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Abstract

The presence of a small amount of an alkali cation in a magnesium solution dramatically increases the rate of defluorination of PTFE and
enhances oxygenation. Evidence of this effect is observed for concentrations down to 1 mM and treatment durations of only 10 s. The
presence of the alkali cation also makes the polymer porous. The rate of defluorination and the depth of attack increase both with the alkali
cation concentration and with the duration of the treatment. Sodium is more reactive than potassium which is itself more reactive than
lithium. The phenomenon is not limited to alkali cations and is also evident with the tetrabutylammonium cation. When nucleophiles such as
diethylphosphite, thiophenoxide or the anions of 2-mercaptopyridine and thiourea are present in a solution of magnesium containing a
moderate amount of solvated electrons 60 mM), the grafting of the nucleophile to the polymer occurs but leads to poor y@lti899
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1. Introduction controlled hydrophilic character. In contrast, the polymer trea-
ted by alkali metals becomes porous [19-22].
Polytetrafluoroethylene (PTFE) which is certainly the most ~ Here, the influence of additives such as alkali cations or
known among perfluorinated polymers is used in lots of nucleophiles to the magnesium reactant has been studied. It
devices that take advantage of some of its remarkable properis predicted that small amounts of alkali cations would allow
ties (mechanical resistance, chemical inertness, temperatureontrol of the surface porosity since magnesium alone does
stability, low dielectric constant, etc.) [1,2]. Due to its low not make the polymer porous whilst alkali metals do.
surface free energy, surface modification of PTFE has to beNucleophiles were expected to undergo electron-induced
carried out prior to bonding it to other materials [3—8] and can substitution of the fluorine atoms by trapping the radicals
be performed by different methods (photochemistry 9],  generated during the first reduction step of the polymer by
irradiation, ion introduction [10] and reduction [11,12]) of the magnesium solution according to an electro-induced
which we have focused only on reductive treatments. Differ- radicalar nucleophilic substitution gl mechanism).
ent reductive reagents can be used: alkali metals whose reactnder photochemical stimulation grafting of nucleophiles
tion with the polymer is very fast but poorly controlled and on the PTFE surface has already been reported [23].
results in the carbonization of the polymer [11-17], milder  The results have been analysed by scanning electron micro-
reactants such as the benzoin dianion which has to be reactedcopy (SEM), X-ray photoelectron spectroscopy (XPS) and
for several hours to obtain carbonization [3,18], and magne- time of flight secondary ion mass spectrometry (ToF SIMS).
sium solutions in liquid ammonia which were described in
Part 1 of this paper. The latter solutions do not carbonize
the polymer and do not destroy its surface which presents a2. Experimental
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(Fallavier, France) and used without further purification. as follows: (jj) reduction of the acidic form of the nucleo-
Teflon plagues were supplied by 3P Ltd (Langres, France). phile NuH into Nu™ (i.e. MgNu,) (NuH, 0.2 M, 16 mmol,
Before treatment, the samples (2—3%and 1 mm thick) 1.6 X 10° Cb), (jjj) formation of the solvated electron solu-
were pretreated in order to decrease surface contaminationtion (1-40 mM). The reduction of NiBF,, NuH and the
this consisted of refluxing in isopropanol for 1 h and then acidic impurities contained in the medium (e.g. water)
drying in an oven (10TC). involved generally about X 10° Cb, after which the char-
The different treatments were performed in solutions of acteristic blue colour of solvated electrons appeared and the
liquid ammonia (80 ml) which was condensed into an elec- passage of additional charge was used to produce the sol-
trochemical cell via an already described set-up [24]. Liquid vated electrons solution (step (jjj)). The concentration of the
ammonia was handled under atmospheric pressure andsolvated electron solution was calculated from the charge
maintained at— 40°C by a cryocooler. Electrolyses were passed through the circuit in step (jjj) (8 Cb for a 1 mM

performed under conditions of controlled current (16 solvated electron solution).
per cnf) using a stainless steel cathode (10°cf66 mesh Treatment consisted of immersing the samples into
per cnf) and a magnesium anode. the solvated electron solution until the blue colour of the

After treatment the samples were washed sequentially solvated electron had disappeared. Slightly different treat-
with aqueous HCI (0.1 M), then distilled water in order to ments were also performed: (k) samples were treated in the
eliminate adsorbed mineral fluorinated compounds and presence of additional sodium which was introduced in the
acetone. form of the tetrafluoroborate salt (0.3 M, 2.65 g); (kk) in a

first step the magnesium treatment was performed in the
2.1. Preparation of the solutions of solvated electrons in the absence of a nucleophile and in a second step the PTFE
presence of magnesium and an alkali cation plagues were immersed into a solution of pure (ERQ)™

which was made in situ by deprotonation of (Et2PH by

These solutions were obtained in three steps: (i) electro-the stoichiometric amount of potassiuent-butoxide; (kkk)
chemical reduction of a solution of ammonium tetrafluoro- the same treatment as in (kk) was performed with (EtO)
borate (0.3 M, 24 mmol) into magnesium tetrafluoroborate; POH instead of (EtQPO™ as the nucleophile and (kv) the
(i) addition of an alkali salt; and (iii) electrolysis of the treatment was performed during the last step of the standard
solution to obtain solvated electrons. The electrolysis ((i) procedure and 83 Cb (or 190 Cb) were passed through the
+ (iii)) was stopped when 6000 Cb (62 mF) were passed circuit under a 45 mA (or 125 mA) intensity in 30 min (or
through the circuit. The first 24 mF permitted the reduction 25 min); the concentration of the solvated electrons varied
of ammonium tetrafluoroborate into magnesium tetrafluor- therefore between 0 and 11 mM (or 23 mM).
oborate. The next 38 mF allowed the reduction of the acidic  The nucleophiles tested were diethylphosphite, thiophen-
impurities contained in the medium and the formation of the oxide and the anions of 2-mercaptopyridine and thiourea:
solvated electron solution. The concentration of the solvated
electron solution was measured after treatment by titrating

with ammonium bromide until the disappearance of the blue g c,0 0C,Hs S o S © HoN NH@
colour characteristic of the solvated electrons. The concen- \/ \ /
tration was estimated to be about 0.2 M. In step (ii), the ﬁ © ON ﬁ
desired amount of Li, Na" or K* cations were, respec- 0 S

tively, obtained by addition of lithium chloride, sodium or

potassium tetrafluoroborate. The concentrations of the alkali 2.3. XPS analysis

cations ranged from 0.5 to 10 mM. Treatments were also

performed with the tetrabutylammonium cation by addition ~ The experimental conditions of XPS analysis of the sam-
of tetrabutylammonium tetrafluoroborate instead of the ples have already been given in Part 1 [21] and will only be
alkali salt. summarized in Part 3.

Treatment consisted of immersing the samples in the The chemical composition of a superficial layer (about
solution of solvated electron for different time durations 5 nm) of the samples was determined by XPS. The calcula-
ranging from 10 s to 30 min. tion of the fractional atomic concentrations of one element

relative to carbon 1 s was achieved using wide scan spectra.
2.2. Preparation of the solutions of solvated electrons in the For each polymer, the sensitivity factors of oxygen, fluorine,
presence of magnesium and a nucleophile nitrogen and phosphorus relative to carbon were taken from

the literature Sp = 3.1 (reference value for various oxyge-

These solutions were obtained in three electrochemical nated polymers)s: = 3.7 (reference value for PTFESp =
steps. The first step (j) was similar to step (i) of the last 1.6 andSs = 2.2 (reference values for organic compounds)
procedure and consisted of the reduction of a solution of [25].
ammonium tetrafluoroborate (0.02 M, 1.6 mmol, 160 Cb)  The chemical environments neighbouring the carbon atoms
into magnesium tetrafluoroborate. The last two steps werecould be deduced from the high-resolution XPS spectra.
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The accuracy of the XPS measurements is between 10%rable 1
and 20%. The limit of detection of an element is around Concentrations in the solutions of solvated electron
0.04% (calculated from Ref. [28], p. 587).

Mg/alkali treatment ~ Mg/nucleophile treatment

2.4. SEM analysis [Mg(BF,)2] 0.15M 0.02M
[e™, NHy] 0.20M 1-20 mM
. . Alkali salt 0.5-20 mM 0
A JEOL JSM-5200 SEM operating at an accelerating nucleophile 0 0.20 M

voltage of 5kV was used to examine the polymer
morphology. For the elemental profile, a Pentafet Link
ISIS Oxford analyser was used. The samples were set in3,1.1. Supporting electrolyte

epoxy resin and coated with gold using a Polaron SEM  The supporting electrolyte had to be suited to the subse-

coating system. guent electrolysis conditions, and in particular had to be
_ inert towards solutions of solvated electrons in the presence
2.5. ToF SIMS analysis of magnesium cations. Since (i) Mgreadily precipitates

with many anions (e.g. halides) and (ii) carbonization of

The ToF SIMS measurements were performed with a Phi- PTFE occurs quickly when PTFE is exposed to solvated
Evans Trift 1 ToF SIMS spectrometer [26]. The samples electrons in the presence of alkali cations, halide anions
were bombarded with a pulsed G415 kV) ion beam and alkali cations had to be avoided. We have chosen to
with 800 pA d.c. current and pulsed at 5kHz repetition use Md**2BF,, which was prepared in situ by reduction of
rate with a 4 nzs pulse width. The beam was rastered on aammonium tetrafluoroborate at the cathode:
190 X 190um* surface area. The secondary ions were _ _
extracted perpendicular to the sample surface and acceler—NHj BFs +e— NH;+ 1/2H, + BF, @
ated up tox 3 keV (depending on the mode). The spreading and oxidation of magnesium from the electrode at the
of the initial kinetic energies of the secondary ions was anode:
compensated by a 27@eflection in three electrostatic 2
hemispheric analysers before detection. This compensation'vIg — Mg™" +2e @
allowed a mass resolutiom(Am > 10° high enough to leading to the overall reaction for step (i):
separate the contributions of isobar ions at the same nominal toe— 2 _
mass. In order to avoid the charging of the insulating poly- 2(NH{ BFy') +Mg — 2NHs + H, + Mg™ " 2BF, (3)
mer samples, a charge compensation was achieved with aVe have checked that the amounts of alkali impurities con-
pulsed electron gun operated at 20 eV. Secondary ions in thetained in NH;BF; were negligible. The percentages by
mass range 0—500@Vz were collected during 5 min, this mass of lithium, sodium and potassium in KBF,,
corresponds to a total primary ion fluence per spectrum of 5 measured by flame emission spectroscopy were,
x 10" jons/cn?, ensuring static analysis conditions. The respectively: < 0.0007%, 0.016% and 0.001% which cor-
data acquisitions and treatments were made with theresponds to the following concentrations in the solution of
cadence software from Charles Evans & Associates [26]. liqguid ammonia: < 0.03, 0.2 and 0.008 mM. As expected
The mass calibration of the spectra was performed by these concentrations are negligible, particularly when com-
using reference peaks of molecular ions with a known pared to the amounts of alkali cations added to the magne-
composition. sium solutions, which were always higher than 0.5 mM.

The concentration of the electrolyte was smaller when a
nucleophile was present in the medium since the
conductivity of the solution was insured by the nucleophile
itself.

2.6. Modelling simulation

Modelling simulation was performed with Insight”ll

(Biosym Technologies). 3.1.2. Solutions of magnesium in the presence of a small

amount of an alkali cation
In the second step (ii) when there were no more ammo-

3. Results and discussion nium cations present in the medium, small amounts of alkali
salts were added to the preceding solution. In order not to
3.1. Preparation of the reactant solutions interfere with the species in solution, we have first chosen to
add tetrafluoroborate salts. Unfortunately lithium tetrafluor-
The concentrations used are shown in Table 1. oborate is highly hygroscopic and the addition of a small

The reactant solution was prepared in three stages foramount was nearly impossible; lithium chloride whose solu-
both the alkali cations and nucleophiles. The first step was bility in liquid ammonia at— 40°C is about 0.03 M [27] was
the same in each case and consisted of the preparation of theised instead. Such problems did not occur with sodium or
supporting electrolyte. potassium tetrafluoroborates.
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In step (iii), solvated electrons were generated at the |
cathode:

€cathode™ €solution 4)

whilst reaction (2) remained valid at the anode, leading to
the following overall equation for step (iii):

Mg — M92+ + 2€51ution )

3.1.3. Solutions of magnesium in the presence of a
nucleophile

In step (jj) the nucleophile Nuwas obtained at the cath-
ode according to:

NuH+e— 1/2H, + Nu™ (6)

whilst magnesium was oxidized at the anode via reaction Fig. 1. SEM of an untreated PTFE sample.

(2), giving the following overall reaction for step (jj): sample (cf. Fig. 1), whilst that of the sodium-treated sample
2NUH 4 Mg — H, + Mg?* 2Nu~ @) was no longer homogeneous and white ‘scars’ of about

2 um wide, due to accumulations of charge and indicating
In step (jjj) solvated electrons in the presence of magnesiumyhere surface modification has occurred, could be seen all
could accumulate in the solution according to what was gyer the sample surface. This effect was even more notice-
observed in step (iii) of the last procedure. able for the potassium-treated sample (cf. Fig. 4), for which

Diethylphosphite, thiophenoxide and the anions of 2-mer- he scars were often more than A long. The absence of

captopyridine and thiourea were chosen as nucIeophiIeschange of the PTFE surface with either the magnesium[21]
since their incorporation shc')uld. result in the etching of a 5 the magnesium/lithium treatment must be considered
new atom whose characterization by XPS or ToF SIMS yith care and referred to the observation scale (about 1—

should be possible: a phosphorus peak should be detecteg um for a 20pm sale bar). Changes may be taking place on
with diethylphosphite and a sulfur peak in the case of thio- the sub-micron scale.

phenoxide and the anions of 2-mercaptopyridine and

thiourea. 3.2.1.2. X-ray fluorescenceBy analysing the X-rays
emitted from the irradiated sample under SEM conditions,
3.2. Magnesium treatment in the presence of a small amountfluorescence spectra were obtained. The depth of the

of an alkali cation explored zone depends on the analysed element and on
the energy of the incident electron beam. For a 5keV
3.2.1. SEM beam the different atoms are analysed up to abguinl

from the surface. The X-ray fluorescence spectra of an
3.2.1.1. Physical aspect of the plaquébe visible aspect  untreated sample and a sample treated for 5min in a
of PTFE plagues did not change upon the magnesium1.22 mM solution of potassium are, respectively,
treatment but changed dramatically when a small amountrepresented in Fig. 5a and Fig. 5b (analogous figures were
of an alkali cation was added to the magnesium solution.
After some seconds of treatment, the PTFE samples became |
dark and porous. Such an effect was greater with sodium or =~
potassium than with lithium. v
By analysis of the backscattered and secondary electron &
emissions from the sample, SEM allowed the imaging ofthe .
surface morphology. Fig. 1 shows an untreated PTFE sur- (85
face and Figs 2—4 surfaces treated by magnesium/alkali
cation (= 1.5mM) solutions for 5min (Fig. 2, Li
Fig. 3, Na'; Fig. 4, K). For the untreated sample (cf.
Fig. 1) the image shows the surface to be fairly homoge- =
neous with a regular series of parallel lines across the sur- |
face possibly due to machine finishing. These lines have
completely disappeared when the samples have been treated:
by the magnesium/alkali solutions for 5 min (cf. Figs 2—4).

The surface tr?ated in the presence of lithium (cf. Fig. 2) Fig. 2. SEM of a PTFE sample treated in a Mg/isolution. [Mg(BF,);] =
looked approximately the same as that of the untreatedo.15 M, [e, NHg] = 0.20 M, [LiCI] = 1.24 mM; treatment time, 15 min.
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Fig. 3. SEM of a PTFE sample treated in a Mg/Nalution. [Mg(BF,) 4] =
0.15 M, [e", NH3] = 0.20 M, [NaBF;] = 1.77 mM; treatment time, 15 min.
F
obtained with lithium and sodium). Upon treatment the 30 b
carbon peak remained unchanged, the fluorine peak
decreased by a factor about 2, whilst the oxygen peak
nearly doubled. 204

A guantitative microanalysis of the relative amounts of
each element was achieved by normalizing the F/C ratio of
the different treated samples assuming that the F/C ratio of
pure PTFE was equal to 2. The results are reported in 104 c

Table 2. Sodium was found to be more reactive than o
potassium which was itself more reactive than lithium (cf.

entries 1 and 2 of Table 2). The increase of defluorination 0 . : ,
with the time of treatment and the concentration of the alkali 0.0 05 1.0
cation was clearly evident (compare entries 1, 2 and 3 for Energy (keV)

_the influence of treatm_em time and entries 2 and 4 for the Fig. 5. X-ray fluorescence spectra of PTFE samples. (a) Untreated; (b)
influence of concentration). When the depth of the explored treated for 5min in a potassium solution. [Mg(BF = 0.15 M, [e",
zone increased by increasing the energy of the incidentNHs] = 0.20 M, [KBF,] = 1.22 mM.

electron beam, the F/C ratios were higher because a largery; Fig. 6 represents the morphology of a slice through a
proportion of untreated PTFE was then analysed (cf. entriesptrg sample which had been treated by potassium

4 and 5 of Table 2). (analogous figures were obtained with lithium and

) sodium); the horizontal line indicates the position from
3.2.1.3. Depth of attackmages of the mqrphologyofsllces where the profile was taken and the spectrum below
through PTFE samples were also obtained. The above parpoys the fluorine composition along the line indicated
(in the same way carbon profiles were also obtained). The
depth of attack of the reactant through the PTFE plaque was
taken as the distance between the surface and the point
where the amount of fluorine detected was the same as in
the bulk sample, corrected by the size of the X-ray probe
(about 1.5+ 0.5um). The elemental profile of an untreated
sample (cf. Fig. 4 of Ref. [21]) shows that the amount of
fluorine in the sample is approximately constant throughout
the sampling depth and drops off as soon as the fluorine-free
resin starts, whilst the profile of the sample which was
treated by the K solution shows an area of gradual
decline in the amount of fluorine that was detected. For
samples treated for 30 min in alkali cation solutions the
following depths of attackd were measured: for [l =
8.6 mM,d =~ 2.0+ 0.5um, for [Na*] =5.9 mM,d =~ 2.5+
Fig. 4. SEM of a PTFE sample treated in a Md/Kolution. [Mg(BR),] = 0.5um and for [K'] = 47 mM,d =~ 2.0 - 0.5um. The
0.15M, [e", NHg] = 0.20 M, [KBF,] = 1.22 mM; treatment time, 15min.  comparison of the depths of attack observed with the
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Table 2
Scanning electron microscopy, X-ray fluorescence analysis of samples of PTFE plaque treated by magnesium/alkali catiorfs solutions
Entry [M*1° (mM) Time of treatment  E°° (keV) FIC

(min)

Li Na K

1 4.7 1 10 1.3 0.52 0.84
2 4.7 5 10 0.35 0.07 0.22
3 4.7 30 10 < 0.0
4 1.2 5 10 2 1.2
5 1.2 5 5 2 0.85
6 5.9 30 10 <0.15
7 8.6 30 10 < 0.1

*Estimated from the X-ray fluorescence spectra of the PTFE surface
B[M *]: [LiCI] or [NaBF 4] or [KBF ]

°Energy of the incident X-ray beam

Estimated from the profile image

different alkali cations confirms therefore the higher Table 3). Upon a 1 min treatment in a magnesium solution
reacticity of sodium compared to lithium or potassium. At (i) the peak of fluorine decreased a little (FX1.75 instead
such depths, the order of magnitude of the F/C ratios could of 2) largely until about 90%; (ii) the peak of carbon, which
be deduced from the C and F profiles; they were always corresponded mainly taCF, groups (at~293eV) for
lower than 0.10 (cf. entries 3, 6, 7 of Table 2). When the untreated PTFE could be divided into three sub-peaks:
concentration of the alkali cation increased, the depth of still the CF, peak which was 25% smaller and two
attack increased too: in a previous paper it was estimatedadditional peaks: the first one at-285eV which

to = 8.0um for a 15 min treatment in a 0.3 M sodium corresponded mainly to carbon or hydrogen elements

solution [21]. ({C-C, C=C, CH}), and the second one at+288 eV,
which corresponded to oxygen or monofluorinated atoms
3.2.2. XPS [25, 28, 29] ({COH, C=0, CHF, CO,H}) and represented between

5% and 15% of the total carbon atoms (cf. entry 2 of
3.2.2.1. XPS spectraX-ray photoelectron spectra of Table 3).
untreated PTFE plaques consist mainly of two elemental When a small amount £ 10 mM) of alkali cation was
peaks relative to carbon and fluorine atoms (cf. entry 1 of present in the magnesium solution the same type of XPS
spectrum was observed as with magnesium alone. The main
change was the increase of the intensity of t8e-C, C=C,
CH} peak which represented between 44% and 68% of the
total carbon peak. The peak relative ©®H, C=0, CHF,
CO,H} also increased upon addition of the alkali cation.
The intensity of that peak did not significantly depend on
the alkali cation concentration nor on the time of treatment,
and represented about 15%-20% of the total carbon
atoms peak intensity. TheCOH, C=0, CHF, CO,H}
peak itself could be deconvoluted into three sub-peaks at
~287 eV {COH}, ~288 eV {C=0, CHF} and ~289 eV
{CO,H}, among which the COH} sub-peak was the largest
(about 15% of the total carbon atoms peak intensity). An
example of such a deconvolution is represented in Fig. 7 for
a PTFE sample treated for 30 min in a MgfLsolution and
clearly demonstrates the observations already mentioned:

20 pm

233§§§ 3001 // the main carbon peak is that o€{C, C=C, CH} groups
Resin PTFE and the largest peak among the oxygenated peaks

0 i : corresponds to @OH} groups. In this case, theQF,}
0 5 10 peak has nearly totally disappeared which resulted from

DSl both the long treatment time and the relatively high

Fig. 6. SEM profile image of a sample of PTFE. The spectrum below shows concentration of the alkali cation added; such a disappear-

the fluorine composition along the line indicated. [Mg(Bff = 0.15 M, ance was not observed for lower treatment times and
[e”, NH3] = 0.20 M, [NaBF] = 5.9 mM; treatment time, 30 min. concentrations.
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Table 3

2017

XPS analysis of samples of PTFE plaque treated by magnesium in the presence of small amounts of various cations

Entry Sample (eV) Proportion of C at binding energy, Relative proportions of O and F
E} 285.0+ 0.5 287.0-289.6- 0.5 293.3+ 0.5 0/C 6o = 3.1) FIC 6= 3.7)
C-C,C=CCH COH, C=0, CO;H, CF,
CHF

1 Untreated 0 2 98 0.04 2.00

2 MgP¢ 13 14 73 0.05 1.75

3 Mg/LitP% e =0° 44 16 40 0.15 0.98

4 Mg/Li % ¢ = 45 54 15 31 0.86

5 Mg/Li**% ¢ = 60° 61 14 25 0.72

6 Mg/Na* > 68 16 16 0.15 0.33

7 Mg/K* P9 59 24 17 0.19 0.43

8 Mg/NBu;®" 64 12 24 0.17 0.54

9 Mg/NBU;™ 65 21 14 0.18 0.34

#Binding energy

®Treatment time, 1 min

‘[NH 4BF,4]: 0.3 M; [e”, NH3: 0.15M
9[LiCI]: 1.24 mM added to solutiort.
®Take-off angle

f[NaBF,]: 1.77 mM added to solution
IKBF4): 1.22 mM added to solution
INBu,BF,]: 3.1 mM added to solution
Treatment time: 2 min

I[NBu4BF,]: 3.1 mM added to solution

3.2.2.2. Influence of the alkali catiofhe XPS analyses
of PTFE samples treated for 1min in magnesium
solutions in the presence of 1-2mM solutions of
different cations are summed up in Table 3. The
proportions of L{OH}, { C=0, CHF} and {CO,H} were
not reported in the table since they did not vary
significantly in the different experiments and were similar
to those observed in Fig. 7.

The same trends were observed for sodium or potassium
(cf. entries 6, 7 of Table 3). In such cases, the treatment
resulted in the €—C, C=C, CH} ratio increasing to about
60-70% and the@F,} ratio decreasing to about 15%; the
proportions of oxygen and fluorine relative to carbon were
in agreement with the deconvolution of the carbon peak (O/
C = 0.15-0.20, F/C= 0.30-0.50). Lithium was found to be
the least reactive among the alkali cations: tiie-C,C=C,

I

4000 -
"f

Counts

2000 -

291

Binding energy (eV)

Fig. 7. High-resolution XPS spectrum of a Mg/l-treated PTFE sample, carbon atom peaks. [MgfgF= 0.15 M, [e", NH3] = 0.20 M, [LiCl] = 1.24 mM,;

treatment time, 30 min.
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CH} ratio was lower at = 45% and the F/C ratio higher at
=~ 0.98 (cf. entry 3 of Table 2). a

C-C,C=C,CH

[o.9]
(]

The phenomena observed are not limited to alkali cations
since when similar experiments were performed in the
presence of the tetrabutylammonium cation instead of
alkali cations, similar observations were made: (i) the
PTFE samples became dark and porous; and (ii) the
same variation of the surface carbon composition was
observed as with sodium or potassium (cf. entry 8 of
Table 3).

Surface carbon (%)

3.2.2.3. Depth profileXPS analyses at different emission Concentration (mM)
angles,g (measured from the normal to the surface) of the
lithium-treated samples provided a depth profile (cf. entries
3-5 of Table 3) since whefhincreases, surface emission is
increasingly favoured over bulk emission. As expected,
when 6 increased the amount ofC~C, C=C, CH} also
increased whilst the @F,} percentage and the F/C ratios
decreased. This suggested a lower severity of attack than the
depth explored by XPS (about 5 nm), which is in agreement
with the results obtained by X-ray fluorescence (cf. entries
4, 5 of Table 2, C/F= 2). This result is specific to small
concentrations of lithium (1.2 mM) and short treatment
times (1 min). 0

FIC

0 ' 4 ’ 8
. . . C trati M
3.2.2.4. Influence of the concentration of the alkali cation. oncentration (mM)
The influence of the concentration of the alkali cation added Fig. 8. Variation of the functionality of the surface carbon (a) and the F/C
toa magnesium solution on the Composition of the surface is ratio (b) with the concentration of the lithium chloride added to a magne-
represented in Fig. 8 in the case of the lithium treatment. For Sium solution. [Mg(BR)] =0.15 M, [e", NH] =0.20 M; treatment time,

atreatment time of 1 min, when the concentration of lithium 1 min.

chloride increased up to about 9 mM, the{C, C=C, CH} was observed after only 1min of treatment with the
percentage increased to about 65%, whilst tHeFs 8.61 mM solution and after 10 min with the least
percentage and the F/C ratio decreased, respectively, tQ.gncentrated solution. In the same way, thEFf}
about 5% and 0.1. In the same range of concentrations,percentage and the F/C ratio decreased to approximately 0
no effect was observed with more efficient reagents, such after 1 min of treatment in the 8.61 mM solution and after
as sodium or potassium, for which the depth of attack is 19 mjn in 1.24 mM solution. The influence of the treatment

larger than 5nm; with lower concentrations an effect time was also observed with the tetrabutylammonium cation
should possibly be observed, but from an experimental (cf. entries 8 and 9 of Table 1).

point of view, it would not have been reasonable to
precisely handle concentrations lower than 1 mM. In the
case of the X-ray fluorescence method, the influence of 3.3. Magnesium treatment in the presence of nucleophiles
the concentration has been evidenced with the three alkali(Nu™ in MgNu,)
cations since the explored depth is larger than with XPS
(1 um instead of 5 nm). 3.3.1. Evidence of chemical grafting of the nucleophile

The XPS results obtained with diethylphosphite are
3.2.2.5. Influence of the treatment time. the range of shown in Table 4.
concentrations 1-10 mM, the time of treatment had an In a first experiment we have immersed a PTFE sample
influence with the three alkali cations investigated. The into a 0.2 M solution of diethylphosphite in the absence of
influence of the treatment time on the composition of the solvated electrons (cf. entry 1 of Table 4). The XPS spec-
surface is represented in Fig. 9 in the case of the lithium trum corresponded to that of pure PTFE: each carbon atom
treatment (1.24 and 8.61 mM). Similar curves were was surrounded by two fluorine atoms, the F/C ratio was
observed with the other two alkali cations except that the about 2 (a little lower) and no phosphorus was detected.
increase of C—C,C=C, CH} and the decrease of F/C were In the following experiments the concentrations of the
quicker than for lithium. The €-C, C=C, CH} percentage solvated electron varied between 1 and 40 mM. The XPS
increased up to about 80% in all cases but the increase waspectra of samples treated in the presence of both magne-
sharper with the most concentrated solution: the 80% valuesium and diethylphosphite were comparable to those
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Fig. 9. Variation of the functionality of the surface carbon (a) and the F/C
ratio (b) with treatment time. Reactant, Mg/Li[Mg(BF,),] = 0.15 M,
[e7, NH3] = 0.20 M, [LIiCI] = 1.24 mM (x, + ) or 8.61 mM (J, O).

Table 4

observed in the absence of nucleophile: the samples were
defluorinated whilst their oxygen and nitrogen content
increased and the signal at 285 eV f@€+{C, C=C, CH}
represented the main contribution to the carbon peak. The
main new factor was the detection of a phosphorus peak (cf.
Fig. 10) whose intensity was rather low (0.25% R{®.5%).
Since the P amounts observed by XPS were close to the XPS
limit of detection, we used ToF SIMS which is a more
sensitive and more superficial technique to detect fragments
of the nucleophile at the surface of the polymer. Both the
negative and positive ToF SIMS spectra exhibited some
differences upon addition of the nucleophile, but the effects
were more easily observed in the negative ion spectra. The
latter are represented in Figs 11 and 12 for samples treated
in the absence (entry 10 of Table 4) and in the presence
(entry 3 of Table 4) of diethylphosphite, respectively. The
chemical composition of the prominent peaks observed in
the spectra is given in Table 5. Upon addition of the nucleo-
phile, the main effect observed on the spectra was the
appearance of peaks at 137 and 29Z which correspond

to the nucleophile itself and to the nucleophile bonded to a
polymer fragment (see in Table 5), respectively. Peaks
observed at 59, 149, 168/z are due polydimethylsiloxane
(Me,Si—-0),, a very common surface contaminant. Some
less important trends might also be mentioned: (i) the
increases of the peaks at 19.00 (F), 38.00),(69.00
(CF3) which corresponded to a smaller extent of defluorina-
tion of the surface in the presence of the nucleophile
(already noticed by XPS) since the treatment solution
used was less reductive (concentration of the solvated
electron: 5 mM instead of 150 mM); (ii) the single peak at
31.00 (CF) had become a double peak because of the

XPS analysis of samples of PTFE plaque treated by magnesium/magnesium diethylphosphite solutions

Entry [ed® (mM) Proportion of C at binding energ¥,, (%) Relative proportions of O, F and P
3 (eV) 285.0+ 0.5 287.0-289.0- 0.5 293.0+ 0.5 O/CEr=31) FICE=37) PICEG=1.56)
C-C,C=C,CH COH,C=0,CO,H, CF,
CHF

1 0° 11 7 82 0.05 1.70 0

2 1° 75 12 13 0.15 0.25 0.0035
3 5° 75 9 16 0.20 0.30 0. 0050
4 10° 73 11 16 0.22 0.24 0. 0037
5 20° 71 4 25 0.16 0.56 0. 0037
6 40° 79 4 17 0.10 0.43 0. 0025
7 40" 79 19 2 0.22 0.08 0. 0028
8 15¢° 75 7 18 0.12 0.40 0. 0009
9 150 52 9 39 0.09 0.08 0

10 150 85 7 8 0.21 0.23 0

#Binding energy
PSolvated electrons concentration
[(Et0),PO]: 0.2 M

9(EtO),PO]: 0.2 M; [NaBF4]: 0.3 M; treatment time, 1 min

[(EtO),PO]: 0; treatment time, 30 min. Then the plaque was immersed into a solution of fEBB)+ tert-BuOK for 30 min
(EtO),PO: 0; treatment time, 30 min. Then the plaque was immersed into a solution of AF=B®) for 30 min

9(Et0),PO]: 0; treatment time, 30 min
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Fig. 10. High-resolution XPS spectrum of a PTFE sample, phosphorus atom peakHgl = 5 mM, [(EtO),PO"] = 0.2 M.

emergence of P fragments at 30.97 (cf. Fig. 13); (iii) the no phosphorus peak (nor sulfur) was detected (cf. entries 10

appearance of a fragment at 62.96 ¢PO of Table 4 and 6 of Table 6). In all cases it seemed to us that
Additional experiments were also performed according to it was reasonable to postulate the chemical grafting of the

slightly different procedures. When the treatment was per- nucleophile to the polymer and to interpret the results in

formed in the presence of sodium, the phosphorus amountview of already-known mechanisms of nucleophilic substi-

was nearly the same and defluorination was higher (entry 7,tutions. Furthermore, grafting of various reducing agents to

Table 4). This has already been observed when magnesiunPTFE had already been mentioned under photochemical

and sodium treatments were compared. When (FRO) inducement [30].

was added after the magnesium reductive treatment had

been performed (cf. entry 8, Table 4), phosphorus was pre-3.3.2. Interpretation

sent at the surface of the sample at a smaller extent (0.09% The processes of chemical reduction of fluoropolymers

instead of 0.25—0.50%) but in an analogous procedure with were discovered in the 1950s but their mechanism is not yet

(EtO),POH instead of (EtQPO no phosphorus was completely clear [11]. Most authors agree on the first step

detected (cf. entry 9, Table 4). which consists of partial defluorination [31,32]:
In the cases of thiophenoxide and the anions of 2-mer- ] . )
captopyridine and thiourea, the same effects were observed — ChRL— +e¢ —» —CF— + F ()

by XPS: the surface composition was roughly the same as
that observed in the absence of nucleophile and sulfur was This assumption is in agreement with studies of molecu-
present on the XPS spectra (cf. entries 1-5 of Table 6). Thelar reactions involving perfluoroalkyl halides [33,34] in
greatest effect was observed with thiophenoxide which led which the existence of perfluoroalkyl radicd has been
to a proportion of sulfur relative to carbon of about 4%. In pointed out. These radicals may be obtained from perfluor-
the other cases the sulfur content was lower than 1%. oalkyl halides by photolysis [35], thermolysis [36], through
In all cases the variations of the oxygen content as a metals or metal complexes [37], anions [38] and radical
function of the presence of the nucleophile could not reli- anions [39]. They can also be produced by simple decom-
ably be taken into account since its dispersion was too high. position of unstable sulfonyl iodides [40], thermal decom-
Interpretations related to the nitrogen content were also dif- position of perfluoro- and polyfluoro- acyl peroxides [41] or
ficult to make since the magnesium treatment in the absenceperfluoro carboxylic acids [42]. Electrochemistry is another
of nucleophile resulted in a nitrogen content different from means to obtaiR: radicals, which may be obtained at the
zero (2% at maximum). Anyway, when using nitrogen anode by oxidation of perfluorocarboxylic anions [43], or at
nucleophiles such as the anions of thiourea or norvaline the cathode by reduction of perfluoroalkyl halides [44—46].
(CH45(CH,),CH(NH,)C0O3), one trend can be mentioned: Perfluoroalkyl radicals were reported to react with
the nitrogen content increased to values higher than 2%nucleophiles such as 2,6-tht-butylphenoxide, 2-mercap-
(3% and 5% for thiourea and norvaline, respectively). In tothiazolinethiolates and imidazolates under electro-
the case of diethylphosphite and the sulfur anions, the phos-chemical inducement via agl type reaction [33]. In our
phorus (or sulfur) peaks could not be attributed to physical case, the electron induction is necessary to obtain a 0.25—
pollution of the sample since in the absence of nucleophile, 0.50% of phosphorus since in the absence of electron
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Fig. 11. ToF SIMS spectrum of a magnesium-treated PTFE sample, negative peaké-Hfg = 150 mM; treatment time, 30 min.

induction (cf. entry 8 of Table 4) phosphorus was detected at radical of the substitution product:

the PTFE surface to a smaller extent (0.09% only). N’ )
Substitution of PTFE by nucleophiles in the presence of —CF— —— ( _=CF—Nu) 9
the solvated electron can therefore be interpreted by a nucleo-

philic substitution at the level of the perfluoroalkyl radical which is readily oxidized:

obtained by the reductive cleavage (8). The addition of the

~~ —_— : - ~—~ .
perfluoroalkyl radical to the nucleophile leads to the anion ( —CE—Nuw) - ¢ > —CF—MNu (10

-
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Fig. 12. ToF SIMS spectrum of a magnesium-treated PTFE sample in the presence of diethylphosphite, negative pebk$ 5 mM, [(EtO),PO ] =
0.2 M.

The nucleophilic addition is in competition with a second which can undergo further protonation by any acidic impur-
reduction of the perfluoroalkyl radical leading to a double ity in the solvent (or by the solvent itself) or elimination of

bond: hydrofluoric acid with a vicinal hydrogenated carbon atom.
—CF—CF,— + ¢ —» —CF=CF— + F 11
or to a carbanion: When the sample was immersed into an (ERL)™ solu-

. ¢ ) tion after the reductive treatment and not at the same time
—CF— —» —CF— 12 (cf. entry 8 of Table 4), the phosphorus content was smaller
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Table 5 obtained after the magnesium reductive treatment could
ToF SIMS spectrum of a magnesium-treated PTFE sample in the presenceundergo nucleophilic substitution in the same way as
of magnesium diethylphosphite, negative peaks PVDF. But the phenomenon could also be interpreted by
mz Chemical composition physical adsorption of the anion at the surface of PVDF or
1 c PTFE. Our present results are not sufficient to postulate one
13 CH of the two mechanisms. When (EtPOH was used as the
16 0 nucleophile (cf. entry 9 of Table 4), no phosphorus was
17 OH detected since the nucleophilic character of the acid is
19 F weaker than that of the corresponding basic species.

gi g;gF Since (i) the relative proportions of phosphorus or sulfur
32 0, obtained by XPS were often close to the detection limit
35 cl (0.04%) and (ii) ToF SIMS gives qualitative information
37 cl only, a quantitative interpretation of the results obtained
38 F in the presence of solvated electrons is not reasonable.
22 ﬁgcw The low yields observed could be explained by a too high
69 CF, concentration of the solvated electrons which would be in
137 (EtO)PO favour of reduction instead of substitution. The difference
149 SkOsCaHg between the different yields obtained could be due to the
163 SbO,CsH1s5 following. (i) A poor control of the concentration of the
207 (EtOYPOHCF; solvated electron in the medium; this problem could be
[e”, NH3] = 5 mM; [(EtO),PO]: 0.2 M circumvented by the voltammetric control of the oxidation

peak of the solvated electrons during the reaction. (ii) Dif-
and in that case anggl type reaction does not uphold ferent reactivities of the nucleophiles; the reactivity of the
because of the absence of induction. However, since thenucleophiles investigated towards aryl radicals in ammonia
PTFE sample had been first activated by the magnesiumcontaining magnesium salts is not known at present (it is
treatment a classical nucleophilic substitution could be only known in ammonia containing alkali salts). (iii) A
assumed. It is well-known that highly fluorinated com- difference between the diffusion coefficients of the nucleo-
pounds cannot undergo nucleophilic substitutions whilst philes inside the polymer; computer modelling showed that
less-fluorinated compounds can [33]. In the same way, the smallest nucleophile was the anion of thiourea and the
when PVDF was immersed into solutions of eithent-but- largest diethylphosphite; diffusion coefficients are expected
oxide or ethoxide, the F/C ratio decreased to about 15% to follow the same trend. In the case of thiourea, the situa-
whilst the O/C ratio increased to about 25% [22]. Such tion is more complicated since (i) the electrochemical
reactions are not possible with untreated PTFE (cf. entry 1 reduction of thiourea may lead to the dianion and not only
of Table 4, P/IC= 0). However, defluorinated PTFE to the monoanion and (i) the solubility of such anions in a

Table 6
XPS analysis of samples of PTFE plaque treated by magnesium/sulfur nucleophiles solutions
Entry [ed® (mM) Proportion of C at binding energ¥,, (%) Relative proportions of O, F and P
3 (eV) 285.0+ 0.5 287.0-289.0- 0.5 293.0= 0.5 O/C G, =3.1)F/C G =3.7) SICBs=2.2)
C-C,C=C,CH COH, C=0,CO,H, CF,
CHF
1 CeHsS™ 5¢ 68 18 14 0.14 0.31 0.043
2 CeHsS™ 0-11¢ 70 9 21 0.09 0.54 0.016
3 CeH4NS™ 20° 41 17 41 0.13 0.95 0.009
4 SCNH,NH™ 5f 75 18 7 0.15 0.18 0. 0007
5 SCNHNH"™ 0-23 75 18 7 0.19 0.18 0. 0048
6 15¢" 85 7 8 0.21 0.23 0

Nucleophiles: magnesium salts of thiophenoxide and the anions of 2-mercaptopyridine and thiourea

#Binding energy

bSolvated electrons concentration

[CeHsST]: 0.14 M

9[CeH3sS7]: 0.14 M; the solvated electrons were obtained continuously by passing 83 Cb through the circuit under a 45 mA intensity; treatment time, 30 min
[CeH,NS]: 0.056 M.

[SCNH,NH]: 0.2 M

ISCNH,NH]: 0.2 M; the solvated electrons were obtained continuously by passing 190 Cb through the circuit under a 125 mA intensity; treatment time,
25 min

"[Nu~]: 0; treatment time, 30 min
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medium containing magnesium cations is lower than that in in the purification of effluents and the concentration of

a medium containing alkali cations only and could be lower traces. Nucleophiles such as phosphonic and phosphinic

than the expected 0.2 M. acids, pyrazolones, oxazolones or calixarenes should be
interesting for that purpose.

4. Conclusion
The reactivity of a magnesium solution towards PTFE Acknowledgements
was affected by the presence of an alkali cation or a nucleo-
phile but the magnitude of the change was very different in
the two cases.
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