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Abstract: Molecular interaction of perfluoroalkyl (Rf) compounds has long been discussed on an 

extended theory of normal alkyl compounds. When Rf-specific bulk properties depending on the 

molecular packing structure are taken into account, however, the conventional polarizability theory 

has a big inconsistency especially with the high melting point. Here, we present a new viewpoint to 

totally uniform the conventional theories for systematically accounting for the bulk properties of Rf 

compounds. With the organized theoretical framework, the conventional understanding based on 

polarizability proves to be partly true, but it misses the molecular orientation effect, which is 

specifically necessary for the Rf compounds. 
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Introduction: Understanding of unique bulk properties specific to perfluoroalkyl (Rf) compounds,
1
 

which are represented by water- and oil-repellency, low dielectric permittivity, low chemical 

reactivity and high melting temperature, have long been an old and new unresolved issue in 

fundamental chemistry. Above all, the high melting temperature (327 °C for PTFE)
2
 is the most 

fundamental chemical property, straightforwardly implying that the Rf groups have intrinsically 

strong van der Waals forces between the groups. Although this strong interaction is widely 

recognized as „fluorophilic effect,‟
3
 there has been very few physicochemical models accounting for 

the extraordinarily strong interaction. The stratified dipole-arrays (SDA) model
4
 recently proposed is 

the first chemical model to uniformly account for the bulk properties involving the fluorophilic 

effect, which has three outstanding characteristics that 1) dipoles play a dominant role instead of 

polarizability, 2) a single molecule and molecular aggregates are discussed in a distinguished 

manner, and 3) the mutual molecular orientation in an aggregate plays an inevitable role. To fully 

understand the entire theory, a bridging theory to the conventional approaches based on 

polarizability is necessary. 

In the present paper, the perspective of the molecular interaction of both normal alkyl and Rf 

groups is provided based on the London‟s theory and electrodynamics, so that the reason why the 

conventional polarizability theory works well even for the Rf groups, although the dipole-dipole 

interaction plays the major role on the Rf compounds. 

Discussion: Thus far, the chemical properties of an Rf group have mostly been discussed in an 

extended manner of a normal alkyl group: the molecular interacting property of normal alkyl groups 
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relies on the London dispersion force, which seems reasonable. London theoretically deduced an 

apparent equation on quantum mechanics and electrodynamics that the van der Waals force 

comprises three distinct origins: the orientation effect, the induction effect and his dispersion effect.
5
 

The “orientation effect” corresponds to the “dipole-dipole interaction” as a function of mutual 

orientation of the dipoles, which agrees with Keesom‟s theory deduced on classical mechanics.
6
 If 

the dispersion effect plays a dominant role, this dipole interaction effect can be ignorable in the van 

der Waals force for the normal alkyl groups, since the rest induction effect is known to be very weak 

for most cases.
5
 This expectation is true of a normal alkyl group, which can simply be examined as 

follows. 

The three effects for a rigid dumb-bell shaped dipole have apparent analytical expressions as:
5
 

 
4

2

orientation 6

B
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1 3cos

3
U

R k T


    (1) 

2

induction 6
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U
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    (2) 

2

dispersion 06

3
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U h

R
    (3) 

Here, the negative sign indicates that all the three effects work as attractive forces. The dipole 

moment and the molecular polarizability are denoted as   and  , respectively. The mutual 

orientation of two dipoles is represented by  . The inter-object length, R, can be removed out when 

the three effects are compared as a ratio, since 6R  is commonly involved in the three equations.   

0h  is the zero-point energy of the electron vibration about the object, which can be replaced by the 

ionization energy within a good approximation.
5
 When the permanent dipole moment, 0  , has a 

random orientation, 2cos   in Eq. (1) can be orientation-averaged
5
 to be 1 3  to have: 
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4
random

orientation 6

B

2

3
U

R k T


  . (4) 

With the use of the bond parameters,
7-9

 the three effects between two C–H groups are calculated 

by Eqs. (2)~(4) as presented in Table 1. As expected, the van der Waals force among the C–H 

groups is governed by the dispersion effect with a significant ratio of 89.6%. In other words, a 

normal alkyl group is not influenced apparently by the weak dipole orientation effect (6.96%). 

On the other hand, the C–F bond has a totally different character: the dipole-dipole interaction 

(orientation effect) works greatly, as the bond has a large dipole moment of 1.39 D,
7,10

 which has 

3.47 times larger than that of the C–H bond (0.40 D), and the orientation effect is a function of 
4 . 

As a result, the dipole-dipole interaction between the C–F bonds plays a dominant role in the van der 

Waals force with a significant ratio of 91.8%; whereas the dispersion effect goes down to 5.03%. 

The orientation effect of 61.5 x 10
-79

 J m
3
 seems fairly large, but it is comparable to that of ammonia 

(84 x 10
-79

 J m
3
),

5
 which falls in the normal range of orientation effect. 

Although the polarizability of the C–F bond ( 300.555 10 m
3
) is a little smaller than the C–H 

one ( 300.652 10 m
3
), as is often pointed out for explaining a lower refractive index,

11
 the decrease 

of the dispersion effect (5.43 x 10
-79

  3.37 x 10
-79

 J m
3
) is thus ignorable in the van der Waals 

force between the C–F groups. In this manner, the molecular interaction of Rf compounds is 

concluded to be governed by dipole moments, not by polarizability. 

The intrinsic difference between the normal alkyl and Rf groups is not represented only by the 

interaction forces, but a more chemical characteristic. Since the mutual orientation of two C–X 

groups,  , is involved in only Eq. (1), the conclusion above straightforwardly indicates that the 
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“mutual dipole orientation of Rf groups” should also be a crucial factor to discuss the molecular 

aggregation property of a Rf compound; whereas the orientation can be put aside for a normal alkyl 

group. The SDA model
4
 points out that the helical Rf groups are spontaneously aggregated in a 

two-dimensional manner via the dipole-dipole interactions where the dipoles representing the CF2 

groups are aligned linearly in a head-to-tail manner to make dipole arrays. The dipole-dipole 

orientation results in 0   to make orientationU  be: 

4
0

orientation 6

B

4

3
U

R k T

    ,

 

which is twice larger than random

orientationU . This energetic stabilization thanks to the “linear dipole-dipole 

orientation” due to the SDA packing, the high melting point and the fluorophilic effect are readily 

understood (Figure 1). 

Then, why has the polarizability been employed
11

 for elucidating the bulk properties thus far 

instead of using dipoles? For example, an Rf-specific character of “low electric permittivity ( ),” 

has long been attributed to the small polarizability of the C–F bond, ignoring the large dipole 

moment. Since the conventional polarizability theory has been a hypothesis using no apparent 

physical equations, here we are organizing the theory as follows. 

The polarizability,  , is interrelated with the induced (not permanent) dipole moment, p, 

generated by an external electric field, E : 

p E . (5)
 

Since p is located on a single molecule, the polarizability is often called molecular (not bulk) 

polarizability.
8,12

 In a bulk matter, on the other hand, the collection of the induced dipole moments 
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yields the polarization density, P,
12

 which is related to the electric field via the relative electric 

susceptibility, 
r : 

0 rP E 
. 

(6)
 

Since Eqs. (5) and (6) look similar to each other, 
r  can be recognized to be “polarizability of a 

bulk matter.” When the fundamental relationship
12

 of: 

0 r 0E E P   
 

(7)
 

is introduced, the bulk polarizability is simply related to the relative electric permittivity, 
r , by: 

r r 1   , (8)
 

which simply implies that “a low-permittivity matter has a low bulk polarizability.”
13

 Of note, 

however, is that the collection of the vectors, p, yielding the vector, P, depends on the molecular 

“aggregation structure.” In other words, the bulk polarizability cannot simply be related to the 

molecular polarizability. Even if the molecular polarizability is large, the polarization density can be 

negligibly small when the induced small dipole-moments are oriented in a deconstructive manner. 

A similar logic holds when the Clausius-Mossotti relation (Eq. (9)) is taken into account. 

r A

r 0

1

2 3

NM

d

 

 




  (9)
 

Here, M, d and AN  are the molecular mass, density, and Avogadro number, respectively. The 

relation directly attributes the electric permittivity to the molecular polarizability. Regardless, the 

relation is deduced under an orientation assumption that the collection of p becomes very small
12

 

( 0P  ; Lorentz‟s local field approximation). The apparent “molecular” polarizability in the 

equation thus cannot be related to the “bulk” property without considering the aggregation structure. 
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According to the SDA model,
4
 in the case of an Rf compound having a long Rf group, the 

dipole arrays are generated as a result of the strong interactions among the “twisted Rf groups” via 

the permanent dipoles. Since the dipole “arrays” are oriented with different directions at each CF2 

level, a negligibly small polarization density is yielded on a macroscopic average
4
 (Figure 1). The 

permittivity should thus be small via Eq. (7), which induces a small “bulk polarizability” because of 

Eq. (8). In short, the Rf groups are aggregated tightly thanks to the permanent dipoles with the 

twisted orientation resulting in the fluorophilic effect, but the apparent dipole becomes small “over 

the aggregate” ( 0P  ). This situation corresponds to Lorentz‟s local field approximation, which 

readily bridges the single polarizability to the bulk one (Figure 1). 

Concluding remarks: 

A perspective to comparatively understand the intrinsic difference between the normal alkyl 

and Rf groups is provided with respect to the molecular interactive forces and 

electrodynamics. The dipole-dipole interaction due to the permanent dipoles plays the 

primarily important role of making the molecular aggregation structure, which elucidates the 

high melting temperature, the fluorophilic effect and the low surface energy. The Rf-specific 

packing, on the other hand, makes the bulk polarizability very small, which enables us to 

discuss the electric permittivity directly via the molecular polarizability. In this manner, the 

molecular orientation and packing are found to be key factors to unify the conventional 

theories. 
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Table 1 Relative intensities of the orientation, induction and dispersion effects contributing to 

the van der Waals force between the C–H and C–F groups. (The unnecessary factor, 6R , is 

removed from the calculation after London.) 

 
  / D 

[7]
   / m

3 [8]
 IE / eV 

[9]
 

Orientation 

effect / J m
3
 

Induction 

effect / J m
3
 

Dispersion 

effect / J m
3
 

C–H 0.40 0.652 x 10
-30

 10.64 

0.422 x 10
-79

 0.209 x 10
-79

 5.43 x 10
-79

 

(6.96%) (3.44%) (89.6%) 

C–F 1.39 0.555 x 10
-30

 9.11 

61.5 x 10
-79

 2.14 x 10
-79

 3.37 x 10
-79

 

(91.8%) (3.20%) (5.03%) 
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