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Abstract The nature, strength and directionality of

C–F���F interactions were theoretically evaluated on all

symmetry unique dimers present in the CF4, C2F4 and C6F6

crystals and on CF4, CHF3, CH2F2 and CH3F model dimers

placed in two different geometries. On each dimer, the

interaction energy was computed at the MP2/aug-cc-pVDZ

level, and also an Atoms in Molecule analysis of the dimer

electron density was done to find all intermolecular bonds.

The characterization was completed by computing the

energy components of the dimer interaction energy, using

the SAPT method. The results show that in most dimers

found in the CF4, C2F4 and C6F6 crystals, there are more

than one C–F���F intermolecular bond and sometimes even

a C–F���p intermolecular bond. By selecting dimers pre-

senting one C–F���F bond, the following strength can be

estimated for a single C–F���F bond: -0.21 kcal/mol in

C(sp3) atoms, -0.25 kcal/mol in C(non-aromatic sp2),

-0.41 kcal/mol in C(aromatic sp2). The interaction energy of

the dimer grows almost linearly with the number of C–F���F
bonds present. The relative orientation of the C–F���F bond

affects the bond strength. The SAPT calculations indicate that

in collinear dimers, C–F���F interactions are strongly domi-

nated by the dispersion energetic component, while when in

non-collinear conformations the electrostatic component can

be as important as the dispersion one.

Keywords C–F���F intermolecular interactions � MP2 �
CCSD(T) � AIM � SAPT calculations � CF4 �
C2F4 � C6F6 � CHF3 � CH2F2 � CH3F

1 Introduction

The interest in producing bipolar transistors and other

circuits has recently increased the interest on the structure

of perfluoroacene crystals [1]. Producing bipolar transistors

requires a p-type carrier and molecule with similar physical

and electrical properties, but with n-type of carriers.

Pentacene is a largely studied prototypical example, due to

its electronic transport properties in thin films [2] and

p-type semiconductor behaviour [3]. At the same time,

perfluoroacences have long been recognized as a potential

counterpart to pentacene in bipolar transistors, because the

perfluorination of pentacene transforms a good p-type

organic semiconductor in an efficient n-type one [4], and

the electrical properties of perfluoroacences depend on

their crystal packing. Experimental studies have shown that

although perfluorination in aromatic polyacenes induces

important changes in the electronic and charge-transport

properties compared with those of their parent compounds,

the crystal packing of the perfluorinated and hydrogenated

solids is very similar [5]. However, the reasons for such

similarity are not fully understood. This fact prompted us

Published as part of the special issue celebrating theoretical and

computational chemistry in Spain.

Electronic supplementary material The online version of this
article (doi:10.1007/s00214-010-0830-7) contains supplementary
material, which is available to authorized users.

R. M. Osuna � V. Hernández � J. T. L. Navarrete

Departamento Quı́mica-Fı́sica, Universidad de Málaga,

29071 Málaga, Spain

E. D’Oria (&) � J. J. Novoa (&)

Departamento Quı́mica-Fı́sica and IQTCUB,

Facultat de Quı́mica, Universitat de Barcelona,

Av. Diagonal 647, 08028 Barcelona, Spain

e-mail: e.doria@ub.edu

J. J. Novoa

e-mail: juan.novoa@ub.edu

123

Theor Chem Acc (2011) 128:541–553

DOI 10.1007/s00214-010-0830-7

http://dx.doi.org/10.1007/s00214-010-0830-7


to perform an in-depth theoretical study of the crystal

packing of perfluorinated molecular solids, which started

by the study of the C–F���F interactions in the CF4, C2F4

and C6F6 crystals (their structure is shown in Fig. 1), taken

as prototype examples for the study of C(sp3)–F���F, C(non-

aromatic-sp2)–F���F and C(aromatic-sp2)–F���F interactions.

There are other fluorinated compounds where C–F���F
interactions are also relevant. Among them are fluorinated

alkenes, important starting materials in the polymer

industry [6]. Other examples are found in the pharmaceu-

tical industry, where fluorinated hydrocarbons are used in

some drugs due to the similar biological activity of

F-substituted compounds and their hydrogenated ana-

logues, being the former more resistant to metabolic deg-

radation. However, as not every crystal presenting C–F���F
interactions is necessarily perfluorinated, we widened our

study by comparing the strength and directionality of

C–F���F interactions in CF4 dimers with that found in

CHF3, CH2F2 and CH3F dimers, helpful to understand

C–F���F interactions in fully or partially F-substituted

methyl groups.

Previous studies on C–F���F interactions, sometimes

called organic fluorine, are controversial. C–F���F inter-

actions are well covered in Hulliger and coworkers’ review

on organic fluorine (C–F groups) [7]. Some authors con-

sidered that F���F interactions are the only non-attractive

halogen���halogen interaction and that they are just a con-

sequence of other dominant features of the crystal packing

[8]. Other authors, however, concluded that organic fluo-

rine was an important tool in the crystal engineering of

pharmaceutical compounds [9], particularly in the absence

of strong intermolecular interactions. In fact, the analysis

of the crystal packing of some drugs showed a significant

role of weak interactions, including the F���F interactions

[10], although the same study pointed out that the presence

of short F���F interactions could be due to stronger inter-

molecular interactions (O–H���N) and suggested a charge

density analysis to clarify this point. Alkorta et al. [11],

combining NMR studies and an Atoms in Molecules (AIM)

analysis [12], concluded that the density and Laplacian at

the bond critical point associated with the F���F contacts are

similar to those found in ionic bonds and hydrogen bonds.

However, the nature of F���F interactions is still a subject of

discussion, partly because they are found in competition

with other interactions, as C–F���p or C–H���F [13] inter-

actions, and not always the relative importance of each

contribution is clear. This is where perflouro hydrocarbons

are useful, as their crystals cannot present C–H���F inter-

actions, although they still can present C–F���p interactions,

in some cases. Therefore, the optimum solution to the

problem is the use of advanced theoretical tools designed to

establish when and where intermolecular bonds are formed,

Fig. 1 Structure of the CF4,

C2F4 and C6F6 crystals
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as these available in the AIM methodology. The need of

deeper theoretical analysis was already pointed out in

recent analysis of the experimental evidence for the pres-

ence of F���F interactions [14].

Therefore, in order to improve the current understanding

concerning the nature and properties on the C–F���F inter-

actions, in this work, we will perform an in depth theoretical

study of these interactions in three perfluoro hydrocarbon

crystals, CF4, C2F4 and C6F6, taken as prototype examples

for the study of C(sp3)–F���F, C(non-aromatic-sp2)–F���F
and C(aromatic-sp2)–F���F interactions. The interaction

energy and bond critical points in all symmetry unique

dimers present in these crystals will be computed. Further-

more, the components of the interaction energy will be

computed to establish on quantitative grounds the nature of

their C–F���F interactions. Finally, the properties of the

C–F���F interactions in CF4���CF4 dimers will be com-

pared with those of CHF3���CHF3, CH2F2���CH2F2, and

CH3F���CH3F dimers, prototypes of C–F���F interactions

between perfluorinated methyl groups, in the first dimer, and

of lower fluorinated hydrocarbons, in the latter two dimers.

2 Methodology

A possible way of getting complete information on the

nature, strength and directionality of an intermolecular

interaction is by taking a model dimer and looking at its

properties at assumed relative positions of the dimer, wide

enough as to cover all likely relative orientations of the

dimer in their crystals. Alternatively, one can pick all

symmetry unique dimers from the crystals of interest, as

these are already the most likely relative orientations of the

dimer in the crystals of interest, in this case, CF4, C2F4 and

C6F6, the smallest examples of perfluorinated hydrocarbons

presenting respectively C(sp3)–F���F, C(non-aromatic-sp2)–

F���F and C(aromatic-sp2)–F���F interactions. The latter is

the approach followed in this work.

On each of the selected dimers, the properties of their

C–F���F intermolecular interactions were evaluated by per-

forming the following three consecutive steps. First of all,

the interaction energy of each dimer was computed using

the Gaussian-03 package [15]. In each dimer, its interaction

energy was obtained by subtracting the second-order

Møller–Plesset (MP2) energy of the sum of the MP2 energy

of the two isolated monomers. The basis set superposition

error (BSSE) was corrected using the counterpoise method

[16–18].1,2 The accuracy of MP2 calculations was tested in

one symmetry unique dimers of the CF4 crystal by doing

CCSD(T) calculations. Similarly, the basis set used in all

dimers of this study was the aug-cc-pVDZ basis [19], a

basis set of double zeta plus polarization quality that also

includes diffuse functions on all atoms, selecting after

extensive numerical test on the CF4 dimer.

The second step in each dimer was the evaluation of the

number and type of intermolecular (3,-1) bond critical

points (BCPs), using the PROAIM program [20]. This

determination allows a proper rationalization of the dimer

interaction energy, based on the number of C–F���F bonds

present and its competition or not with other intermolecular

bonds. The properties of all BCPs were characterized by

calculating the density and Laplacian at the BCP (qBCP and

rBCP
2 , respectively).

One can go one step forward and define on quantitative

grounds the nature of the intermolecular C–F���F interac-

tion in dimers where this is the only type of intermolecular

bond present. This was the third step in our study. The

interaction energy components were evaluated by SAPT

computations [21] using the SAPT2008 program [22].

According to the SAPT method, the total interaction energy

of a dimer can be perturbatively decomposed as the sum of

the electrostatic (Eel), exchange (Eex), induction (Eind) and

dispersion (Edisp) components:

Etot ¼ Eel þ Eex þ Eind þ Edisp ð1Þ

where each of these terms was obtained from the energy

components printed by the SAPT2008 program according

to the following expressions:

Eel ¼ E
ð10Þ
el þ E

ð12Þ
el;resp ð2Þ

Eex ¼ Eð10Þ
ex þ eð1Þex 2ð Þ ð3Þ

Edisp ¼ E
ð20Þ
disp þ E

ð20Þ
ex-disp ð4Þ

Eind ¼ E
ð20Þ
ind;resp þ E

ð20Þ
ex-ind;resp þ dEHF

ind;resp þt E
ð22Þ
ind þt E

ð22Þ
ex-ind

ð5Þ

The physical meaning of these terms is the following:

Eel at large distance is the electrostatic energy of monomers

with the unperturbed electron distributions (at short

distance also includes charge overlap and penetration

effects), Eex is meant to represent the electron repulsion

energy due to the Pauli exclusion principle, Eind is

physically interpreted as the energy gain resulting from

the induction interaction and includes the higher-order

induction and exchange corrections, dEind, resp
HF , and, finally,

Edisp is a non-classical term, which can be approximated

visualized as resulting form the instantaneous interactions

among the electrons.

The whole study was done first on all symmetry unique

dimers found in the CF4, C2F4 and C6F6 crystals. Then, on

1 The validity of the counterpoise correction was analytically

demonstrated in [17].
2 A numerical demonstration of the validity of the counterpoise

correction was shown in [18].
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two specific orientations where only one C–F���F inter-

molecular bond was present, the strength of the CF4���CF4

dimer was compared against those of CHF3���CHF3,

CH2F2���CH2F2 and CH3F���CH3F dimers, which allows to

evaluate the properties of C–F���F interactions between

fully perfluorinated methyl groups, in the first dimer, and of

lower fluorinated hydrocarbons, in the latter two dimers.

3 Results and discussion

3.1 Assessment of the theoretical methodology

to compute C–F���F interactions in crystals

of perfluorinated hydrocarbons

Lone pair interactions are usually described as originating

from the dispersion component. Therefore, given the large

number of lone-electron pairs located on the two F atoms,

the attractive part of C–F���F intermolecular interactions in

CF4, C2F4 or C6F6 dimers is expected to be dominated by

the dispersion component. This suggests the use of the

MP2 method for a proper evaluation of the interaction

energy of CF4���CF4 and all other dimers of interest here, as

the MP2 method is known to account for a large amount of

dispersion component. In any case, the quality of the MP2

method interaction energy of perfluoro hydrocarbon dimers

will be confirmed below by comparing its results with

those obtained from CCSD(T) calculations.

Table 1 collects the Hartree-Fock (HF) and MP2 inter-

action energy (BSSE corrected an uncorrected) computed

using various basis sets of increasing quality that range from

the 6-31G to the correlation consistent aug-cc-pVQZ basis

set. They were obtained for dimer B of the CF4 crystal,

which as we will see later on, presents only one C–F���F
intermolecular bond. All BSSE-corrected HF interaction

energies are repulsive, while all BSSE-corrected MP2

values are attractive, a fact that confirms the previous

expectations on the relevance for the stability of this dimer

of the dispersion interactions. The BSSE-corrected

interaction energy computed with the largest basis set

(-0.27 kcal/mol, aug-ccpVQZ results) is just 0.01 kcal/mol

lower than that obtained with the aug-cc-pVTZ basis set,

and 0.06 kcal/mol lower than that got with the aug-cc-

pVDZ. These results show the smooth convergence of the

MP2/aug-cc-pVXZ interaction energy, which is practically

converged when using the aug-cc-pVQZ, basis. They also

suggest that a good cost/quality basis for the remaining

computations is the aug-cc-pVDZ, which was chosen for all

remaining calculations done in this work. It is also worth

pointing the much smaller convergence ratio of the

cc-pVXZ basis sets and of the 6-31G basis. It is also evident

that correcting the BSSE is crucial to get non-erratic values

for the interaction energy.

Using the aug-cc-pVDZ basis set, a test on the quality of

the MP2 results was done by comparing the MP2 and

CCSD(T) results on CF4���CF4 dimer B (that also used in

Table 1). The results, shown in Table 2, indicate that the

BSSE-corrected CCSD(T) interaction energy is just

0.04 kcal/mol more stable than the MP2 result. This con-

firms the accuracy of the MP2 results.

Table 1 Interaction energy for the CF4 dimer B (see Fig. 2) calculated with the indicated basis set at the geometry of the dimer in the CF4

crystal

Basis set name # functions HFc (kcal/mol) HFnc (kcal/mol) MP2c (kcal/mol) MP2nc (kcal/mol) BSSE MP2 (kcal/mol)

6-31G 90 0.19 -0.01 0.05 -0.22 -0.27

cc-pVDZ 140 0.14 -0.09 -0.05 -0.36 -0.31

6-31??G(d,p) 190 0.17 -0.01 -0.15 -0.73 -0.58

aug-cc-pVDZ 230 0.16 -0.09 -0.21 -0.71 -0.50

cc-pVTZ 300 0.16 0.06 -0.15 -0.34 -0.19

aug-cc-pVTZ 460 0.16 0.07 -0.26 -0.50 -0.24

cc-pVQZ 550 0.16 0.13 -0.21 -0.29 -0.08

aug-cc-pVQZ 800 0.16 0.12 -0.27 -0.39 -0.12

The total number of functions in the basis set is given in the second column. The calculation was done using the HF and MP2 methods, and the

interaction energy was computed with and without counterpoise correction (respectively identified by the subindex c and nc). The value of the

basis set superposition error (BSSE) of the MP2 calculation is included in the last column to facilitate comparisons

Table 2 Intermolecular energy computed for CF4 dimer B using the

aug-cc-pVDZ and the indicated method

Method DE/kcal/mol

MP2 -0.21

MP3 -0.19

MP4(DQ) -0.17

MP4(SDQ) -0.20

CCSD(T) -0.25

All the energies are corrected by counterpoise method
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3.2 The nature of C–F���F interactions in crystals

of perfluorinated hydrocarbons

Once the computational methodology employed in the

evaluation of the C–F���F interaction energy has been

assessed, we focussed our attention on evaluating the

interaction energy for all symmetry unique dimers found in

the three model perfluorinated crystals: CF4, C2F4 and

C6F6.

The CF4 crystal (CCDB Ref. [23] TFMETH02) is the

smallest perfluorinated hydrocarbon crystal and presents

C(sp3)–F���F interactions. The search of all symmetry

unique dimers was done by looking at all the pairs having

F���F contacts within the sum of van der Waals radii plus

0.2 Å (2.97 ? 0.2 Å). Five unique pairs were found,

whose geometry is shown in Fig. 2. The interaction energy

of each of these pairs is collected in Table 3, together with

the F���F distance for all C–F���F intermolecular bonds.

An AIM analysis of the MP2/aug-cc-pVDZ electronic

density was also done on each dimer in order to locate all

(3,-1) intermolecular bond critical points. This allowed

establishing on solid basis the presence of all F���F inter-

molecular bonds (broken lines in Fig. 2) and their char-

acteristics (see Table 3). No other type of intermolecular

bond was detected.

All dimers in the CF4 crystal have an attractive inter-

molecular interaction energy, being the strongest one

-0.44 kcal/mol and the weakest one -0.21 kcal/mol. Two

F���F (3,-1) bond critical points (BCP) were located in all

dimers except dimer B, which showed only one (dimer B

was that selected to carry out the assessment of the basis set

and method). In all cases, the density at the bond critical

point (qBCP) was around 10-3 atomic units, and the

Laplacian at the point (r2qBCP) around 10-2 atomic units.

These values are within the typical range found in ionic

bonds and hydrogen bonds, in good agreement with the

results from previous studies [11]. It is also worth pointing

that when two BCPs are located between the fragments,

the dimer intermolecular interaction is stronger (almost

twice the interaction of dimer B, where only one BCP was

found).

A similar crystal analysis about the dimers strength was

done on the C2F4 crystal (Ref. [23] GAFLIJ, see Fig. 1),

crystal that presents C(sp2)–F���F interactions. Five non-

symmetry–related C2F4���C2F4 dimers were located in this

crystal (see Fig. 3). Their intermolecular interaction

energy, also calculated at the MP2/aug-cc-pVDZ level, is

collected in Table 4. Furthermore, on each dimer an AIM

analysis of the MP2/aug-cc-pVDZ electronic density was

also done in order to locate all (3,-1) intermolecular bond

critical points. This allowed establishing on solid basis the

presence of all F���F intermolecular bonds (broken lines in

Fig. 3) and their characteristics (Table 4), along the pres-

ence of any other intermolecular bonds.

Fig. 2 Geometry of the five

non-symmetry equivalent

dimers present in the CF4

crystal (Ref. [23] TFMETH02).

The broken lines mark the F

atoms involved in C–F���F
intermolecular bonds

Table 3 BSSE-corrected intermolecular interaction energy calcu-

lated at MP2/aug-cc-pVDZ level of theory for each CF4 dimer shown

in Fig. 2

Dimer F���F/Å DE/kcal mol-1 qBCP/u.a. r2qBCP/u.a.

A 2.991 -0.30 4.06 9 10-3 2.55 9 10-2

3.115 2.92 9 10-3 2.02 9 10-2

B 3.006 -0.21 3.21 9 10-3 2.16 9 10-2

C 3.026 -0.44 4.46 9 10-3 2.74 9 10-2

3.096 3.34 9 10-3 2.22 9 10-2

3.096 3.34 9 10-3 2.22 9 10-2

D 3.094 -0.35 3.25 9 10-3 2.13 9 10-2

3.240 2.39 9 10-3 1.75 9 10-2

3.240 2.39 9 10-3 1.75 9 10-2

E 3.173 -0.41 2.85 9 10-3 1.96 9 10-2

3.173 2.85 9 10-3 1.96 9 10-2

3.179 2.81 9 10-3 1.94 9 10-2

3.179 2.81 9 10-3 1.94 9 10-2

For each dimer, the F���F contacts that present (3,-1) bond critical

points are indicated. For each of them, the F���F distance, the density

(qBCP) and the Laplacian (r2qBCP) are indicated, together with the

BSSE-corrected interaction energy of the dimer (DE)

Theor Chem Acc (2011) 128:541–553 545

123



A look at Table 4 shows that all dimers are energetically

stable, with interaction energies within the range from

-0.25 to -1.01 kcal/mol. The weakest interaction is found

in dimer C, which presents only one F���F (3,-1) bond

critical point and no other intermolecular bond. Thus, the

interaction energy (-0.25 kcal/mol) can be taken as equal

to the C–F���F strength for a C(sp2) carbon. Therefore,

C(sp2)–F���F bonds in the C2F4 crystal are slightly stronger

than the C(sp3)–F���F bonds found in the CF4 crystal

(-0.21 kcal/mol, dimer B). These two results measure the

impact of carbon hybridization in C–F���F interactions.

Dimers B and D of C2F4 also present one F���F (3,-1)

BCPs, but their interaction energy is a lot stronger,

probably due to the presence of a C–F���p bond, manifested

by the existence of a F���C (3,-1) BCP (see Fig. S2; typ-

ically qBCP = 4 9 10-3 a.u. and r2q = 2 9 10-2 a.u.).

Finally, dimers A and E of C2F4, all have two F���F (3,-1)

BCPs. In all cases, the F���F BCPs have qBCP around 10-3

a.u. and r2 around 10-2 a.u. Therefore, the AIM analysis

done on the symmetry unique dimers of C2F4 has shown

not only the presence of more than one intermolecular

C–F���F bond in some dimers but also the simultaneous

existence of a C–F���p bond in others.

The biggest perfluorohydrocarbon crystal studied in this

work was hexafluorobenzene, C6F6, whose crystal Ref.

[23] is HFBENZ (see Fig. 1). In this molecule, each F atom

is bonded to an aromatic C(sp2) atom. Consequently, this

crystal is helpful to study the impact of carbon aromaticity

on the strength of the C(sp2)–F���F interactions.

There are eleven symmetry unique dimers in this crystal,

whose relative orientation is plotted in Fig. 4. The BSSE-

corrected intermolecular energy of these dimers, computed

at the MP2/aug-cc-pVDZ level, is collected in Table 5,

together with the density and Laplacian at the BCP for each

of the F���F BCPs found in the analysis of the MP2/aug-cc-

pVDZ electron density.

All dimers are energetically stable, but their energy

varies widely within the -0.4 to -2.6 kcal/mol range. The

weakest energy is found in dimers A and K, where only one

F���F intermolecular bond is present and no other inter-

molecular bond exists. Dimer J, which also has only one

F���F bond, presents a F���C (3,-1) bond critical point,

indicative of the existence of a C–F���p intermolecular

bond (see Fig. S3). Consequently, one can only take the

interaction energy in dimers A and K (-0.41 kcal/mol) as a

good estimate of the C–F���F bond strength in aromatic

carbons. Note that their strength is slightly higher than that

Fig. 3 Geometry of the five

symmetry unique dimers found

in the C2F4 crystal (Ref. [23]

GAFLIJ). The broken lines
mark the F atoms involved in

C–F���F intermolecular bonds

Table 4 BSSE-corrected interaction energy calculated at MP2/aug-

cc-pVDZ level for the five non-symmetry–related dimers found in the

C2F4 crystals, shown in Fig. 3

Dimer F���F/Å DE/kcal mol-1 qBCP/u.a. r2q/u.a.

A 3.050 -0.87 3.77 9 10-3 2.42 9 10-2

3.050 3.77 9 10-3 2.42 9 10-2

3.132 3.17 9 10-3 2.21 9 10-2

B 3.070 -0.72 10-4 a

C 3.077 -0.25 2.68 9 10-3 1.89 9 10-2

D 3.102 -1.01 3.40 9 10-3 2.26 9 10-2

E 3.192 -0.42 2.46 9 10-3 1.73 9 10-2

3.192 2.46 9 10-3 1.73 9 10-2

3.301 1.96 9 10-3 1.49 9 10-2

The density (qBCP) and the Laplacian (r2qBCP) at the bond critical

points are also given (Fig. 3 also shows, by means of broken lines, the

F���F atoms linked by these bond critical point)
a Due to accuracy limitations of the PROAIM code, this point was

graphically estimated (see Fig. S1). This procedure did not allow an

estimation of r2qBCP
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in non-aromatic C(sp2)–F���F interactions (-0.25 kcal/mol,

measured in dimer C of the C2F2 crystal).

All remaining dimers present two (case of dimers B, D,

F, H and I), three (dimers C and E) and even four (dimer G)

F���F (3,-1) bond critical points. Besides, in dimers D, F

and, as already mentioned, J, present a F���C (3,-1) bond

critical point indicative of the presence of a C–F���p
intermolecular bond (Fig. S2). It is also worth pointing that

dimers having the same number and type of intermolecular

bonds do not present necessarily similar interaction ener-

gies. For instance, dimers C and E have three C–F���F and

no other type of intermolecular bond, but the interaction

energies are -1.42 and -2.65 kcal/mol. While the inter-

action energy in dimer C is about three times that of an

isolated C–F���F bond in dimer K (-0.41 kcal/mol), which

in dimer E is more than six times stronger. These results

suggest that the relative orientation of the two interacting

molecules is an important factor in determining the

strength of C–F���F interactions (more detailed studies

described below will confirm the validity of this statement).

Once all C–F���F bond critical points for all three crys-

tals have been determined, one can also evaluate whether

their characteristic values follow the general trends previ-

ously found for other weak interactions. Particularly, we

are interested in testing whether an exponential correlation

is found between bond length and the density at the critical

point, as was previously found in hydrogen bonds [24, 25].

Figure 5 shows the relationship between the density at the

C–F���F bond critical point and the F���F bond length for all

F���F bond critical points studied in this work. The points in

Fig. 5 follow an exponential dependence between the two

variables, similar to that reported on hydrogen bonds

[24, 25].

Summarizing the results of the CF4, C2F4 and C6F6

crystals, by combining a MP2/aug-cc-pVDZ evaluation of

the interaction energy and a AIM search of the intermo-

lecular bonds, it has have been shown that all dimers found

in these crystals are energetically stable. The strength of

one C–F���F intermolecular bonds was also determined in

solid grounds and ranges from -0.21 kcal/mol in dimer B

Fig. 4 Geometry of the eleven

symmetry non-equivalent

dimers found in the C6F6 crystal

(Ref. [23] HFBENZ). The

broken lines mark the F atoms

involved in C–F���F
intermolecular bonds
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of the CF4 crystal to -0.41 kcal/mol in dimer K of the

C6F6 crystal. The hybridization of the carbon atom of the

C–F group affects slightly the strength of a single C–F���F
bond: -0.21 kcal/mol in C(sp3), -0.25 kcal/mol in C(non-

aromatic sp2), being more relevant the effect of carbon

aromaticity, -0.41 kcal/mol in C(aromatic sp2). However,

the interaction energy of the dimers can be many times

stronger due to the presence of multiple C–F���F bonds and

of C–F���p bonds. The interaction energy of the dimer

grows almost linearly with the number of C–F���F bonds. In

some dimers, also C–F���p bonds are present. Dimers with

the same number of C–F���F bonds and no C–F���p bonds

differ in their interaction, a fact that suggests that the

relative orientation of the molecules participating in the

C–F���F bond affects the bond strength.

3.3 Relevance of fluorination degree

of the hydrocarbon on the C–F���F strength

Perfluorinated C–F���F interactions are not the only type of

C–F���F interactions found in crystals. For instance, some

crystals present fully F-substituted methyl groups, or even

lower substitutions. This fact prompted us to study the

impact on the C–F���F interactions of lowering the number

of F atoms on CF4, thus forming CHF3, CH2F2 and CH3F.

This is the simplest model to study C–F���F interactions

between dimers of partially fluorinated C atoms.

The impact of fluorination degree on the strength of

C–F���F intermolecular interactions could be measured by

comparing the strength of dimer B in the CF4 crystal, and

an equivalent dimer taken from the CHF3, CH2F2 and

CH3F crystals. However, this crystal-based approach is not

practical: even if crystal structures were available for the

CHF3, CH2F2 and CH3F crystals, very unlikely they will

present a dimer B in their packing (the packing of the

H-substituted crystals will be dominated by C–H���F
bonds). Furthermore, even if they presented a dimer B in

their packing, very unlikely it will have the same geometry

for the C–F���F contact found in CF4. Consequently, any

direct comparison of the strengths of C–F���F using dimers

extracted from crystals will be unreliable, given the

different geometries of the C–F���F interactions.

A proper form of comparing the strength of the C–F���F
interactions in CF4, CHF3, CH2F2 and CH3F dimers is by

placing them at the same orientations of the groups

involved in the C–F���F contact, whereby allowing the

geometry of the two fragments to fully relax at each ori-

entation. Two orientations of the C–F���F contact were

initially selected for their study, which can be identified by

looking at the two C–F���F angles that one can define in the

dimer: (a) the (180,180) or collinear orientation, shown in

Fig. 6 and in Fig. 7 insert, and (b) the (90,90) orientation,

obtained from the collinear position by changing the two

Table 5 BSSE-corrected intermolecular interaction energy, calcu-

lated at MP2/aug-cc-pVDZ level, for the eleven symmetry non-

equivalent dimers of C6F6 crystal (see Fig. 4)

Dimer F���F/Å DE/kcal/mol qBCP/a.u. rBCP
2 /a.u.

A 2.753 -0.45 7.03 9 10-3 3.92 9 10-2

B 2.813 -2.59 7.93 9 10-3 4.68 9 10-2

3.636 7.28 9 10-4 5.99 9 10-3

C 2.863 -1.42 5.94 9 10-3 3.42 9 10-2

2.988 4.10 9 10-3 2.76 9 10-2

3.049 4.01 9 10-3 2.66 9 10-2

D 2.906 -2.16 5.91 9 10-3 3.41 9 10-2

2.947 4.80 9 10-3 3.01 9 10-2

E 2.908 -2.65 6.08 9 10-3 3.85 9 10-2

3.711 5.81 9 10-4 4.77 9 10-3

3.725 5.67 9 10-4 4.63 9 10-3

F 2.945 -2.64 5.35 9 10-3 3.28 9 10-2

3.056 4.13 9 10-3 2.82 9 10-2

G 3.001 -1.81 4.54 9 10-3 2.98 9 10-2

3.002 4.15 9 10-3 2.58 9 10-2

3.026 4.41 9 10-3 2.92 9 10-2

3.498 1.08 9 10-3 9.13 9 10-3

H 3.032 -0.62 3.36 9 10-3 2.20 9 10-2

3.543 9.99 9 10-4 7.81 9 10-3

I 3.051 -1.98 3.62 9 10-3 2.36 9 10-2

3.089 3.49 9 10-3 2.33 9 10-2

J 3.070 -2.57 3.68 9 10-3 2.48 9 10-2

K 3.120 -0.41 2.33 9 10-3 1.69 9 10-2

For each dimer, its intermolecular F���F bonds are characterized, each

one identified by the presence of a (3,-1) bond critical point, whose

density (qBCP) and Laplacian (rqBCP
2 ) at the BCP point are also

given. The atoms linked by these F���F bonds are shown in Fig. 4

Fig. 5 Variation in the density at the C–F���F bond critical point and

the F���F bond length for all F���F bond critical points studied in this

work (see Tables 3, 4, 5). The points can be fitted by an exponential

equation (see inset) with a R2 regression coefficient of 0.9753
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C–F���F angles to 90�, shown also in Fig. 7 insert. They are

two of the most likely orientations of C–F���F contacts in

crystals [7–10]. Note the staggered disposition of the

methyl groups in the (180,180) conformation. Also note

that, by construction, the two C–F���F angles are always in

the same plane.

Figure 7 shows the variation of the interaction energy of

the CF4, CHF3, CH2F2 and CH3F dimers as a function of

the F���F distance of the two atoms linked by broken lines

for the (180,180) and (90,90) orientations. The interaction

energy and F���F distance at the minimum of each curve are

collected in Table 6. Each point of these curves was

computed at the MP2/aug-cc-pVDZ, forcing the F���F

distance and orientation of the dimer and optimizing the

remaining geometrical parameters for all atoms of the

dimer.

A proper analysis of Fig. 7 and Table 6 results is only

possible once all the intermolecular bonds present in these

dimers have been determined. Therefore, in all dimers we

systematically searched for their intermolecular bond crit-

ical points. At their (180,180) conformation, all dimers

present only one F���F bond critical point for the shortest

distance F���F distance. However, as shown in Fig. 8, at

their (90,90) conformation the situation is more complex:

the CF4 and CHF3-B dimers present five C–F���F bonds,

CHF3-A just three, and CH2F2 and CH3F only one. No

C–H���H or C–H���F bonds were found. Except in the later

two cases, no straight forward correlation can be made

between dimer strength and C–F���F strength, a fact that

makes difficult to look for the angular dependence of

C–F���F interactions based only on these two conformations.

The analysis of Figs. 7 and 8 and Table 6 shows some

very interesting trends. First of all, in all dimers the (90,90)

orientation is more stable than the (180,180) orientation. In

CF4, CHF3-A and CHF3-B dimers, this fact is just a conse-

quence of the larger number of C–F���F bonds. In the CH2F2

and CH3F dimers, this higher stability confirms the already

indicated angular dependence of the C–F���F interaction.

The relative stability of these dimers changes with their

orientation. For the (90,90) conformer, the C–F���F inter-

action energy follows an order E(CH2F2) \ E(CH3F) &
E(CHF3-A) \ CF4 \ E(CHF3-B) \ 0, being the strongest

interaction about -1.8 kcal/mol, value that can be compared

with that computed previously of the nearly collinear dimer

B of the CF4 crystal (about -0.2 kcal/mol). However, for the

(180,180) conformer E(CF4) & E(CHF3) \ E(CH2F2-A) =

E(CH2F2-B) \ 0 \ E(CH3F), being the strongest inter-

action about -0.3 kcal/mol. It is also worth noting the

repulsive character of the CH3F���CH3F interaction in the

(180,180) conformation.

Fig. 6 Relative orientation of the two fragments in the CF4, CHF3,

CH2F2 and CH3F dimers placed in a (180,180) conformation. The two

fragments are in staggered conformation. Two possibilities were

distinguished in the CHF3 dimer, as they give rise to two different

orientations when the two C–F���F angles are 90�

Fig. 7 Potential energy curves

for the CF4, CHF3, CH2F2 and

CH3F dimers. Left (180,180)

orientation, right (90,90)

orientation
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3.4 The nature of C–F���F interactions

In order to fully understand the trends reported in the

previous sections, one needs a proper understanding of the

nature of the C–F���F intermolecular interactions. Such

understanding can be obtained by evaluating the compo-

nents of the interaction energy of these dimers, using the

SAPT method.

The values of the energy components for all dimers and

at the two orientations previously studied are collected in

Table 6. It is worth remarking the similarity between the

sum of all energy components (Etot) and the BSSE-cor-

rected MP2 interaction energy: these two properties always

differ by less than 0.15 kcal/mol and share always the same

sign. This is a numerical demonstration of the validity of

the SAPT analysis in these dimers. In all dimers, the

exchange component (Eex) is always repulsive, while the

dispersion (Edisp) and induction (Eind) components are

always attractive. Finally, the electrostatic component (Eel)

can be attractive or repulsive, depending on the dimer

(in CHF3, also depends on the relative position of the F and

H atoms).

Against the generally accepted idea that F���F interac-

tions are essentially dispersive, Table 6 shows that the

dispersion component is not always the dominant one. In

various cases (for the (90,90) orientation: all dimers except

the CF4 and CHF3-B dimers; for the (180,180) orientation:

only in the CH3F dimer), the electrostatic component is

similar or dominates over the dispersion component.

Therefore, C–F���F intermolecular interactions have to be

considered as having a combined dispersion-electrostatic

nature (based on the two dominant attractive components).

The key paper played by the electrostatic and dispersion

components is graphically illustrated in Fig. 9, where the

values of the Eel, Eex, Eind, Edisp and Etot for the (90,90)

conformation of all Table dimers 6 are plotted (it is worth

mentioning that a similar trend is manifested by plotting

the components for the (180,180) conformation, although

the later figure is not shown here). It is clear from Fig. 9

that Eind always makes a negligible impact on Etot. It is also

clear that Etot and Eel are nearly on top of each other, the

reason being that Edisp & -Eex in all these dimers. Notice

Table 6 BSSE-corrected intermolecular interaction energy (in kcal/

mol) computed at the MP2/aug-cc-pVDZ level for the CF4, CHF3,

CH2F2 and CH3F dimers at the minimum of potential energy curves

of Fig. 7

F���F/Å Eel Eex Eind Edisp Etot EMP2

(90,90)

CF4 3.25 -0.90 2.35 -0.09 -1.81 -0.45 -0.63

CHF3-A 3.00 -1.38 1.48 -0.15 -1.25 -1.30 -1.23

CHF3-B 3.25 0.09 0.40 -0.03 -0.78 -0.32 -0.30

CH2F2 3.00 -2.03 1.31 -0.22 -1.04 -1.98 -1.91

CH3F 3.00 -1.41 1.51 -0.26 -1.19 -1.34 -1.30

(180,180)

CF4 3.00 -0.09 0.44 -0.04 -0.48 -0.17 -0.23

CHF3 3.00 -0.09 0.44 -0.04 -0.48 -0.17 -0.18

CH2F2 3.50 0.06 0.02 -0.02 -0.15 -0.08 -0.07

CH3F 3.00a 1.07 0.13 -0.08 -0.27 0.86 0.86

The energy components of the interaction energy calculated using the

SAPT method (Eel, Eex, Eind and Edisp, respectively, the electrostatic,

exchange, induction and dispersion components) are also included,

together with their sum (Etot)
a The distance was frozen at this value, because if allowed to be

optimized the dimer dissociates

Fig. 8 Intermolecular bond

critical points (white points)

among the fragments of the CF4,

CHF3, CH2F2 and CH3F dimers,

computed at the minimum of

their F���F potential energy

curves (Fig. 7). The linked

points represent bond critical

points and the unlinked points

are ring or cage points

Fig. 9 Variation in the Eel, Eex, Eind and Edisp energy components

(see text for their definition) and their sum (Etot) for the five dimers of

Table 6 in their (90,90) conformation. In order to visualize the impact

of Edisp in Etot, the Etot - Edisp variation is also plotted
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also the key paper played by Edisp, in the stability of these

dimers, clearly manifested by comparing the value of Etot

and Etot - Edisp; while all dimers are stable when Edisp is

added, all but one are repulsive if such component is

deleted.

Once the nature of C–F���F interactions has been deter-

mined, it is possible to explain the pending unknowns, using

a proper qualitative model for the dispersion and electro-

static energy components. Dispersion can be mostly

attributed to the lone–pair���lone–pair interaction generated

between the three lone pairs that sit on each of the two F

atoms participating in each C–F���F interaction. Accepting

that the z-axis lies along the C–F bond, the electronic

configuration of the three lone pairs placed on the F atoms

can be written as spz
2 px

2 py
2. Alternatively, it could also be

written as (sp3)1
2 (sp3)2

2 (sp3)2
2. In the first approximation, one

expects that the electron density on the F atom is cylindrical

but changes with the C–F���F angle (when C–F���F = 180�
one hits the spz lone pair, while at 90� one hits the px or py

lone pair). In the second case, the electron density on the F

atom is nearly spherical in the direction of the lone pairs.

The dispersion component in both cases should satisfy the

same space symmetry. Therefore, in a first approximation,

the density and dispersion for the spz
2 px

2 py
2 electronic con-

figuration in the (90,90) and (180,180) conformations

should differ: in the former case, the lone pairs interacting

are the px���px or py���py, while the later case the interacting

lone pairs are the spz���spz. This is contrary to the predictions

for the (sp3)1
2 (sp3)2

2 (sp3)2
2 electron configuration, but in

agreement with Table 6 results, and also with results pre-

viously reported for Cl���Cl interactions [26]. Note, how-

ever, that not all trends in the dispersion component can be

explained using this qualitative model. Such qualitative

model also predicts that C–F���F interactions in the CHF3-A

and CHF3-B dimers should be identical, in contradiction to

Table 6 results. Therefore, the previous qualitative model is

too simplified, because the density of the F atom also

depends of the other atoms bonded to the C atom.

According to the electrostatic expansion [27], the most

relevant term in the electrostatic component of a neutral

molecule is the dipole–dipole term, which depends on the

strength and relative orientation of the interacting dipole

moments. The MP2/aug-cc-pVDZ dipole moment of the

isolated molecules that make the dimers of Table 6, at their

isolated optimum geometry, is the following: CF4: 0 D,

CHF3: 1.94 D, CH2F2: 2.33 D and CH3F: 2.18 D, that is,

generally increases with the number of H atoms in the

molecule, with the exception of CH2F2, which is the big-

gest one. Such order is that also followed by the electro-

static component. Note, however, that the relevant dipole

here is the dipole moment of the isolated molecules at the

geometry that they have at the dimer. This is clearly

demonstrated by looking at the electrostatic component of

the (90,90) conformer of the CF4 dimer, which should be

negligible if the two fragments would be at their optimum

geometries (because at the optimum geometry their dipole

is zero). Finally, the orientation between the two dipoles is

also a key property in determining the strength of the

electrostatic component, as is demonstrated by looking at

the electrostatic component in the CHF3-A and CHF3-B

dimers.

Other trends can also be explained by looking at the

relative orientation of interacting dipoles (Fig. 10). For

instance, it is the main factor responsible for the smaller

size of the electrostatic component in the (180,180) con-

formers compared with the (90,90) conformers. It is also

the main factor behind the electrostatic component being

strongly repulsive in collinear CH3F dimers (the two

dipoles are collinear and point against each other) and

weakly attractive or repulsive in all other collinear dimers

(antiparallel non-collinear dipoles in CH2F2 and CHF3

dimers; a small dipole induced by small geometrical dis-

tortion from a tetrahedral symmetry upon dimer formation,

in the CF4 dimers).

Summarizing the results obtained in the last two sections,

C–F���F interactions have a combined dispersion-electrostatic

Fig. 10 Relative orientation of

the dipole moment in each

molecule for the CHF3, CH2F2

and CH3F dimers. The strength

of each dipole moment is also

indicated, under the name
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nature, where in many cases both components have similar

weight. In collinear orientations, the strength of C–F���F
interactions becomes weaker as the H-substitution increa-

ses, being repulsive at the maximum substitution, CH3F.

The sign and the strength of the electrostatic component can

be rationalized by looking at the size and orientation of the

dipole moments located in each of the molecules of the

dimer. This makes the strength of the dimer interaction

energy strongly dependent on the degree of F-substitution

and the two C–F���F angles.

4 Conclusions

The nature, strength and directionality of the C–F���F
intermolecular interactions present in crystals of fully and

partly fluorinated hydrocarbons have been theoretically

evaluated. The study was done in three consecutive steps:

(1) evaluation of the MP2/aug-cc-pVDZ interaction

energy, (2) determination of all F���F bond critical points

and (3) SAPT analysis of the energy components of the

dimers. The study was done for all symmetry unique

dimers present in the CF4, C2F4 and C6F6 crystals and for

CF4, CHF3, CH2F2 and CH3F model dimers placed in a

(180,180) and a (90,90) conformation.

We can conclude that all dimers found in the CF4, C2F4

and C6F6 crystals are energetically stable and their strength

varying from -0.21 kcal/mol (in dimer B of the CF4,) to

-2.65 kcal/mol (in dimer E, C6F6 crystal). However, as

more than one C–F���F bond is sometimes present in these

dimers, and even C–F���p bonds are sometimes found, one

cannot equate the dimer stability to the strength of a single

C–F���F interaction. By selecting dimers presenting a single

C–F���F bond (as indicated by doing locating F���F (3,-1)

bond critical points in a AIM analysis), one can assign the

following values to the strength of a single C–F���F bond:

-0.21 kcal/mol in C(sp3) atoms, -0.25 kcal/mol in C(non-

aromatic sp2), -0.41 kcal/mol in C(non-aromatic sp2). The

interaction energy of the dimer grows almost linearly with

the number of C–F���F bonds present (the lack of linearity

can be attributed to angular dependencies and possible

cooperative effects). The relative orientation of the C–F���F
bond affects its strength. SAPT calculations indicate that in

collinear CF4 dimers, C–F���F interactions are strongly

dominated by the dispersion energetic component, while

when in the (90,90) conformation the electrostatic com-

ponent becomes also important dispersion.

The strength, angular dependence and nature of the

C–F���F interactions found in the CHF3, CH2F2 and CH3F

model dimers change relative to that found in CF4 dimers

placed at the same orientation. In a collinear, or (180,180),

orientation, the strength of C–F���F interactions becomes

weaker as more H atoms are bonded to the carbon atoms,

being repulsive at the maximum substitution, CH3F. In a

(90,90) orientation, the strength can be weaker or stronger

depending on the dipole moment orientation, being the

strongest interaction -2.0 kcal/mol (in CF4 dimers is

-0.45 kcal/mol). The nature becomes a combined disper-

sion plus electrostatic components, in many cases, both

components having a similar weight.
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