390.82 1.081 325.35 -57.86 29.614
HF4 392.61 2.874 326.57 -56.64 28.076
FF1 486.80 -4.663 377.79 -71.76 29.102
FF2 489.62 -1.846 390.76 -58.78 22.435
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4.7 Predicted Microscopic and Macroscopic Mixing Behavior

The following table contains the macroscopic bond association energies obtained on the basis
of Flory-Huggins solution theory. Ng,oq refers to the average coordination number of one
molecule, BAE, ..o refers to the macroscopic bond association energies, the corresponding
method used for the respective microscopic bond association energy is provided in parenthe-
sis. For each method, the first column gives the value of the respective complex, the second
column gives the average over all complexes of a specific type (i.e. all 1-HH complexes

considered).
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Neoord  BAEmacro(VeryTightPNO) [kealmol™']  BAEpacro(BITM-V) [kcalmol™!]  BAEpacro(CCSD(T)-F12) [keal mol™]

Methanes
HH1 5.296  -5.340 -5.082 -4.451 -4.186 -5.232 -4.962
HH2 6.033  -4.824 -3.921 -4.693
HF1 4287  -6.421 -5.553 -6.208 -5.550 -6.553 -5.808
HF2 5.991  -4.684 -4.892 -5.063
FF1 3.945  -5.622 -5.806 -6.504 -6.923 -6.277 -6.978
FF2 4.589  -5.991 -7.343 -7.679

Ethanes
HH1 3.773  -10.202 -9.995 -9.257 -9.198 -9.991 -9.809
HH2 4.099  -9.788 -9.140 -9.627
HF1 4.158  -8.103 -8.746 -8.235 -8.845 -8.737 -9.439
HF2 4.032  -9.084 -9.389 -9.872
HF3 5.211  -8.886 -8.778 -9.608
HF4 4.088  -8.910 -8.978 -9.541
FF1 4.011  -8.984 -8.746 -9.964 -9.490 -10.428 -10.002
FF2 4.569  -8.507 -9.016 -9.576

Propanes
HH1 3.438  -13.703 -12.162 -13.619 -12.545 -13.759 -12.269
HH2 4412 -10.620 -11.471 -10.779
HF1 3.824  -12.220 -12.200 -13.280 -12.819 -12.837 -12.930
HF2 4.934  -12.760 -13.503 -13.837
HF3 4.594  -12.153 -12.132 -12.635
HF4 4442 -11.667 -12.363 -12.411
FF1 4.098  -12.790 -12.763 -14.723 -14.882 -14.706 -14.540
FF2 3.448  -12.735 -15.041 -14.375

Butanes
HH1 3.063 -17.341 -15.515 -17.762 -15.508 -17.688 -15.955
HH2 4.141  -13.689 -13.253 -14.222
HF1 3.701  -14.148 -14.877 -14.543 -15.274 -15.516 -15.762
HF2 3.431  -14.681 -14.867 -15.608
HF3 3.647  -15.540 -16.129 -16.208
HF4 3.555  -15.141 -15.555 -15.715
FF1 4279 -17.397 -16.370 -18.870 -18.241 -19.653 -18.482
FF2 3.589  -15.342 -17.612 -17.311

Pentanes
HH1 2942 -21.628 -18.419 -23.670 -20.479 -22.206 -19.049
HH2 3.495 -15.210 -17.287 -15.893
HF1 3.297  -17.265 -18.295 -18.864 -19.615 -18.237 -19.326
HF2 3.684  -16.997 -18.131 -17.969
HF3 3.956  -20.114 -21.524 -21.250
HF4 3.197  -18.802 -19.942 -19.846
FF1 3.577  -20.983 -20.162 -23.868 -22.579 -23.524 -22.616
FF2 3.505  -19.342 -21.290 -21.708

Hexanes
HH1 2.907 -24.989 -22.415 -27.553 -24.795 -25.857 -23.460
HH2 3.757  -19.841 -22.038 -21.064
HF1 3.345  -19.299 -20.370 -21.152 -21.703 -20.373 -21.498
HF2 3.443  -19.704 -20.487 -20.801
HF3 3.311  -20.134 -21.588 -21.248
HF4 3.383  -22.342 -23.583 -23.569
FF1 3.132  -24.452 -22.894 -27.820 -26.007 -27.296 -25.619
FF2 3.824 -21.336 -24.194 -23.942
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