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Surface modification of poly(tetrafluoroethylene)
by magnesium amalgam
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Mg amalgam reacts with PTFE (foil or oriented film on Si) to give a thin surface layer
containing MgF, in a mixture with complicated, air-sensitive, carbonaceous product
containing large amount of residual C-F bonds. The reaction does not propagate into the
bulk polymer, which, consequently, retains its white color even after hundreds of hours of
reaction at 150 °C. These findings contrast with the reactivity of PTFE with amalgams of
alkali metals, Li, Na, K. The differences are interpreted, in terms of the electrochemical
model of amalgam carbonization, as blocking of charge (e~/Mg?*) propagation through the
modified layer. AFM patterns show that the Mg-treatment increases the surface roughness.
The molecular-level ordering of PTFE films is strongly perturbed by the action of
Mg-amalgam; the treated surface shows only small proportion of organized
macromolecules. © 2001 Kluwer Academic Publishers

1. Introduction [7]; they have carbonized PTFE electrochemically in
A low surface energy of poly(tetrafluoroethylene) tetrahydrofuran medium by using a sacrificial Mg an-
(PTFE) impedes applications, where bonding of PTFEode, which dissolved in the electrolyte solution. Also
to other materials and to itself is required; such appli-in this case the layer thickness was only.th, but it
cations comprise, e.g., adhesive bonding, laminationgontained, according to IR and Raman spectra, a sig-
painting, and metallization. This problem was first ad-nificant amount of conjugated polyyne, £C),-. The
dressed in 1957 by duPont and 3M in their patentssame group [8-10] has later demonstrated that the ex-
aimed at promotion of bondability of PTFE by sur- PTFE polyyne can be transformed by heating to 800
face treatment [1]. Chemical or electrochemical meth-at simultaneous electron irradiation into nanoscale
ods of the PTFE treatment are usually based on redugarbon tubules of a diameter 10-50 nm and length
tive defluorination, where the most popular reagentga. 1000 nm.
are sodium dihydronaphthyllide in tetrahydrofuran or Reductive defluorination of PTFE and other perhalo-
ammonia solutions of alkali metals [1]. Defluorina- genated polymers can also be carried out by the action
tion by these agents is usually not quantitative, andf alkali metal amalgams [1]. In contrast to the treat-
the reaction is complicated by breakdown of solventgnentwith dihydronaphthyllide orammonia solutions of
and/or impurities. The side reactions, e.g. with \H alkali metals, the amalgam-driven defluorination gives
provide hydrogen atoms, which are rapidly attachedsimple products, and the reaction mechanism and ki-
to the defluorinated intermediates [1]. Consequentlynetics are known in detail [1]. The reason for this fa-
the products are poorly defined, and their compositiorvorable behavior is, that the amalgam-defluorination is
varies in broad limits between that of elemental car-not perturbed by any side reactions with solvents or
bon, fluorinated “carbonaceous” materials up to everimpurities, which complicate the reactions, e.g. in am-
poly(ethylene) [1, 2]. monia or tetrahydrofuran media [1]. The defluorination
Combellaset al. [3, 4] have shown that a solution of PTFE by alkali metal (M=Li, Na, K) amalgams
of Mg in liquid NH3 offers certain practical advan- leads quantitatively to a mixture of n-doped elemental
tages over the ammonia solutions of alkali metals: theearbon with a stoichiometric amount alkali metal fluo-
modified PTFE surface is less damaged, while even itside (C~ + 2MF). The mechanism has beeninterpreted
color remains white. The same reagent was succesgssuming a spontaneous formation of an interfacial
fully employed also for surface treatment of Nafion galvanic cell:
[5], and some other chloro-and fluoropolymers [6]. The )
thickness of the modified surface layer was only about M(Hg)IC-MFIC, PTFE (Scheme 1)
10-1000 nm, but its chemical composition was agairwhose thermodynamic cell voltage equals 3.251 V
complicated and variable. The Mg/NHolution was (for M =Li at 25 °C). C-MF denotes the reaction
generated electrochemically by dissolution of Mg an-product, i.e. a conducting {éM*) mixture of car-
ode, since magnesium is normally insoluble in NH bon with the alkali metal fluoride [1]. According to
[3, 4]. Asimilar strategy was employed by Kawad@l.  this electrochemical model, the interfacial film (C-MF)
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grows as a result of self-discharge of the cell. Conseperature. Static charge formation and accumulation on
quently, its thicknesdl() varies with time {) according  the sample surface during AFM scanning was prevented

to the kinetic equation: by an ionizeP*Am («, 50 MBQ).
X-ray photoelectron spectra (XPS) were measured
AE Mowoit on a VG Scientific ESCA 3 Mk Il electron spec-
L= [ ————— =K -t (2)  trometer with pressure of residual gases lower than
aFp(oe + 0i) 0.1 uPa. Spectra were excited by Al,Kradiation

) i (hv = 14866 eV). The hemispherical electron analyzer
whereAE is the cell voltageM is molar mass of CF  gperated in the fixed transmission mode with a band-
unit, o, ando; are electronic and ionic conductivities, pass energy of 20 eV, giving the width of 1.1 eV for the
respectivelya is thickness ratio of C-MF and that of 4f7 /> spectral line. The measurement was carried
consumed PTFE: is Faraday constant andis den- ot at three photoelectron take-off angles; B5° and
sity of PTFE. The actual value of rate constak (s 75 Static sample charging was corrected by assign-
controlled by the M conductivity of C-MF 6i) [11].  jng the value of 284.8 eV to the GHC 1s) peak from
The Equation 2 is valid also for the amalgam Carbon'zahydrocarbon impurity. The peak area was calculated
tion of some other perhalogenated polymers; the ratgfier removal of the satellite lineso, and non-linear
constantsK do not vary much with the polymer type, packground, while the overlapping peaks were resolved
but they decrease s_lgnlflcantly with increasing atom'cnumerically [14] The surface concentrations were de-
number of the alkali metal [1, 11]. termined by using the subshell photoionization cross-

Whereas the reductive carbonization of PTFE andsaction [15] and corrected for the attenuation electron
other perhalogenated polymers by alkali metal amaliengths [16]. The surface concentration of Mg was de-
gams has been studied carefully in the past, there is n@ymined from the most intense Auger KLL line. The
relevant report about magnesium amalgam. This papgptensity callibration of Mg 2s vs. Mg, was carried
scrutinizes the first results obtained on this system. 5t by several external standards. The samples were

installed into the spectrometer after a short contact

. ] (minutes) to air.
2. Experimental section

PTFE foils (20x 10 x 0.3 mm, from Goodfellow, UK)
were purified and outgassed before use as describ
elsewhere [11]. Oriented PTFE films were prepared b
friction deposition (hot-dragging) [12, 13] method on
Siwafers (10« 5 mm, OKMETIC Finland). During the
PTFE deposition, the substrate temperature was2,70

zd Results and discussion

.1. Sample preparation

In contrast to the amalgams of alkali metals (Li, Na, K),

the magnesium amalgam showed significant “wetting”

load~15 N/cr? and speed 0.6 mm/s (see Ref. [13] for of the PTFE surface as well as of the walls of the re-
action vessel (made from Pyrex glass), which indicates

further preparative details). . h . ;
Magnesium chips (Aldrich, 99.98%, impurities con- SOMe interaction with both materials. These surfaces are

tent (in ppm): Zn (35), Mn (30), Fe (25), Al (20), Ni immediately covered by a thin, firmly-adhering film of
(20), Na (5)) were dissolved in polarographic gradethe amalg‘?m. (.Alk,,a" metal amalgam.s do not show any
mercury (Slzba wzkumu, CR, 99.9999 %), and the apparent “wetting of PTFE or glass; thgy behave like
prepared liquid amalgam was filtered through a glas?hure mercury ;nMcontactl to thes_ehm|e1ter|a!]cs). H0\_Never,
capillary in vacuum. The amalgam concentration wad€ "éaction of Mg amalgam with glass (if any) is re-

determined by acidimetric titration as 3036 ppm (w/w). stricted or_1|y to a thin surface layer; blank experiments
The PTEE foils or films were contacted with the amal-Nave confirmed that there was no measurable change of

gam at 25, 100 and 150C for a desired reaction the Mg concentration even after 400 hours of contact

time. After the reaction was finished, the samples weré{\’itTthyreX ?Iass 1?;1112%: h M | s also si
washed with pure mercury to remove the non-reacted . '€ 'éactiono with Mg amalgam IS alSo sSig-

magnesium. All operations were carried outunderhiqu":'C"’mtly different fr_om that with alkali metal amal-
ams. The magnesium amalgam does not cause any

vacuum in a sealed, all-glass apparatus. The consum .
tion of Mg was determined by chemical analysis Of%Iackenmg of the PTFE surche, even after several
weeks of contact at 150C. This resembles the be-

the amalgam before and after the reaction. The mod-="~" - . . :
havior of magnesium in ammonia solution, which also

ified PTFE was also analyzed for FThe sample of .

reacted PTFE was mineralized by boiling with 5 ml of Ieavesthe PTFE surface white 3, 4].'(Onthe other hand,

30% hydrogen peroxide and 1 ml of 0.1 M KOH for blackening of PTFE was obsgrved n tetrahydrofuran-
glectrolyte solution with anodically dissolved Mg an-

30 min in a Teflon beaker. The solution was evaporate do- this dl dbv th fhiahl
and the dry residue dissolved in water. Fluoride wad€; thisis, reportedly, caused by the presence of highly

determined spectrophotometrically by Zr-alizarine orfeactive Md spe_ues [.7_1.0]' :
by potentiometric titration with fluoride-ion sensitive Assumlng al:l st9|ch|ometry of the reaction of Mg
electrode. Further details are given elsewhere [11]. amalgam with PTFE:

Atomic force microscopy (AFM) studies were car-
ried out on Scanning Probe Microscope TMX 2010 Mg + -Ck- — -C- + MgF, 3)
Discoverer (TopoMetrix, USA), with pyramidal $h,
AFM tip (1520 Standard, TopoMetrix). All measure- the thickness of chemically modified PTFE can simply
ments were made at the ambient atmosphere and terhe determined from the consumption of Mg and/or by
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the content of F in the product. The latter method
is more sensitive; it allows to measure layer thickness
down to about 100 nm [11]. (The measurement of thick
layers is also limited by low solubility of Mgh.

The reaction (3) was monitored analytically at vary- 5
ing conditions (reaction time 1-400 hours, temperature
25-150°C). The results were poorly reproducible, and &
the estimated layer thicknesses were usually close to thig
detection limit of analytical methods used00 nm).
Hence, the reaction of Mg-amalgam with PTFE seems
to be restricted only to a thin surface layer, and does
not propagate into the bulk polymer as in the case of
alkali metal amalgams (cf. Equation 2). The striking
difference between alkali metals and Mg can hardly
be explained in terms of the reaction thermodynamics.
Actually, the standard potential of Mg amalgam equals
—2.09 V [17], which is even more negative than the
standard potentials of Na- or K-amalgams. (The stan
dard potentials of alkali metal amalgams equal as fol-
lows [17]: —2.195 V (Li), —1.959 V (Na),—1.975 V
(K)).

The blocking of the PTFE-Mg(Hg) reaction should
be connected to some perturbation of the reactior=
propagation (valid for alkali metals, cf. scheme 1 and
Equation 2). In all cases, the reaction is triggered by ¢
chemical reduction of PTFE, producing a thin layer of —
products (C-MF). Such a thin layer is formed also in :

T T T T ¥ T T T T T T T T
280 285 290 295 685 690 695 700
Binding energy, eV
@)

tensity, a.u

the case of Mg(Hg)Jide infra). This is in accord with oo 20 2% 68 60 e 700
the expected high driving force of the reaction, which is Binding energy, eV
derived from the corresponding redox potentials. How- (b)

everk,l the. mﬁgnbESIum_forrTe.d Ia};er dIOfGIS n.Ot-gI’OVIV e.leclzigure 1 (a) XPS spectra (Cls, F1s) of the PTFE foil. Note different
trochemically, ecause_‘t e interfacial film is insu at"_.'gintensity scales. (b) XPS spectra (C1s, F1s) of the PTFE foil (as in
for electrons, M5+ cations or both the charge carri- Fig. 1a) treated by Mg amalgam at 26 for 96 hours. Note different
ers. In analogy to systems with alkali metals, we mayintensity scales.

speculate that the blocking effect is connected to the

transport of Mg™. o
Generally, all reactions producing a compact solig@PPear several new low-binding-energy C1s peaks as-
signed to Ck (x = 0-3) species [18].

film (which is impermeable to the reactants) must prop->"2!|
agate by an alternative mechanism, e.g. by an inde- Fig. 1b and Table | demonstrate that the PTFE treated

pendent transfer of electrons and cations through th8Y Mg amalgam displays only a partial disappearance
growing film (scheme 1) [1]. If the interfacial layer is ©f the fluoropolymer's C1s (292 eV) and F1s (689 eV)
not conducting for &/M™, the layer propagation stops peaks. This contrasts with the XPS spectra of PTFE
as soon as the direct “chemical” contact (e.g. througtjréated by alkali metal amalgams, both ordinary PTFE
casual cracks in the film) is hindered. Analogous inter-10il [19]and oriented PTFE film [13]. The PTFE surface

pretation might be suggested also for the reaction witf{réated by alkalimetal amalgams shows noresidual C-F
Mg/NHs. bonds, i.e. the conversion of PTFE to carbon and alkali

metal fluoride, is complete [1, 13, 19].
The Mg-treated surface contains the expected by-

product, i.e. Mgk, although not in the stoichiometric
3;2- XPS spectra ) proportionto carbon. (Crystalline MgBhowed the fol-
Fig. 1a and b show XPS spectra in the C1s and Flgwing values: F1s 685.6 eV, Mg, 1177.5 eV). The
regions of the PTFE foil before (Fig. 1a) and af- jnorganic fluoride (686 eV, ® forms only a smaller
ter (Fig. 1b) the treatment with Mg amalgam for 96 part of the total fluorine in the treated samples. The
hours at 25C. Similar spectra were obtained also for ygst is present in C-F bonds (689 eV)Rvhich are not
Si/PTFE films and for samples treated at elevated temych different from those in PTFE. Analogous behav-
peratures. The binding energies and surface concentrgsy occurs also for Mg/NH treatment [4].
tions are summarized in Table I. The starting PTFE, The C1s region exhibits considerable amount of car-
both in the form of foil or Si-supported film, show pgn other than elemental or Glinpurity (285 eV, ®)
the expected surface stoichiometryfz1(Cy ;" Oo03)  and residual C-F (292 eV,*cC?). These carbon peaks
or CF21(Cy5”" Oo03), respectively. Small amounts of correspond to surface oxides, which are formed during
carbonaceous impurities {C”) are created during the a short contact (minutes) of the sample with air oxygen
measurement by X-ray induced cross-linking [18]. Theand humidity. This contact is unavoidable in our set-up,
F1s level is not very sensitive to this effect, but theresince the preparation of samples (manipulations with
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TABLE | Results of XPS analysis of PTFE filmEy, are binding energies of photoelectrons dfyd are kinetic energies of Auger electrons (cf.

also Fig. 1a and b). PTFE-foil is a commercial material from Goodfellows; Si/PTFE-film denotes a highly-oriented film deposited on silicon wafer

by a hot-dragging method (see Experimental Section for details)

Cils Fls Mg (KLL) O1ls
Ep (eV) c/c Ep (eV) F/C Ea (eV) Mg/C* Ep (eV) o/
PTFE-foil (e 284.8 1.00 689.5 34.2 — 0 531.9 0.55
Virgin ch 287.3 0.33
cr 289.7 0.95
(o 292.2 15.9
PTFE-foil (e 284.8 1.00 686.5 5.03 1177.4 3.94 532.6 1.51
After treatment é 285.7 2.57 689.1 7.39
cr 287.4 0.79
c? 289.4 3.50
ce 291.9 3.50
Si/PTFE-film ¢ 284.8 1.00 689.5 6.30 — 0 532.2 0.10
Virgin ch 285.2 0.98
cr 288.5 0.20
c? 2925 2.95
Si/PTFE-film ¢ 284.8 1.00 685.6 0.12 1177.3 0.13 532.5 0.41
After treatment é 286.6 0.20 689.0 0.60
cr 288.5 0.17
c? 292.0 0.28

mercury)in situis excluded technically. Generally, the in Mg-treated samples is understandable in terms of

C1s region resembles that of Mg/Nitteated PTFE,

increased surface area of the carbonized samples.

where the C1s spectrum was assigned to a mixture of The intensities of lines of € C#, F* and Mg(KLL)

products containing €C, C-H, C-OH, G=0, COOH
and CHF groups [4]. The larger intensity of ¢Heak

Oum

Figure 2 AFM patterns of PTFE foil before (a) and after (b—d) the treatment with Mg-amalgam for 96 hours@t 25
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do not show significant dependence on the take-off an-
gle (between 5to 70°). Consequently, the modified
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Figure 3 AFM patterns of oriented PTFE film before (a) and after (b and c) the treatment with Mg-amalgam for 1 houCaft?&nd c refer to
different typical places on the film).

8.4 nm

42 nm

0nm

Figure 4 AFM patterns of flat areas of oriented PTFE film before (a) and after (b) the treatment with Mg-amalgam for 1 hal@ &f2%ig. 3 for
the same sample at lower resolution). Both images display raw data without any processing (e.g. by Fourier filtration).
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layer, C-Mgk should be thicker than the sampling 4. Conclusions

depth of XPS (which varies with the cosine of the take-The defluorination with Mg amalgam was studied, for

off angle). This allows to estimate that the layer thick-the first time, both on ordinary PTFE foils and on highly

ness is larger than ca. 15 nm [4]. ordered PTFE film made by friction deposition. Simi-
lar to Mg/NHs solutions [4], Mg-amalgam reacts with
PTFE (foil or oriented film) only in a thin surface layer.

3.3. Atomic force microscopy Consequently, the PTFE foil remains white even af-

Fig. 2 displays AFM patterns of pure PTFE foil (Good- ter hundreds of hours of contact with Mg-amalgam at
fellow) and that after the treatment with Mg amalgam.150°C. These findings are in contrast to the known re-
The increase of surface roughness as a result of thactivity of amalgams of alkali metals (Li, Na, K) which
Mg treatment is apparent, although the starting PTFEcause always: (i) a stoichimetrically quantitative deflu-
foil is also far from being flat at the same magnifica- Orination, and (ii) the layer propagation into the bulk
tion scale. The observed effects are similar to thos@olymer is well-defined as long as one of the active
reported for Mg/NH treatment of PTFE [4]. In this substances is consumed [1]. The striking difference in
case, scanning electron microscopy demonstrated suieactivity of alkali metals and Mg can hardly be inter-
face inhomogeneities, which were, however, detecte@reted in terms of the reaction thermodynamics since
in larger scale of about 10-§om. the Mg amalgam has even more negative redox poten-
The morph0|ogica| Changes are more C|ear|y Visua|.tia| than Na or K amalgams. The found differences are
ized on highly-oriented PTFE films (Fig. 3). The start- tentatively interpreted, in terms of the electrochemi-
ing films contain linear parallel ribs in the direction of cal model of amalgam carbonization [1]. The blocking
dragging. The ribs (typically tens of nm in height) are effect is presumably caused by hindered transport of
separated by relatively flat areas (Fig. 3a). Upon Mgcharge (electrons or Mg cations) through the modi-
treatment, the ribs become more pronounced, but thefied layer. However, the physical reason for such a poor
orientation is partly perturbed (Fig. 3b). The originally ionic conductivity of the Mg-modified layer remains
flat areas show characteristic spherical grains of diamunknown.
eter of about 20 to 200 nm and the height of about The surface layer, prepared by the action of PTFE
20 nm (Fig. 3c). Their appearance demonstrates thand Mg-amalgam, contains Mghn a mixture with
volume increase caused by “Mg insertion” during de_complicated, air—sensitive, carbonaceous product. XPS
fluorination. The Spherica| morph0|ogy may indicate aindicates that the modified Iayer involves also a Iarge
nucleation-type reaction. It is initiated in single sepa-number of residual C-F bonds. The modified carbona-

rated points, from which the reaction spreads radiallyceous layer is oxidized in air, which is reflected by
in all directions. a characteristic C1s spectrum of surface oxides. The
Fig. 4 displays the high-resolution AFM picture of cOmposition and properties of modified surface again
the starting oriented PTFE film (Fig. 4a) and that after’esemble those of Mg/Nbsurface [4].
modification with Mg-amalgam (Fig. 4b). The oriented ~ Significant structural changes on both macroscopic
molecules are detected at the flat areas of the virgin filnfnd molecular levels were observed by AFM in the film
(F|g 4a) (After image filtration emp]oying 1D-FFT, after the action of Mg-amalgam. The Mg-modification
even the expected helix of fluorine atoms around thélenerally promotes higher surface roughness. Since the
carbon chain is clearly visible (cf. Ref. [13])). However, commercial PTFE foil is also relatively rough at compa-
the perfect molecular-level ordering of PTFE macro-rable magnification, these effects are better apparent on
molecules (Fig. 4a) is damaged in the Mg-modified ma-highly oriented PTFE films made by friction deposition.
terial (Fig. 4b). The same was observed also if the PTFE he surface relief is characterized by spherical grains,
films were modified by Li amalgam [13]. Only very Which probably originate from nucleation-type Mg in-
rarely, there were detected some signs of molecularsertion. The molecular-level ordering of PTFE films is
level orientation on the Mg-treated surface; these feastrongly perturbed by the action of Mg-amalgam. The
tures seem to be visible (although not too clearly) onMg-modified surface is almost fully reconstructed; it
Fig. 4b. We cannot exclude that these areas may stifontains only a small proportion of organized linear
correspond to the residual PTFE, which was not afmolecules.
fected by the Mg amalgam. (Note that XPS confirms
the presence of C and F atoms, whose binding energies
are not much different from those of PTFE (Section
3.2)). A secondary effect, which may also change théAcknowledgements
molecular-level morphology, is the surface oxidation in This work was supported by the by the Grant Agency
air (cf. Section 3.2). The oxidative breakdown cannotof the Czech Republic (contracts Nos. 203/98/1168
be avoided in the used AFM set up, where the measureand 203/98/1181). Thanks are due to Dr. Z. Bastl
ments are carried out on ambient atmosphere. (J. Heyrovsk'Institute, Prague) for XPS analyses.
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