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ABSTRACT

The low-temperaturefraction is separated from the nanodi spersed modifica-
tion of polytetrafluoroethylene, FORUM™, The results of studies of the
morphology, thermal properties, composition and structure of the fraction
separated at atemperature of 70°N are summarized in this paper. Some pos-
sibilities of practical application of this new material are shown.

© 2011 Trade Sciencelnc. - INDIA

INTRODUCTION

Modifiedformsof polytetrafluoroethylene (PTFE)
having the propertiesdifferent from those of itscom-
mercidly availableformsare of specia interest for a
number of state-of-the-art technologies. The above
formsincludethe nanodi spersed pol ytetrafluorethylene
(NPTFE) produced by thethermd gas-dynamic method
(under the trademark FORUM™)™M, Complex physi-
ca-chemicd studiesof thematerid havereveded some
characterigticsof itsstructureand properties®. The
material unique propertiesgaveriseto different possi-
bilitiesof itspractical application’®”. One of the FO-
RUMTM material characteristics consists in its destruc-
tioninawidetemperaturerange: from 50 up to 500°NZ,
Such abehavior isrelated to the presence of phases of
different therma stabilitiesin thepowder composition,
which resultsfrom the powder polymolecular nature,
i.e. variousmolecular weightsof macromoleculesform-
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ing these phases. The above characteristic enabled us
to separate from the FORUM ™ material both high-
and low-temperature phases, which, aswasshownin,
differingructureand, therefore, couldfind different fid ds
of application.

The present paper summarizestheresultsof stud-
iesof themorphology, thermd properties, compaosition,
structureand possibilitiesof practical gpplicationof one
of thefractionsof the FORUM™ material, namely, the
fraction separated at atemperature of 70°C.

EXPERIMENTAL

Thefraction under study was produced by the sub-
limation of the FORUM™ powder under isothermal
conditionsat 70°C. Theingdlationfor thefraction pro-
duction consisted of thethermostat, reaction flask with
theinitia powder and cooling collector for thecondensed
polymer product. The separation process was per-
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formed until the point when the polymer product stops
to emerge on the collector surface and reaction flask
neck. The process was rather slow. The mass of the
FORUM™ sample put into the flask was equal to 100-
115 g. Thelatter amount yielded ~2 g of thelow-mo-
lecular fraction at 70°C. The processwas completed
after 13 days. The product comprised small luminous
plateletsof ayelowish color.

Thefraction morphol ogy was studied on ascan-
ning electron microscope (SEM) of high resolution
Hitachi S5500 (Japan). Thesamplewasfixed onasgticky
carbon adhesive tape and sputtered with gold. Al so,
the samplesmicrophotographswere obtained using an
atomic force microscope (AFM) SOLV ER manufac-
tured by the JSC NT-MDT (Zelenograd, Moscow
Oblast, Russia). The powder samplewas spread over
an adhes vetape, then shaken off and blown over from
arubber bulb. The particlesthat remained adhered to
thetapewereinvestigated by themicroscope. Theshoot-
ing was performed under semi-contact conditionswith
recording thetopography height (amplitudeimage) and
cantilever side deviations (phase contrast mode). The
amplitudeimage showsonly the surfacetopography in
relation to the height, while the phase contrast mode
doesnot reflect thereal topographical height but pro-
vides much more contrastingimageinthe XY plane
without distortion of shapesand sizes.

The thermal studies were performed on the
derivatographs DTG-60H (Shimadzu Corporétion, Ja
pan) on air with the heating rate 2.5 degrees/min and
STA 449C (NETZSCH, Germany) intheargon atmo-
spherewith the heating rate 10 degrees/min. Corun-
dum crucibleswithlids served asthe sample holders.
Thecalcined aluminawas used asareference sample.
Theactivation energy of thelow-temperaturefraction
sublimationwasca culated by theleast-squares method.

The chromatography-mass spectrometry analysis
was performed on a gas chromatograph-mass spec-
trometer Shimadzu GCM S QP-2010 (Shimadzu, Ja-
pan). The separation was performed on acolumn DB-
5ms (30 m x 0.25 mm, phasefilm thickness0.25 mi-
crometers) at thetemperature programming from 50
up to 300°C; the heating rate 25 degrees/min, carrier
gas—helium (1 ml/min). Thesample of ~0.1 mgwas
put into ami crotube, which wasthen placed into amul-
tifunctional injector Optic-3 (ATAS GL, Netherlands),
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initid temperature 35°C (10's), and heated upto 300°C
with therate 300°C/min, flow divider 1:200. Thecom-
ponentsidentificationin the samplewas conducted us-
ing themass spectralibrariesNIST 05 and Wiley 8.

The X-ray picturesof thelow-molecular fraction
under study and the FORUM™ powder were recorded
ondiffractometers D8 ADVANCE in accordancewith
the Bragg-Brentano method without the samplerota-
tion under CuK oi-irradiation. The sampleswere not
crumbled prior torecording.

The Raman scattering spectrawere obtainedinthe
range 100-3500 cmtin the reverse scattering geom-
etry on a Raman-spectrometer RFS 100/S (Bruker,
Germany) with theresolution 4 cm™. Irradiation from
theNd: YAG-laser withthe wavelength 1.06 um and
the power 600 mW was used asan excitation source.

The **F NMR spectra were recorded on a solid
stateNM R spectrometer BRUKER AVANCE AV-300
(field power 7.04 T). The single-impul se sequencewas
used. Intheexperimentswith the samplerotation at a
“magic angle”, the spin echo synchronized with the
sample rotation frequency (15 kHz) was applied.
Hexafluorobenzene (C F,) was used asareferencefor
thechemica shift calculations.

Thequantum chemistry caculationsof vibrationand
NM R spectraof model moleculeswere performed us-
ing the software GAUSSIAN 03®. Thecalculations
were madewithin the scopes of themethods HF (basis
6-31G) and DFT (B3LY P, basis 6-311+G(d))!. Jus-
tification of thetechniquefor the selection of thecal cu-
lation procedurefor the vibration spectrais presented
inf%3 To check theoptimal character of the calcula
tion procedurefor the NMR spectra, the spectrawere
cdculated for aseriesof mode fluorocarbon molecules,
including hexafluorobenzene, thereference system for
thechemica shift vauesintheexperimenta spectra.

RESULTSAND DISCUSSION

M orphology

According to the scanning el ectron microscopy
data, thefraction separated at 70°C (Figure 1) consists
of flat formlessfilmsof asize~10 um. Thefilm thick-
nesswasequal to 30+£5 nm. It wasestimated from the
bent edgewhichisshowninasquareinfigure laand
presentedinanenlarged forminfigure 1b. Besides, the
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Figurel: SEM-imagesof theFORUM ™ fraction separated
at 70°N: (a), (c) different partsof thesamplesurface; mark
lengths: (a) 10 pm, (b) 100 nm, (¢) 1 pm
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Figure3: X-ray pictureof theFORUM ™ fraction separated
at 70°C

samplesinclude someformationswith thefiber-like
shapes, asseeninfigure 1c. The“diameter” of these
“fibers” is about ~50 nm. One may assume that they
comprise some PTFE supramol ecular structures™@.
During the sample study by the SEM method, the
fraction material could evaporate by the microscope
beam, especially at prolonged studying processfor a
selected surface part. Sincethe latter creates some
difficultiesin producing quality SEM imagesat large
magnification values, weadditionaly used theatomic
force microscopy (AFM) method which doesnot pose
the above difficultiesand, at the sametime, does not
reguire the sample sputtering by aconduction mate-
rial, which could create the situation of an artifact
emerging. TheAFM studiesa so showed that thefrac-
tion under study was condensed as layered molten
film structures. Among thefilms, one can distinguish
flattened spherica particlesand particleswhose shape
can be considered spherical with agood approxima-
tion (Figure 2). The particlesdiameterswerein the
range~0.1-0.4 um. In some casesthe particles stick
together or protrude from thefilm bulk, thus disrupt-
ingit (Figure 2b). Thelayer thickness estimated from
thedisruptionimage, directly fromthevaueof theAF
mi croscope deviation cantilever, isequal to~20 nm,

Figure2: AFM |mage£0fthesurfaceoftheFORUMTMfrac-
tion separated at 70°N
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Figure4: Chromatogram of thelow-temper aturefraction

whichisin good agreement with the result obtained
by the SEM method.

Thermal properties

Thethermal behavior of the FORUM™ sample
and thedifferenceof itsthermal propertiesfromthose
of thecommercdly availablepolytetrafluoroethyleneare
described in detail in@. Thelow-molecular fraction of
the FORUM wasinvestigated ini*3, It was established
during the above studiesthat thefraction masslossoc-
curred in thetemperature range 50-150°C. At 150°C
the sample masslossisabout 99.7%. Asregardsthe
FORUM™ gsample, the mass loss occurs at a tem-
perature above 500°C, while at 150°C only 3-4% s
lost, whichfact al owsassuming that thefraction under
study constitutes~3-4 %intheinitial product compo-
gtion.

X-ray study

The X-ray pictureof thelow-temperaturefraction
powder (Figure 3) indicatesto the presence of acrys-
tal phaseinthestructure of the sampleunder study. Its
comparison with the diffractogram of theinitial FO-
RUM™ product demonstrates substantial differences.
Asdefromthe peak with thevaue 20=18° character-
isticfor FORUMT™, in the range of small angles one
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can observeaset of distinct reflections: anarrow low-
intensity peak at 11.5°C, more intensive one at 8°N
and themost intensive oneat 4°C areseen dlearly. Two
diffusion haloscan bedetected around 40and 72°. The
presence of diffusion areasin the X-ray pictureindi-
catesdirectly toalossof orientation in the structure of
the sample under study. One should mention that the
X-ray pictureof FORUM™ also contains two halos in
the sameranges®. Theearlier studies'® demonstrated
that FORUM™ was an essentially crystalline material
and belongsto the hexagona syngony. Anadysisof the
diffraction dataand the structure simul ation enabled us
to conclude that FORUM™ comprises the form of
PTFE with acomplete angledisordering of thespiral.
Theangledisordering isaccompanied by the shift dis-
ordering of the adjacent moleculesof thehexagond axis
relatively to each other.

Low molecular weight of macromoleculesforming
the sample under study (fraction 70°C), which results
fromtheandysisof thefractiontherma behavior, must
inevitably affect itscrysta structureaswell. Anaysisof
thelow-temperaturefraction X -ray picture showed that
the system had atypicd |layered paraffin-like structure ™
with an expressed layer periodicity (four ordersof re-
flection areresolved unambiguoudy). Thereflectionsat
relatively low diffraction angles correspond to thelay-
ered packing of perfluorinated paraffins(in particular,
the peak at 20=4.0° corresponds to the periodicity 22
A of the perfluorinated n-alkane n-C F,). TheX-ray
picture of thelow-temperaturefraction under study is
closetothat of then-akanen-C F,,. Thestructure of
moleculesinsidethelayer is2D-hexagonal, whichis
typical for odd n-alkanes™®. Thereisno correlation
between thechainsin thetransversedirection (random
rotation shift of amoleculerelatively toitsown axis
characteristic of axisymmetric bodieshaving thecylin-
dricd symmetry).

Besdesthelayered packing, anintralayer crystalli-
zation can be observedin the system. The attempt to
identify the above complex crystd latticegaveriseto
the conclusion that thel attice had amonoclinic syngony
with thefollowing parameters; a=25.103 A, b=12.464
A, c=5.712A, B=96.23, V=1776.4 A3, FM=34.7.

The system hastwo phases. Asdefrom thewel |-
shaped crystdline phase, it containsthemixtureof lin-
ear and discotic fractions of different geometric sizes
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TABLE 1: Fluorocarbonscontentsin thelow-temperature
fraction

Carbon atoms
number
Component content
(relative %)
built from CF,-groups. Thecrystaline/amorphousphase
ratiois70/30, respectively.

Chromatography-massspectrometry analysis

C6 C7 CB C9 ClO Cll C12 C13

4,3613,9725,1528,5016,656,26 2,42 0,6¢

The composition of the FORUM™ Jow-tempera-
turefraction under sudy wasinvestigated by themethod
of gaschromatography-mass spectrometry. It wasfound
that themain componentsof thefraction comprisefluo-
rocarbonswith the carbon atom numbersfrom 6 up to
13. (TABLE 1). Inthechromatogram (Figure 4) every
peak correspondsto the fluorocarbon with aspecific
carbon atoms number. Thefluorocarbonswith compo-
sitions CF, ., and C F, leave the column as one
poorly separated peak. The conclusion on the pres-
ence of saturated and unsaturated fluorocarbonsof the
compositionsC F, ., and C F, inthesystemismade
fromthedifferencesin massspectrain different points
of apeak.

Asseenfrom TABLE 1, the main components of
thelow-temperaturefraction comprisefluorocarbons
with the carbon atoms number from 7 up to 10 (their
total content isabout 85 %). Such moleculesmust be
well identified by spectroscopic methods, although
shorter moleculesC F , and C.F , (total content about
5%) can befoundin IR, Raman and NMR spectraas
well.

Molecular structure

Studies of themolecular structure of PTFE, FO-
RUMT™ material and its separation products performed
using the |R-spectroscopy!*%1611 unambiguoudy dem-
ongtrated that the fragmentsbuilding the mol ecul es of
the fraction separated at 70°C could be described as
short-chain formations CF,=CF-(CF,)n-CF=CF,.
Besides, the presence of branched structures emerged
dueto formation of theside CF, groupswasrevealed
inthelow-molecular fractionscompostions.

Theresultsof IR- and mass-spectroscopy studies
of the system arein good agreement with each other.
Both methodsindicateto the presence of short chains
inthelow-temperaturefraction sructure, whilethefrag-
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ments—CF=CF, appear to bethe end groups. Thelat-
ter isalso corroborated by the presence of the band at
1785 cm! inthe Raman spectrum of thefraction under
study (Figure4). TheRaman spectrum of theinitid FO-
RUMT™ powder does not contain such a band. The
reason here consistsin lower intensity of theband un-
der discussion (in accordancewith the selection crite-
ria) inthe Raman spectrum, so that it becomesvisible
only at high content of end groupsinthestructure, i.e.
inthe case of the system low-molecular character.

Asidefrom the mentioned end groups, thefluoro-
carbon chains can be closed by the groups CF,. It ap-
pearsdifficult to identify these groupsin the spectra,
sncetherespectivebandsarelocated intherange 1200-
1300 cm and, because of their low intensity, they are
masked by intensive bands characterizing thevibrations
v(C-C) and v(C-F) building thechain from CF,-groups.
Inthe Raman spectra, asseen from figure 5, the bands
arenarrow, that iswhy one can observe the emerging
of thebands(d bet with low intengity) at 1350 and 756
cn?, which arenot detected in the structure of theini-
tial FORUM™ material. According to the data pre-
sented in*¥, the above bands are not observed in the
Raman spectrum of PTFE (achainfrom 15 CF, frag-
ments), however, asfollowsfrom our quantum chemis-
try calculations, in the Raman spectrum of a shorter
molecule CF,(CF,) CF, the bands around 1350 and
756 cmbecomevisibleand correspond to valent and
deformation vibrations of theend CF, groups.

Additiond information on themolecular structure
of thelow-molecular fraction can beobtained fromthe
NMR data. The experimental **F NMR spectrum of
thelow-molecular fractionunder discussionispresented
in figure 6. Figure 7 shows the calculated °F NMR
spectrumfor amodel moleculeC A ..

In accordance with the cal cul ation data, we have
attributed thesignal sobserved in theexperimenta spec-
trum. Thepresence of chainsbuilt from CF, inthefrac-
tion compositioniscorroborated by thesigna (themost
intensveone) withthechemicd shift (CS) vdue39 ppm
inthe®F NMR spectrum. A number of signaslocated
nearby thelatter one and having substantialy lower in-
tengities correspond to the signa s of fluorineatomsin
the chain CF, groups|ocated closeto end groups and
sdebranches. Another intensvesignd with the chemi-
cal shift value 77 ppm, whichisabsent in the experi-
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Figure5: Raman spectraof thelow-molecular fraction (70°N)
and theFORUM ™ powder
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Figure6: Experimental ®F NM R spectrum (at roomtempera-
ture) of theFORUM ™ fraction separated at 70°C
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Figure7: Calculated F NM R spectrum of themodel mol-

eculeC_F,

menta PTFE **F NM R spectrum, but present inthat of
FORUM™I® wasinterpreted asthesigna from fluo-
rineatomsintheend groups CF,. Thesignalswiththe
chemical shift values 70 and 54 ppm characterize the
end group =CF.,. Thesignalswiththe CSvalues-31

Macromolecules
ﬂaVMnW



MMAIJ, 7(1) 2011

Lidia N.Ignatieva et al. 11

and -28 ppm characterize the fluorine atoms of the
groups C-F emerging in the structure at formation of
theend groups—CF=CF, and sidebranches-CF,. The
signalswith the CS values 90 and 88 ppm are attrib-
uted to thefluorineatomsin the side-CF, group.

To sum it up, as considered from the molecular
structure point of view, thefraction under study con-
sists of the molecules CF,(CF,) CF,, CF(CF,).
CF=CF, withthenval ug, as obtained using the mass-
spectrometry analysis, varied from 13 down to 6 as
well asof the sametypes of moleculeshavingtheside
branches CF,.

Practical application

In conclusion, let us consider some aspectsof the
practica application of the obtained fraction.

The conducted studies*®*® demonstrated that the
low-temperature fraction under study was solublein
supercritical carbon dioxide. Thelatter enabled usto
develop thetechnology of putting nano-thin (2-4 nm)
fluoropl astic coatingson various surfaces. Deposition
of such thin fluoropolymer coatings on the surface of
rough substrates could impart super-hydrophobic prop-
ertiesto these substrates. increase the water contact
angle above 150° and reduce the contact angle hyster-
essvaue. Such surfacesare non-wettableand capable
for self-purification, thusbeing prospectivefor some
practical applications. We havetested various porous
and rough material sas potential substrates: polymer
track membranes, microporous and composite poly-
mer structures, porouswoven and nonwoven materi-
as, nanogtructured and crystdline surfaces. Indl cases
the suggested technol ogy enabled usto increasethe
surface hydrophobicity. Thetechnology alowsputting
the coatings not only on external, but also oninterna
surfaces of material §2%; thel atter wasimplemented for
ceramic and metal sponges. A regular sponge absorbs
water perfectly dueto capillary effects, whileafter put-
ting afluoropolymer layer the samplebecomeshydro-
phobic and ceases to absorb water. If one puts both
samplesinto water, theinitial samplerapidly drowns,
whilethetreated one stays onthe water surface.

Use of the above technology also enabled usto
encapsul ate hydrocarbon paraffinsinto fluoropolymer
shellswith formation of colloidosomesof asizeupto
300 pm and the coating of athicknessupto 10 pm2Y,

—= Pyl] Peper

The peculiaritiesof thermal propertiesof thelow-
temperaturefraction havemadeit possibleto gpplyitin
deve opment of composite coatings onthe basisof ox-
idelayers??, Thelayerswereformed onthetitanium
surface by themethod of plasmael ectrolytic oxidation
(PEO), thenthey weretreated with the fraction under
study and heated at 100°C for 1 hour. The electro-
chemical studies showed that the composite coating
contai ning thelow-temperaturefraction had very good
protective (anti-corrosion and anti-scal €) properties.
Low melting point of thefraction enabled the polymer
toform ahomogeneous structure dueto particlesmelt-
ing and mutual adhesion. The purposeful sel ection of
thethermd trestment temperaturedlowsproviding maxi-
mum percolation of the polymer insideporesand pro-
duceauniform distribution on the product surfacewith
“sealing” the existing pores.
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