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ABSTRACT

Polytetrafluoroethylene (PTFE), commercially known as Teflon, is one the most 
effective insulating polymers for a wide range of applications, due to its peculiar 
electronic, mechanical and thermal properties. Several studies have attempted to 
elucidate the structural and electronic properties of PTFE, however, some important 
aspects of its structural and electronic characteristics are still under debate. To shed 
light on these fundamental features we have employed a first-principles approach to 
optimize the two coexisting PTFE structures (monoclinic and orthorhombic) at high 
pressure by using the characteristic zigzag planar chain configuration. Our electronic 
analysis of the optimized structures shows charge transfer from carbons to fluorines 
supporting the PTFE electronegativity character. In addition, band structure 
calculations show that the band gap is estimated around 5eV, which correlates with 
previous studies. Moreover, the analysis of the valence and conduction states reveals 
an intra-chain and an inter-chain character of the charge distribution suggesting 
additional insights into the PTFE electronic properties.  

1. INTRODUCTION

PTFE is the most used polymer for a number of technologies which require specific 
mechanical, electrical, chemical and thermal properties. It is widely used for its low 
friction and wear, chemical inertness, resistance to adhesion, hydrophobicity and 
biocompatibility. 
Nowadays, PTFE is the most popular insulating polymer for triboelectric applications, 
such as harvesting devices1-2. These are based on contact-induced electrification 
effects by which certain materials become electrically charged after they come into 
frictional contact with a different material 3-11. Despite thousands of years of research 
on triboelectrification, the phenomenon is still being studied and debates still arise 
over aspects of the mechanisms behind it 12. Recent studies, for example, disputed the 
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unidirectional transfer of charge by showing a mosaic distribution of charge 10, 13-14 , 
that is likely due to mechanochemical reactions 15. 
In addition to triboelectric technologies other industrial applications employed PTFE 
as material for components such as sliding 16  and dry bearings 17 and Teflon beads 18 
and  for all of them PTFE experiences high pressure conditions.  
It is known that PTFE properties are based on the interaction of fluorinate carbon 
species, where the fluorine high electronegativity generates quite polar C-F bonds. 
Moreover, the presence of fluorine significantly influences intermolecular interactions 
which are consistent with high thermal and chemical stabilities19. 
To better understand these properties, obtaining a clearer understanding of the 
electronic structure of PTFE is mandatory. Despite the fact that several combined 
experimental and theoretical studies 20-31 and various calculations 32-39 have been 
reported, the most important characteristics regarding the structural and electronic 
nature of this polymer, in particular,  under high pressure conditions for discussing the 
electric and electronic properties could not be clearly determined. For instance, 
previous first-principles studies on the structural characterization of the PTFE focused 
only on its hexagonal crystal structure 34. Therefore, there is a lack of information 
regarding the monoclinic and orthorhombic crystal structures which exist at high 
pressure conditions. The electronic properties were, instead, previously defined only 
for single chain 24, 31, 39  lacking information on the electronic interactions between the 
chains. 
PTFE, consisting wholly of carbon (C) and fluorine (F), shows a peculiar polymorphic 
behavior involving three unique crystalline phases.  The two crystalline phases at low 
pressure and temperature are usually denoted as form II consisting of helical chains 
containing 13 CF2 in 6 turns and stable at temperatures lower than 19 °C and form IV 
consisting of helical chains contain 15 CF2 in 7 turns and stable at temperature 
between 19 and 30 °C. These phases have been studied extensively and are relatively 
well understood 40-42. The third phase, called form III, observed above ~0.65 GPa, 
consists of zigzag planar chains and it is stable at temperatures higher than 30°C up 
to the melting point of 330°C 43. Spectroscopic data indicated that at pressures above 
0.65 GPa the molecules untwist from the low pressure helical conformation to the 
planar zigzag conformation of phase III 44. X-ray diffraction measurements on form III 
have indicated a monoclinic structure 45, whereas another X-ray study 25 has indicated 
a structure similar to that of orthorhombic polyethylene (PE). An additional study 46, 
which adopted a range of pressures between 0.95 and 5.2 GPa at 300 K found that 
from a pressure of 2 GPa onwards a monoclinic crystal structure coexists with an 
orthorhombic crystal structure. 
Here, we present, for the first time, insights into structural and electronic properties of 
PTFE in its high-pressure phase by a first-principles approach. In our study phase III 
plane zigzag chains containing 8 CF2 units are packed in a monoclinic and 
orthorhombic crystal structure and three different exchange-correlation functionals 
(PZ, PBE and PBE-D) are compared. Crystal structure parameters, atomic positions, 
bond lengths, bond angles, cohesive energy density and binding energy are calculated 
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and compared with literature values. The optimized structures are then used to 
determine the electronic states and the charge density distribution within the crystal. 

2. COMPUTATIONAL DETAILS

Density Functional Theory (DFT) as implemented in the Quantum ESPRESSO package 
was used to perform first-principles calculations to describe the structural and 
electronic properties of PTFE bulk. We adopted and compared results from i) local 
density approximation (LDA), with the Perdew-Zunger (PZ) exchange-correlation 
functional47, ii) general gradient approximation (GGA), with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional 48, iii) and the same PBE functional 
corrected by a dispersion term (PBE-D) to model the long range van der Waals (vdW) 
interactions. The dispersion term was introduced using semi-empirical Grimme 
method 49 which is characterized by two parameters, scaling parameter and vdW cut-
off radius. This dispersion term was tuned to obtain accurate structural parameters and 
to reproduce experimental binding energy values. The atomic species were described 
by ultrasoft pseudopotentials and the electronic wave functions were expanded in 
plane-waves. 
The structural and electronic properties were analyzed with the focus on high pressure 
(above 0.65 GPa), at which it is known that PTFE assumes a zigzag chain conformation 
46 in coexisting orthorhombic and monoclinic crystal structures 25, 38. Therefore, we 
considered and compared the PTFE properties of these two different configurations. 
In addition, the outcomes of orthorhombic structure analysis allowed us to make a 
direct comparison with the results of the same structure of PE 30, 50, another polymer 
which is extensively used due to similar electronic properties. 
The PTFE stem was first optimized by performing an energy convergence test. The 
isolated stem was studied by introducing a vacuum of 30 Å on each side of the stem, 
to prevent any interaction between the periodic replicas. We found an optimal length 
of 8 CF2 monomers. 
The optimized stem was then employed for the structural properties analysis. The 
calculations for monoclinic structure were performed on a 2 × 1 cell to obtain the same 
degrees of freedom as in the unitary orthorhombic cell and provide an accurate 
comparison between the two geometries (
Figure 1a, b). Monkhorst-Pack grids 51 with 2 × 2 × 4 and 2 × 3 × 4 k-points sampling 
were used to sample the Brillouin zone of the monoclinic and orthorhombic cell, 
respectively. 
The electronic properties were calculated using the optimized crystal structures and 
the partial charges of the atoms were computed by means of the Bader analysis 52-55.

3. RESULTS AND DISCUSSION

3.1.  Structures optimization
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4

An initial optimization of the lattice structures was conducted to provide a good 
description of the two high pressure configurations of the PTFE. The structure of the 
two cells and the stem used for the calculations is shown in Figure 2. The long 
horizontal edge and the short vertical edge of both monoclinic and orthorhombic cell 
are indicated by the lattice parameters a and b, 
respectively (
Figure 1a, b), and the stems length is defined by the parameter c (
Figure 1c). The angle of the monoclinic cell is indicated by the parameter γ (
Figure 1a). In the orthorhombic configuration, PTFE stems are tilted by a setting angle 
with respect to the b axis (
Figure 1b).

b

a

b

C F

Monoclinic

�

Orthorhombic

(a) (b)
a

b

c(c)

Figure 1. PTFE configurations at high pressure (a) monoclinic structure and (b) 
orthorhombic structure and (c) length of the PTFE stem

The following steps were adopted to identify the convergence cut-off for the plane-
wave expansion and optimize the two cells structure. Firstly, the cells parameters were 
set as found in literature 56. Then the structures were relaxed, varying the lattice 
parameter c, while performing a convergence test on the cut-off. For each cut-off, the 
energy values at c were fitted by the Murnaghan equation of states 57 to find the 
minimum energy configuration. Although the Murnaghan equation of states is limited 

Page 4 of 14

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5

in the way it describes non-elastic behavior, in the case of PTFE, far away from the 
equilibrium, we strongly believe that it is suitable to describe a configuration close to 
the equilibrium. We found an optimum cut-off value of 40 Ry (320) for the wave 
functions (electron density). 
Using the obtained cut-off and the equilibrium value of c, we then optimized the lattice 
parameters a and b for both cells, and γ for the monoclinic cell, using the same fitting 
procedure. Table 1 shows the parameters values of the optimized structures, together 
with the intramolecular bond lengths and angles, Cohesive Energy Density (CED) and 
binding energy (Eb) per monomer. For PBE-D the scaling parameter of the vdW 
correction was tuned to a value of 0.42 to reproduce a CED consistent with the 
experimental data.

Table 1. Summary of the crystal structure parameters (a, b, c and γ), atomic positions, 
setting angle, bond lengths, bond angles, cohesive energy density (CED) and binding 
energy (Eb) of the optimized monoclinic and orthorhombic structure and experimental 
literature values

Monoclinic Orthorhombic
PZ PBE PBE-D Exp. PZ PBE PBE-D Exp.

a [Å] 9.64
10.1

0
9.79 9.5036/9.0435

8.5238/9.4438 8.54 9.14 8.70 8.7321

b [Å] 5.17 5.60 5.15 5.0536/5.2938

5.0838/5.0338 5.79 6.14 5.97 5.6921

c [Å] 10.38
10.6

5
10.61 10.4836 10.38 10.64 10.61 ---

γ [deg] 104.7
102.

4
101.8 105.538 --- --- --- ---

setting 
angle 
[deg]

--- --- --- --- 42/40 37/38 37/38 3538

C-C [Å] 1.56 1.59 1.58 1.54136 1.55 1.58 1.58 1.54121

C-F [Å] 1.34 1.36 1.36 1.34436 1.34 1.36 1.36 1.34421

C-C-C 
[deg]

112.8
6

114.
0

113.7 116.636 112.93 113.9 113.8 ---

F-C-F 
[deg]

109.5
109.

0
109.3 109.536 109.5 109.0 109.08 108.521

CED 
[N/cm2

]
309.9 15.6 194.2 18522/19623 229.2 31.0 194.3 18522/19

623

Eb [eV] 0.097
0.01

4
0.081 --- 0.120 0.007 0.083 ---
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6

In both monoclinic and orthorhombic cells, a and b parameters are adequately 
described by PZ and PBE-D functionals, whereas they are overestimated by PBE. This 
was expected due to the fact that PBE overlooks long-range interactions, and this is 
also confirmed by the significantly low CED. 
The stem length, c, estimated by PZ is, as expected, lower compared to that obtained 
using PBE and PBE-D, because PZ generally overestimates the interaction energies. 
This is also reflected in the smaller backbone C-C-C angle and in the higher CED. 
Likewise, PBE and PBE-D underestimate the backbone angle. We attribute this 
discrepancy to the intermolecular interactions, absent or at least different in nature in 
the previous studies that adopted single chain or hexagonal cell 36-37. 
The C-C and C-F bond lengths as well as the F-C-F angle are well described by all the 
functionals. In the orthorhombic cell the setting angle is slightly overestimated by PBE-
D and PZ, while significantly overestimated by PBE. 
Finally, the last row of Table I shows that the binding energy between the two stems 
is similar for both monoclinic and orthorhombic cell. Therefore, we can confirm the 
coexistence of the two structures.
Overall, we can conclude that PZ overestimates the short-range interactions and PBE 
completely overlooks the intermolecular interactions. Instead, PBE-D characterizes 
correctly both short and long-range interactions, providing an accurate description of 
all the parameters. It can, therefore, be considered the functional which better 
describes the structural properties of PTFE in the high-pressure configurations.

3.2.  Electronic properties
To provide insights into the electronic properties of both the monoclinic and 
orthorhombic PTFE structures we began by calculating the charge density distribution 
and the partial charges of the atoms. 
The outcomes show the transfer of electronic charge from carbons to fluorines inside 
the monomers which is due to the difference of electronegativity between the two 
atoms (3.98 - fluorine, 2.55 - carbon). 
The partial charges do not differ either between PZ, PBE and PBE-D functionals, or 
between the orthorhombic and monoclinic structures; the fluorines in the CF2 
monomer accumulate ~0.86 electron charge, while carbon loses ~1.72 electron 
charge.
We, then, calculated and compared the band structure of the two considered cells for 
each adopted functionals. The monoclinic and orthorhombic band structures for each 
functionals are shown in Figure 2a,c, respectively. 
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7

 

Figure 2. Band structure and DOS’s of (a) and (b) monoclinic structure for PZ, PBE and 
PBE-D functional and (c) and (d) orthorhombic structure for PZ, PBE and PBE-D 
functional

For both monoclinic and orthorhombic structures and for each employed functional 
the band gap is estimated around 5 eV, in good agreement with experimental 
measurements (~6 eV) 28-29. However, the calculated value is lower when compared to 
previous theoretical studies (~8 eV) 34 and experimental UPS and optical 
measurements (~10 eV) 24. 
This difference between theoretical (DFT) and experimental values was expected 
because of the well-known “band-gap problem” of LDA and GGA in the calculation of 
the insulating band gap 58. 
Overall, both valence and conduction bands dispersion does not differ significantly 
between the functionals and the cells structure adopted. In particular, for each 
functional and structure the band gap is direct, and little dispersion is observed at the 
highest occupied bands. 
Figure 2b, d show the total Densities of States (DOS’s) of the monoclinic and 
orthorhombic structure, respectively, for all the employed functionals, with the energy 
values in abscissa related to the Fermi energy. The peak A derives from the two highest 
occupied bands of Figure 2a, c which correspond to the C-C interactions. B and C, 
instead, derive from the high-density bands which correspond to the C-F interactions. 
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This agrees with previous theoretical studies on single chain in which it is suggested 
that the highest occupied bands are mainly derived from the interaction between the 
C2p and F2p levels [20]. 
The obtained DOS’s profile aligns with previous studies reported in Ref 24.
To observe the spatial configuration of both valence and conduction band additional 
analysis was conducted by calculating the charge density of the highest valence state 
and of the lowest conduction state. Figure 3 shows the results obtained with the 
adoption of PBE-D functional. The charge density distribution of the valence (left 
panel) and conduction (right) state for both monoclinic and orthorhombic structure 
are shown in the top and in the bottom panel, respectively. The charge distribution of 
the valence state (Figure 3a, c) is localized inside the PTFE stem. Inversely, the charge 
distribution in the conduction band is delocalized along the entire length of the chain 
and positioned around the C-F bonds (Figure 3b, d); this aligns to previous 
experimental findings 30. Moreover, in the conduction state an inter-chain charge 
density can also be noticed. 

valence state

M
on

oc
lin

ic

conduction state

O
rt

ho
rh

om
bi

c

(a) (b)

(c) (d)

-0.00010.00.0001
e-

Figure 3. Spatial distribution of charge of (a)(c) the highest valence state for 
monoclinic and orthorhombic structure, respectively and (b)(d) the lowest conduction 
state for monoclinic and orthorhombic structure, respectively

The observed spatial distribution of the conduction state is like that observed in the 
same kind of study on PE 30, where it is reported a clear inter-chain character. In that 
study the delocalization of the charge has been related to the formation of localized 

Page 8 of 14

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



9

surface states inside the band gap, which allow electrons to be acquired and retained30. 
Based on this, additional studies on the surface electronic properties of PTFE will be 
conducted to explore its surface properties and their implications for interfacial 
interactions and the control of e.g. adhesion, wettability and triboelectrical response.

4. CONCLUSIONS

In this study, we used a first-principles approach to give, for the first time, insights on 
the structural and electronic properties of PTFE in its high-pressure phase. We 
confirmed that, at high pressure the PTFE at form III (zigzag planar) coexists in 
orthorhombic and monoclinic crystal structures. 

I. The optimization of the lattice structures and the comparisons of the energy 
values obtained by adopting three different exchange-correlation functional 
(PZ, PBE and PBE-D), show that the PBE-D functional better describes the 
structural properties of PTFE in the two high-pressure configurations. 

II. The addition of a dispersion term to model the long-range van der Waals 
interactions to the PBE functional overcomes the inability of PZ to estimate the 
short-range interactions and the failure of PBE to estimate intermolecular 
interactions. 

III. The analysis of the electronic properties on the optimized structures reveals that 
an electronic charge transfers from carbons to fluorines inside the monomers. 
The charge is rearranged inside the stem and tends to concentrate around the 
fluorine atoms. 

IV. The band gap is estimated around 5 eV, which is comparable with some 
experimental findings but less with other previous theoretical and experimental 
studies because of the limits of the gradient-corrected (LDA/GGA) to calculate 
the insulating band gap. For both monoclinic and orthorhombic structure, the 
band gap is direct. Additional investigation of the band structures shows that 
the dispersion of both valence and conduction bands is not significantly 
affected by the functionals and cells structure adopted. The further DOS’s 
calculations perfectly align with previous UPS and optical experimental analysis.   

V. By focusing on the PBE-D functional calculations it can be seen that charge 
distribution of the valence state is localized inside the PTFE stem and instead 
the conduction band is delocalized along the entire length of the chain and 
between the chains. The inter-chain character of the conduction state reported 
here is like the inter-chain character reported by similar study on PE. This 
suggests that, as for the PE, surface states might be generated on PTFE surface. 
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This study paves the way to clarify the properties of one of the most popular polymers 
available and to eventually exploit it for new advanced technologies.   
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