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Abstract

Because of its good chemical and thermal stability due to the p-delocalization along the polymer chain, poly(p-phenylene) was used as

starting material for fluorination to obtain new carbon fluoride. A complete characterization of both the virgin polymer, in order to define

parameters such as the chain length and the degree of crystallinity, and the fluorinated materials was performed by complementary techniques

(19F, 1H and 13C NMR, XRD, FT-IR and EPR). From these data, possible fluorination mechanisms are discussed. Finally, tribological

properties have been also studied for the fluorinated samples and compared to those of conventional graphite fluorides.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Fluorination is known to be one of the most effective

chemical methods to modify, and therefore, to control the

physicochemical properties of carbon materials [1,2]. The

variety of starting carbonaceous materials is wide including

graphite [1,3], nanotubes [4,5], fibers [6,7], fullerenes [8–

10], diamond-like carbons [11], polymers [12–14],.
Potential applications of these fluorinated materials are

various such as positive electrode in high energy density

lithium batteries [15], solid lubricants [16,17], gas storage,

fluorination releasing agents, water or oil repellents, and so

on [1,2,16,18]. Therefore, these fluorinated carbons have

been the focus of a great number of studies. The structural

properties of the starting carbon materials strongly influence

both the fluorination level and the physicochemical proper-

ties of resulting compounds. In particular, the C–F bond

nature differs as a function of the starting materials and of

the fluorination process, as exemplified by the case of
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graphite fluorides: on one hand, when the fluorination of

graphite is performed at 350 and 600 8C, graphite fluorides

(C2F)n and (CF)n, respectively, are obtained [18]. These

latter are electronic insulators and the C–F bond is covalent

involving a sp3 hybridization of the carbon atom. On the

other hand, conducting fluorine–graphite intercalation

compounds (fluorine-GICs, CxF) and semi-ionic graphite

fluorides are obtained at temperatures below 100 8C using

either a gaseous mixture of fluorine with HF or volatile

fluorides MFy (BF3, IF5, IF7, WF6, .) [1,19] or F2, HF and

MFy mixture [20–22]. In these cases, the nature of the C–F

bond evolves from ionic for low fluorine content to semi-

ionic for higher fluorine content (carbon atoms in such

compounds are mainly sp2 hybridized).

Most of these fluorinated materials exhibit a two-

dimensional lamellar structure. The goal of the present

work is to study the fluorination of a linear p-electron
conjugated system. The electronic properties of such

systems are also of great interest. A conjugated polymer,

poly(p-phenylene) abbreviated as PPP, has then been used

as starting materials for fluorination. It consists of benzene

rings linked exclusively in para position. This polymer

exhibits good chemical and thermal stability, up to 500 8C,

due to p-delocalization along the polymer chain. Amongst

the various synthesis of PPP, chemical [23–27] or
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electrochemical [28], chemical Kovacic’s method [26] has

been chosen because it allows long chains to be formed,

longer than 12 phenyl rings per chain, whereas Yamamoto

[23] and Taylor [25] synthesis result in chains with 9 phenyl

units length [27,29]. The electrochemical method of

Fauvarque results also in long chains (12 phenyl rings per

chain) but in lower crystallinity than Kovacic PPP. A wide

fluorine range could be obtained as a function of fluorination

conditions, i.e. temperature and duration; a maximal

composition of (C6F10)n could be theoretically obtained.

As demonstrated by several authors [2,30], nuclear

magnetic resonance studies are well adapted to fluorocar-

bons characterization because they can give information

about both the carbon hybridization and carbon–fluorine

interaction, i.e. the nature of the C–F bond. Solid state NMR

correlated with X-ray diffraction, Fourier transform infrared

(FT-IR) and electron paramagnetic resonance (EPR)

spectroscopies, are necessary to understand the fluorination

processes and to investigate the maintaining of the phenyl

ring within the polymer chain.

Tribological experiments have also been performed in

order to evaluate the friction properties of fluorinated PPP.

Indeed, if the good lubricating performances of main

conventional solid lubricants are due to their bidimensional

lamellar structure, there is few data in the literature

concerning the tribological applications of 1D materials.

So the friction properties of fluorinated PPP will be

compared to those of conventional high temperature

graphite fluoride.
2. Experimental

Poly(p-phenylene) was synthesized according to the

Kovacic’s method [26] which consists in a cationic

polymerization of benzene with AlCl3 and CuCl2. The

brown insoluble powder was washed out with hot

hydrochloric acid to remove the catalyst residues and then

heated at 400 8C under vacuum for further purification. The

fluorination treatment of PPP was performed as follow: the

virgin PPP (200 mg) was heated at 150 8C for half an hour in

a dry nitrogen atmosphere to remove traces of water

molecules adsorbed during exposure to air atmosphere; after

cooling, it was then placed at room temperature or heated at

100 8C for various duration (4, 5, 12, 24 h) in pure F2
atmosphere (Solvay Fluor and Derivate, purity 98–99%

(V/V) with HF max. 0.5% (V/V) and other gases, primarily

O2/N2 at approximately 1.0% (V/V)). The pressure of

fluorine gas used in fluorination experiments was fixed at

1 atm. As the temperature of fluorination reaction is

abbreviated as TF, the samples are named PPPF (TF-4 h),

PPPF (TF-5 h), PPPF (TF-12 h) and PPPF (TF-24h) with TF
equal to 25 and 100 8C. The composition was determined

both by weight uptake and chemical analysis.

Powder X-ray diffraction (XRD) measurements were

carried out using a Siemens D501 diffractometer working
with a Cu Ka radiation. Fourier transform infrared spec-

troscopy (FT-IR) was performed using spectrometer

SHIMADZU FT-IR-8300; the spectra were recorded by

transmission in a dry air atmosphere between 400 and

4000 cmK1 with 20 spectra accumulation through a pellet

(2 mg of the sample material diluted in 200 mg of KBr).

Static 19F NMR experiments were carried out at room

temperature on a Bruker AVANCE DSX 300 spectrometer

at 282.38 MHz. The external reference was CF3COOH; all

the chemical shifts are referenced with respect to CFCl3
ðdCF3COOHZK78:5 ppm vs CFCl3Þ. Magic angle spinning

(MAS) 1HNMR and 13CNMR spectra were recorded at room

temperature (spectrometer operating at 300.13 and

75.47 MHz, respectively) andwere performedwith a spinning

speed of 4 and 10 kHz with Bruker 4 mm MAS probe. 1H

chemical shifts are referred to tetramethylsilane (TMS) by

using adamantane as an external standard (C1.74 ppm from

TMS). 13C chemical shifts are given with respect to resonance

of TMS. A simple sequence (p/2-acquisition) was usedwith a
single pulse duration equal to 5.00, 8.25 and 2.75 ms for 1H,
13C and 19F NMRmeasurements, respectively. The recycling

timeD1 were equal to 6, 25 and 2 s for 1H, 13C and 19F NMR,

respectively.

EPR spectra were recorded using a X Band Bruker EMX

spectrometer equipped with a standard variable temperature

accessory and operating at 9.653 GHz. Diphenylpicrylhy-

drazyl (DPPH) was used to calibrate the resonance

frequency (gZ2.0036G0.0002) and the densities of spin

carriers Ds (Ds is the number of unpaired electronic spins

per gram of carbon). Spectra acquisition were carried out at

6.35 mW microwave power, with modulation amplitude of

2 G and with 100 kHz frequency modulation in order to

avoid saturation and line shape distortions. Bruker WIN-

EPR and WinSimfonia were used for spectra processing and

simulations, respectively.

The tribological properties of the compounds were

evaluated using a ball-on-disc tribometer consisting of an

AISI 52100 steel ball rubbing against the AISI 52100 steel

disc of 10!2 mm dimensions covered with a film of studied

lubricant. Before deposit procedure, discs were polished

with 1000 and 400 mm abrasive paper and cleaned in ethanol

and acetone ultrasonic baths to completely remove

impurities and abrasive particles. The final peak to peak

roughness of the disc before film deposits was measured to

200 nm. This final roughness is needed to fix the solid

lubricant film on the friction surfaces. The lubricant film is

deposited by the burnishing technique. The tribological tests

were performed under a normal load of 10 N and a sliding

speed of 2 mm sK1. The friction coefficient m, defined as the

ratio of lateral force on normal load, was measured with a

computer-based data acquisition system.
3. Results and discussion

First, experimental conditions of preparation and
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compositions of the resulting fluorinated materials are

displayed in Table 1.
Fig. 1. 13C MAS-NMR spectra of virgin poly(p-phenylene) and polymer

treated during various fluorination time compared to high graphite fluoride

(CFn).
3.1. Solid state NMR

In order to investigate the fluorination efficiency of

poly(p-phenylene), a careful characterization of the virgin

polymer is necessary, giving parameters such as the degree

of crystallinity and the chain length of the polymer. This

latter can be evaluated from 13C NMR data. The spectrum of

virgin PPP was recorded with magic angle procedure

operating with a spinning rate of 4 kHz, contrary to the other

samples for which 10 kHz was applied (Fig. 1). The surface

ratio of the lines centered at C128 and C139 ppm allows

the chain length to be evaluated. As a matter of fact, these

lines are assigned to carbon atoms bound to hydrogen atoms

(with surface SC–H) and carbon atoms linking the phenyl

rings (SC–C), i.e. non-hydrogenated, respectively [27,31,32].

SC–H/SC–C is equal to 2.19. Neglecting the possible

substitution at chain edges of hydrogen by chlorine atoms

resulting from the synthesis, this value corresponds to a

chain length of 15–16 phenyl rings per chain.

For the sample fluorinated at 25 8C for 5 h (PPPF

(25 8C-5 h)), the intensity of the C–H line (dzC128 ppm)

decreases significantly contrary to the one at C139 ppm

(C–C) indicating that a part of the phenyl rings is conserved

during the first stage of fluorination. Depending of the

interaction of carbon with fluorine atoms, the chemical shift

of sp2 type carbon varies from C120 ppm in pure graphite

[2,30] to C128 and C137 ppm in semi-ionic graphite

fluoride prepared at room temperature using a HF–BF3
mixture [33] and a HF–IF5 one [22,34], respectively; in

these latter materials, sp2 carbon hybridization is still

maintained allowing the planarity of the graphene sheets to

be conserved. By analogy, the weak peak at C160 ppm

could result from interaction of carbon atoms of the

maintained phenyl rings with fluorine; this interaction

results in the shift of the NMR line from C139 to

C160 ppm. This line disappears when the fluorination

duration increases (24 h at room temperature). Moreover,

the NMR spectrum of PPPF (25 8C-5 h) shows a broad

signal composed of several contributions showing the

complexity of this material and its structural disorder.

Whatever the fluorinated sample, 13C MAS-NMR

spectra exhibit two lines located at C88 and C110 ppm
Table 1

Experimental conditions of fluorination

Sample Fluorination temperature (8C) D

PPP – –

PPPF (25 8C-5 h) 25

PPPF (25 8C-12 h) 25 1

PPPF (25 8C-24 h) 25 2

PPPF (100 8C-4 h) 100

a Evaluated from chemical analysis.
b Evaluated from weigth uptake results.
(Fig. 1). For PPPF (25 8C-5 h), only shoulders are present.

According to the literature about fluorinated carbons such as

graphite fluorides [2,30,35–38], fluorinated charcoal and

fluorinated coronene [39], these lines are characteristic of

carbon atoms involved in covalent C–F bonds (fluorocarbon

rigid matrix in graphite fluoride) and of CF2 groups

localized either at the sheets edges of the fluorographite

layers (and/or in other defected structures) or along

fluorinated polymer chains. Characteristic chemical shifts

are displayed in Table 2. For comparison, graphite fluoride

(CF)n obtained by direct fluorination of graphite at 600 8C
uration (h) Formulation

C6H3.81
a

5 C6F5.9
b

2 C6F7.6
b

4 C6F8.0
b (C6F8.25H1.75)

a

4 C6F6.8
b (C6F8.95H1.13)

a



Fig. 2. 19F NMR spectra at room temperature of PPP treated under F2 at 25

and 100 8C for various duration.
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consists mainly of covalent C–F bonds (resulting in a strong

line at C84 ppm on the NMR spectrum) and small amount

of CF2 groups localized at the sheets edges (C110 ppm).

Fig. 2 displays the evolution of room temperature 19F

NMR spectra of fluorinated poly(p-phenylene) as a function

of the temperature (TF) and the duration of fluorination. For

the samples treated at room temperature for 5 and 12 h, the

spectra exhibit at least three broad resonances centered near

K75, K125 and K195 ppm; this latter results from the

rigid fluorinated carbon lattice because this resonance is

typical of mainly covalent C–F bonds in fluorinated graphite

compounds (Table 2) [2,21,22,30,34,38,39]. The two first

lines at K75 and K125 ppm are assigned to CF3 and CF2
groups [38,39], respectively.

The spectrum of PPPF (25 8C-5 h) exhibits a line shape

with a rectangular envelope typical of dipolar coupling

among the fluorine atoms in the fluorocarbon matrix. Such a

contribution is reported for covalent graphite fluorides (CF)n
and (C2F)n [30,35] and for some inorganic fluorides, e.g.

LiF and CaF2 in naphthalene [40].

When the time or the temperature of fluorination

increases, two peaks, centered at K70 and K230 ppm, are

well separated; the evolution of their intensities is opposite

when TF increases. By analogy with various fluorinated

organic molecules and fluoropolymers [41], the line at

K70 ppm, which is more intense for TF equal to 100 8C, is

assigned to CF3 groups whereas the one at K230 ppm is

attributed to C–F bonds; contributions of CF2 and CHF

groups are also possible. The presence of the strong lines of

CF3 groups and its evolution with increasing time and

temperature of fluorination indicate the opening of some

fluorocarbon rings during fluorination resulting in the

formation of –CF3, –CF2–CF3, –CF2–CF2–CF3,. grafted

to remaining fluorocarbon rings. Such a linear configuration

reduces the dipolar coupling between fluorine nuclei leading

to a better resolution of the two main bands in the NMR
Table 2

NMR chemical shifts of fluorinated carbon materials

Samples NMR chemical shifts
13C/TMS

C Ca C–F CF2

Graphite [2,30] 120

Covalent (CFn) [2,32,36–38] 84–88 110

Semi-ionic CxF

CF0.89(IFy)x(HF)z [21,22,34] 134 79

CF0.47(BF4)x(HF)z [33] 125 79

Fluorinated charcoal [39] 129 86 112

Fluorinated coronene [39] 136 86 113

PVDF (CF2CH2)n [41] 120

a

b

c

PPPF (25 8C-5 h) 138 160 84 110

PPPF (25 8C-24 h) 84 110

a Carbon atoms in weak interaction with fluorine. a: –CF2–CF2–CF(CF3*)–CH2–

CF2–; where asterisk indicates the fluorine atom concerned.
spectra in comparison with PPPF (25 8C-5 h) and PPPF

(25 8C-12 h). The presence of hydrogenated groups in the

resulting samples is confirmed by both chemical analysis

(Table 1) and 1H MAS-NMR. Indeed, for these latter

experiments, in the case of the polymer fluorinated at room

temperature for 5 and 24 h (Fig. 3), the spectra exhibit a

strong resonance atC9 ppm (vs TMS). This latter decreases
19F/CFCl3

C–F CF2 CF3

K170 to K190 K110

K140 to K160

K140 to K160

K140 to K200 K100 to K150 K50 to K90

K115 (our data)

K75.1

K118.1

K183.7

K195 K125 K75

K230 K70

CF2–; b: –CH2–CF2–CF2*–CF(CF3)–CH2–; c: –CF2–CF2–CF*(CF3)–CH2–
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in intensity when the fluorination time increases indicating a

conversion of C–H bonds into C–F ones. A shoulder near

C5 ppm is also observed and is assigned to low amounts of

water molecules absorbed on the carbonaceous surface; its

observation suggests that the total amount of 1H nuclei

(from fluorinated PPP and H2O) is very low in PPPF

(25 8C-24 h).

The comparison with fluorinated coronene (C24H12) is

interesting; the fluorination of this compound is achieved at

room temperature, i.e. 23 8C using firstly a diluted F2/He

mixture and then neat fluorine to ensure complete reaction.

The product consisted of a mixture of perfluorocoronene

(C24F36) and a second fluorocarbon (C24F30) in which the

p-character of one phenyl ring per molecule is maintained

in the structure [39] indicating that the fluorination is not

complete as in the case of fluorinated PPP.

From 13C, 19F and 1H NMR data, it is concluded that the

fluorination occurs with successive steps, firstly, for low

duration, on one hand a part of the unsaturated phenyl

rings are maintained, on the other hand, CF2 groups are

formed resulting in a cyclohexane-like armchair (or boat)

conformation of the fluorinated rings of idealized

formula (–C6F10–). Then, some of these rings are broken

to form short aliphatic fluorinated oligomers. These

hypotheses will be discussed as a function of the FT-IR

characterization in Section 3.2.
3.2. FT-IR and XRD characterizations

Infrared spectroscopy data can also provide an estimation

of the chain length either by comparing the ratio of the main

band intensities (Fig. 4 and Table 3) I805/I764 or I805/(I764C
I697) to those of phenylene oligomers [26,42] or by the

formula (2(I805/I697)C2) [43]. From the three methods, the

obtained value is about 15–16 phenyl units per chain of PPP

in accordance with NMR data. The discrepancy between the
Fig. 3. 1H MAS-NMR spectra of fluorinated poly(p-phenylene): PPPF

(25 8C-5 h) and PPPF (25 8C-24 h).
formulation of virgin PPP (C6H3.81) and the idealized

formula (C6H5)[(C6H4)14](C6H5), i.e. (C6H4.125), is related

to the defects in the polymer such as crosslinking and

residual catalyst species. As a matter of fact, the virgin

polymer also contains small amounts of oxygen (mass

percentage 0.4% obtained vs chemical analysis) and

residual catalyst residues: Cl (1.1%), Al (0.4%) and Cu

(0.1%). Chlorine atoms are probably located on the chain

edges and replace hydrogen atoms.

On one hand, after the fluorination for 5 h at room

temperature, a quasi-total disappearance of the vibration

peaks of PPP in the range 697–860 cmK1 is noted. These

ones are related to C–C and C–H vibrations of mono-

substituted and parasubstituted phenyl rings (Table 3), this

confirms the conversion of C–H bonds into C–F ones in

accordance with the appearance of the strong band at

1220 cmK1, assigned to covalent C–F [19]. On the other

hand, the strong bands at 1480, 1398 and 1000 cmK1, which

are characteristic of the C–C vibrations of paradisubstituted

phenyls, broaden and shift towards the lower wavenumbers

by about 20 cmK1 indicating the maintain of a part of the

phenyl rings as observed from 13C NMR data. An intense

band centered near 1220 cmK1 appears after the fluorination

and increases in intensity with the fluorination time at room

temperature. This strong band is assigned to covalent C–F

bonds in fluorinated carbons in particular in conventional

graphite fluoride (CF)n [19]; its broad shape results from

superimposition of several contributions, i.e. CF3, CF2, CF

groups.
Fig. 4. FT-IR spectra of PPP and polymer fluorinated as a function of the

fluorination conditions.



Table 3

Assignment of the vibration modes

Wavenumber (cmK1) Vibration mode

697, 764 Out-of-plane C–H vibration (dC–H) of monosubstituted phenyl rings

805 Out-of-plane C–C vibration (dC–C) of parasubstituted phenyl rings

860 Out-of-plane C–H vibration (dC–H) of an isolated hydrogen

1000, 1398 and 1480 In-plane C–C vibration (nC–C) of parasubstituted phenyl rings

w3000 C–H vibration of aromatic rings (nC–H)

1220 Vibration of covalent C–F bonds

1750 CaO vibration

730 CF3 and CF2 symmetric deformation [43,44]

595 CF3 and CF2 antisymmetric deformation [43,44]

Fig. 5. X-ray diffractograms of poly(p-phenylene) and fluorinated samples.
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For the samples obtained with longer fluorination time or

at 100 8C, two broad bands near 720 and 600 cmK1 magnify

the possible presence of short fluorinated aliphatic chains,

which are branched on the fluorinated polymer.

A band at about 1750 cmK1 is observed whatever the

fluorination conditions, it may be related to CaO vibration

in accordance with previous works about the direct

fluorination of commercial polymers [14,44–49]. Such

CaO group can be formed during the exposure of the

materials in air atmosphere after the treatment. The use of

pure fluorine gas prevents the formation of these oxygenated

groups during the fluorination process. The materials

obtained from fluorination are inhomogeneous containing

several conformational defects in comparison with idealized

(C6F10)n chains which are constituted of linked fluorinated

armchair rings.

Fig. 5 displays the XRD patterns of PPP and fluorinated

samples. A degree of crystallinity close to 30% was

determined for the virgin polymer using both the methods

of Ruland [50] and Hermans [51]. The four main diffraction

peaks of the virgin polymer centered at 2q equal to 19.68

(dZ4.53 Å), 22.68 (dZ3.94 Å), 27.58 (dZ3.24 Å), and

43.08 (dZ2.10 Å), are indexed, respectively, as (110),

(200), (210) and (002) reflections in monoclinic system

(space group P21/c) [52]. These ones disappear totally after

fluorination for 5 and 12 h at room temperature. The

materials are then amorphous. On the contrary, when the

time or the temperature of fluorination increases, a low

crystalline order appears as magnified by two well defined

diffraction lines, at 14.38 (dz6.19 Å) and 40.68

(dz2.22 Å). Surprisingly, the XRD patterns PPPF (25 8C-

24 h) and PPPF (100 8C-4 h) are close to that of graphite

fluoride (CF)n. For this latter, the main reflection lines at

14.48 (diz6.16 Å) and 40.88 (dz2.21 Å) were assigned to

001 reflection (corresponding to the average interlayer

spacing) and to 100 reflection of in-plane graphite network,

respectively. We believe that, in an idealized view, the

fluorinated chains constituted of linked (–C6F10–) rings are

organized in order to minimize the fluorine atoms repulsion,

i.e. the stacking of the chains; this simulates the

arrangement occurring in conventional high temperature

graphite fluoride (Fig. 6).

For (CF)n, the C–C in-plane length can be calculated
from the diffraction reflection at 40.78 which is assigned to

100 reflection of in-plane graphite network (hexagonal

system) with corresponding reticular distances d100Z
2.22 Å (dC–CZ(2/3)d100 and the a hexagonal parameter is

given by the relation aZd100ð2=
ffiffiffi

3
p

Þ). So, the C–C length (or

its projection) is equal to 1.48 Å in (CF)n; such a value is

close to that occurring when the carbon atoms exhibit a pure

sp3 character (1.54 Å in diamond). Assuming that the

structure of fluorinated PPP is similar to that of (CF)n, the

same calculation provides C–C distance close to 1.48 Å for

highly fluorinated polymer showing that the carbon

hybridization changes from sp2 character for PPP to sp3
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one for the fluorinated PPP. The molecular geometry of the

virgin PPP is planar with in-ring C–C bond distances of

1.41 Å and a C–C distance between phenyl rings equal to

1.45 Å.
3.3. EPR data

The EPR spectrum of the virgin PPP is symmetrical and

consists of a single Lorentzian line (Fig. 7). The peak-to-

peak linewidth DHpp and the g-value are equal to 5.2G
0.2 G and 2.0029G0.0005, respectively; these values are in

accordance with those reported by many authors [27]. EPR

lines are assigned either to connection defects of the phenyl

rings, i.e. crosslinking or to residual radicals resulting from

the synthesis which are trapped in the polymer bulk and then

sterically inaccessible to air atmosphere. The spin density of

the virgin polymer (i.e. the spins number per gram noted Ds)

is close to 1.7!1017 spin gK1.

The EPR spectra at room temperature change signifi-

cantly after the fluorination (Fig. 7 and Table 4) except for

the g values which stay close to 2.0030G0.0005 whatever

the sample, this g-factor being typical of free radicals and/or

localized structural defects.
Fig. 6. Comparison of fluorinated PPP
After the treatment at room temperature for 5 h, two new

signals appear: one broad line with a linewidth close to 90 G

and a narrow line (DHppz8 G). The origin of the broad line

was identified as carbon dangling bonds having a localized

spin. Such spin carriers have been proposed for other

fluorinated graphite obtained in F2 atmosphere in the 350–

600 8C reaction temperature range [22,35], in fluorinated

nanosized graphite fluorides [53] and in fluorinated

amorphous carbon thin film [54,55]. Contrary to the narrow

line, which is a single signal, the broad EPR line cannot be

simulated by a pure Lorentzian or Gaussian profile. The

broad shape could result from a non-resolved super-

hyperfine structure (SHFS) of the dangling bond electrons

interacting with the neighboring fluorine nuclei [22,35].

Dangling bond centers could adopt different configurations

of surrounding fluorine atoms; this disorder leads to the non-

solved hyperfine structure.

The narrow signal (DHppz8 G) could be assigned to

radicals of residual polymer inaccessible to fluorine or to a

different kind of dangling bonds (defects with a different

environment). On the basis of NMR and FT-IR data, the

second hypothesis is more probable because of the quasi-

disappearance of the lines typical of the polymer after
and graphite fluoride structures.



Fig. 7. EPR spectra of the fluorinated samples and the virgin polymer at

room temperature compared to conventional graphite fluoride (CF)n.
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fluorination even for short duration at room temperature.

Two types of dangling bonds also coexist in high

temperature graphite fluoride: a narrow line is present

on the EPR spectrum of this material (DHppZ20G1 G) in

addition to the hyperfine line related to interaction

between dangling bond electron and six neighboring

fluorine nuclei (nuclear spin IZ1/2) resulting in the

splitting of the EPR spectrum into seven lines ((2nIC1)Z7).

The simulation of these signals leads to the hyperfine

parameter AZ45G2 G, a linewidth DHppZ36G2 G and

gZ2.003G0.001 [34]. Moreover, the formation of peroxy

RO$
2 radicals superimposed with dangling bonds can not

be excluded.

It must be noted that in the case of PPPF (25 8C-5 h), the

EPR line is more complicated with a possible hyperfine

structure (marked with dashed lines on Fig. 7), which is not

enough resolved to be simulated; nevertheless, the hyperfine
Table 4

EPR parameters of PPP and fluorinated poly(p-phenylene)

Sample DHpp (G) g

PPP 5.2G0.2 2

PPPF (25 8C-5 h) 8.1G0.2; 90G5 2

PPPF (25 8C-12 h) 100G5 2

PPPF (25 8C-24 h) 104G5 2
parameter and the number of neighboring fluorine nuclei

seems to be lower than for (CF)n. On the contrary, for PPP

fluorinated at room temperature for 12 and 24 h, the

linewidth of the line envelop is close to that of graphite

fluoride (DHppz100 G) indicating close hyperfine par-

ameters. On the other hand, higher disorder for the

fluorinated polymer in comparison with (CF)n results in

the non-solved SHFS. So, this indicates similar configur-

ation of the neighboring fluorine nuclei around the dangling

bonds as suggested from XRD data.

The formation of dangling bonds, i.e. conformational

defects during fluorination results in a significant increase

of the spin density Ds for fluorination durations of 5 and

12 h (Table 4). For the longer fluorination time (24 h) at

room temperature, a slight decrease of Ds is then

observed. After the fluorination, the samples were

exposed to air atmosphere and then investigated; as

their EPR spectra did then not change as a function of the

exposure time in air, the electronic spin carriers, which

are formed upon fluorination and partially converted in air

atmosphere, are stable in these conditions.
3.4. Tribological performances

The tribological behaviour of various samples of PPPF

and conventional (CF)n as reference were investigated under

air and under argon. The results are summarized in Figs. 8

and 9. As it can be seen, the friction coefficients recorded for

all samples remain stable during the friction tests, pointing

out the good stability and durability of the PPPF films.

Either under air or under argon, friction coefficients

recorded for PPPF samples are higher than commercial

(CF)n ones. Whereas friction coefficient of (CF)n remains

unchanged as a function of atmosphere, the friction

properties of PPPFs appear better under argon than under

air (mPPPF (25 8C-5 h)Z0.18 and mPPPF (25 8C-24 h)ZmPPPF

(100 8C-4 h)Z0.16 under air compared to mPPPF (25 8C-5 h)Z
0.16 and mPPPF (25 8C-24 h)ZmPPPF (100 8C-4 h)Z0.13 under

argon). It shows that PPPF tribological properties are

significantly affected by environmental conditions

(especially presence of water vapour or oxygen). This

atmosphere dependant behaviour of the PPPF compounds

can be attributed to the presence in their structure of C–H

bonds subjected to enhance the hydrophilic properties of

fluorinated PPP compared to perfluorinated materials

((CF)n, PTFE). This can lead to an increase of the
-factor Spin density (spin gK1)

.0029G0.0005 1.7!1017G0.4!1017

.0034G0.0005 4.4!1019G0.9!1019

.0035G0.0005 4.6!1020G0.9!1020

.0030G0.0005 3.3!1020G0.7!1020



Fig. 8. Evolution of friction coefficient of fluorinated PPP and commercial

(CF)n as a function of cycle number under air.
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interactions between clusters or nanocrystals of PPPF in the

presence of oxygen or water molecules.

Finally, the better friction results are obtained for higher

fluorination temperature or longer fluorination time, i.e.

fluorine content (mZ0.16 under air and mZ0.13 under

argon for both PPPF (100 8C-4 h) and PPPF (25 8C-24 h)).

This points out that friction properties are strongly

dependent on the fluorination yield. The decrease of friction

coefficient as a function of fluorine content can be related

both to the lowering of surface energy and the partial

ordering of the fluorinated compounds, these two par-

ameters leading to a decrease of the energy needed to

initiate sliding between microcrystals and/or PPPF

molecules.

In order to confirm the role played by PPPFs

crystalline structure (short length molecules, partial

ordering), tribological properties of highly fluorinated

PPPF have been compared to those of PTFE (long chains,

amorphous). The friction coefficient obtained with PPPF

compounds under air are of 0.16 whereas PTFE exhibit a

friction coefficient of 0.20 [56,57]. This seems to point
Fig. 9. Evolution of friction coefficient of fluorinated PPP and commercial

(CF)n as a function of cycle number under argon.
out that the short length and the partial ordering of PPPF

molecules enhance the sliding ability of the fluorinated

chains.
4. Conclusion

The use of different durations and temperatures for

fluorination of poly(p-phenylene) allows the fluorination

steps to be investigated. First, the six carbon atoms cycles

are partly maintained and fluorinated by conversion of C–H

bonds into C–F ones forming –CFaCF–,OCHF andOCF2
groups. When time and temperature of fluorination are

increased, short aliphatic chains and terminal –CF3 groups

are created resulting from the opening of the rings. At this

step, although low fluorination temperatures (25 and

100 8C), the obtained materials exhibit similarities with

conventional high temperature graphite fluoride as magni-

fied by NMR, XRD and EPR characterizations. Never-

theless, the fluorine content is higher in fluorinated poly

(p-phenylene) than in graphite fluoride; the ratio F/C is close

to 8/6 for PPPF (25 8C-24 h) whereas it is equal to one in

conventional (CF)n.

The study of the tribological properties of fluorinated

PPP have shown the influence of experimental conditions on

the friction coefficient. Moreover, PPPFs exhibit better

friction performances than PTFE and can be considered as

promising candidates for solid lubrication. The structure of

the compounds strongly influences the tribological results

which suggest that controlling crystallisation of PPPF

should enhance the friction properties.

The presence of CF3 groups is not favorable for the

electrochemical performance of the fluorinated polymer

since they are not electrochemically active because they

require too much energy to be reduced [58]. A key point to

optimize the electrochemical and tribological performance

consists in the control of the fluorination processes in order

to avoid the formation of such –CF3 groups. This requires

low duration and low temperature of fluorination and/or the

use of a gaseous mixture of F2/N2 in order to decrease the

reactivity of fluorine. Such conditions could result in more

homogenous materials than those obtained in this prelimi-

nary study. Moreover, the one-dimensional character of

poly(p-phenylene) could then allow, after fluorination, a

good electrochemical lithium accessibility to the C–F sites

when the fluorinated polymer is used as electrode material

in lithium batteries. Electrochemical performance of

fluorinated poly(p-phenylene) are under investigation.
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