KOHOEHCAUUANAHFAH KYWOIH ®U3UKACHI
O®PUSUNKA KOHOEHCUPOBAHHOIO COCTOAHUA

UDC 678.073:661.481

N.N.Barashkov', T.V.Sakhno?, S.T.Sychkova?, 1.S.Irgibayeva®, Yu.E.Sakhne®

T«Micro-Tracers» Inc., Department of R&D, San Francisco, CA, 94124, United Statess
’Poltava University of Economics and Trade, Ukraine;
3L.N.Gumilyov Eurasian National University, Astana
(E-mail: sakhnoyura@alice.it)

Methods of modification of the surface of PTFE nanoparticles
with a purpose to increase their hydrophilic properties

The paper considers with three methods of modification of the surfacefof PTFE nanoparticles with a purpose
to increase their hydrophilic properties: adsorption of esters of p-hydroxybenzoic acid; adsorption of
branched fluorocarbon surfactant polymers containing perfluoroundecanoyexy groups; and adsorption of
fluorinated homopolymers and block copolymer. All three metheds were analyzed in terms of their potential
efficacy to provide a stable dispersion of sample of PTFE,nan@patticles'in polar solvents, and a preliminary
conclusion that the method based on adsorption of fluotinated block copolymers containing blocks of
pentafluorostyrene and acrylic acid seems to be moststitable for tequired purpose has been made.
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Introduction

Polytetrafluoroethylene (technigal name,fluorplastic4, F-4) is superior in the set of physicochemical and
mechanical properties to all the knowm,polymers. PTFE displays a high thermal stability, a high chemical
resistance, a low friction coefficiént,\andja low surface energy. These properties, which are very important
for some specific application§, together with the rubbing action, cause considerable disadvantages in applica-
tions in which adhesion-related”problems are concerned. Since the materials with low surface energy can be
used to prepare promising higheguality protective coatings, fluorocarbon in the molecular structure are char-
acterized by several eXcellentproperties. It is possible to use the polymers that contain fluorocarbon groups
in the molecular $tructute,to produce a surface to which some organisms could not adhere with tenacity, or
from which thé€ organisms could be removed easily. But the low surface energy of fluoropolymers and the
difficulty insbending them to the substrate make it necessary to utilize special adhesives or treatments in or-
der to obtainghegrequired adhesion to the substrate. Several techniques have been developed for modifying
polymer sutfaces to improve their dispersibility in solvent of paint and adhesion properties without altering
their bulk properties.

Analysis of the literature related to the surface treatment of PTFE with a purpose in increase polymer
polatity which should provide the required increase in a dispersability of PTFE nanopowder shows the exist-
ence of several approaches. Most promising of them, in our opinion, are related to pure physical adsorption
of one or several compounds on the surface of PTFE without chemical interaction of polymer chain with the-
se compounds.

1. Physical adsorption of compounds on the surface of PTFE

An important part of PTFE wide application arises from its stability and from being regarded as inert to
adsorption [1]. Such properties can be attributed to the high stability of the C—F bond and to the display of
both hydro- and oleophobicity by perfluorinated compounds [2, 3]. There have been, however, some reports
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of sorption/adsorption on Teflon for compounds such as iron carbonyl, chloroform, acetic acid [4], ammonia
[5] inorganic acids and bases [6], surfactants [7-11] and alkyl p-hydroxybenzoates [1]. In the case of
amphiphilic molecules, contact angle measurements also revealed an increase in Teflon wettability due to the
solute interaction with the polymer surface.

Adsorption of these relatively non-polar compounds, particularly zn-propyl ester of p-hydroxybenzoic
acid and several other esters on the surface of PTFE has been reported in paper [1]. The authors of paper [1]
indicated that the most reproducible results were obtained when PTFE has been used not in form of powder,
but in form of tubing. The time dependent extent of adsorption is shown in Fig. 1A for amyl ester of
p-hydroxybenzoic acid (AEHBA).
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Figure 1

Figure 1A suggests that the process may b€ diwidedsin two steps: the first, faster, occurring before 1 h of
contact; and the second, slower, between 1 hland the plateau reached after 5 h. Keeping in mind that the size
of the AEHBA molecule is 3.62A [12],4and applyifig this data to the amount of solute removed at the first
plateau of Fig. 1A, the area occupied by the,solute molecules can be estimated as ca. 240 cm® which is close
to the internal area provided by the\tubing. On that account it is reasonable to suggest the picture of a flat
solute adsorption onto the PTFEfsurfacejleading to a monolayer, followed by a slower rearrangement. Ac-
cording to the data presentedgmpFig:)l'A, the average area per solute molecule is reduced to a third after equi-
libration. Such a decrease might®Be caused by some solute clustering at the polymer surface or could be a
reflection of some extentofisolutegpenetration into the polymer.

Assuming the Einstein telation for molecular motion, and a diffusion coefficient around 10™® cm® s,
the mean displacemientof the solute molecules at 5 h would be near 0.02 cm. If a sorption process was occur-
ring, one should expeet much longer saturation times, as a reflection of larger mean displacements. There-
fore, the authors'jl] concluded that such a small displacement, together with a relatively short time for the
attained saturation, suggests that the solute removal cannot be ascribed to a sorption process.

Figuref1B shows the isotherms for the adsorption process of three esters of p-hydroxybenzoic acid, ob-
tained after S"hours. These curves are upper-limited by the low solubility of the investigated compounds in
watef. For methyl and ethyl esters, the extent of adsorption was too small to be detected. The shape of the
curves is consistent with the class of low affinity isotherms [13]. It might also suggest a cooperative nature
for the process which could represent the solute reorientation on the polymer surface. The maximum
amounts of removed solutes were small: 10, 5, and 3 %, for AEHBA, butyl ester and propyl ester of
p-hydroxybenzoic acid, respectively[1].

Sorption processes are commonly observed in polymers and depend on the affinity between polymer
and the solute. In the case of PTFE, it has been shown [14] that the swelling by organic solvents is related to
their mutual affinity as described by the Hildebrand parameters, 6. Perfluorinated compounds have low d
values, around 12—13 [15]. According to [1] the esters of p-hydroxybenzoic acid are somehow similar to
4-methyl and 4-octylresorcinol, which have 6 values of 28.4 and 25.4 [15]. The results summarized in

Cepusa «dusmka». Ne 4(72)/2013 5



N.N.Barashkov, T.V.Sakhno et al.

Fig. 2B reveal that, besides the substantial difference in & values, the solute—polymer interaction cannot be
disregarded.

The preliminary observation of increased wettability of PTFE powder upon adsorption of the esters of
p-hydroxybenzoic acid upon adsorption reported in paper [1] suggests that, although some extent of solute
incorporation might occur, a significant amount solute molecules should remain on the polymer surface.
These molecules, probably oriented with their polar moicties toward the aqueous solution and the apolar
ones in contact with PTFE, would cause a decrease in the interfacial tension between the polymer and water.
Therefore, besides the hydrophobic effect of the removal of apolar solutes from water, represented by the
increase of solute removal along the homologous series, such interaction also conveys some contribution due
to the decrease of the interfacial energy between PTFE and the polar liquid. Authors of paper [1] indicated
that although similar observations have been already reported for surfactants, their results point outathat\so-
lute—PTFE interaction should be taken into account even when considering smaller, but sfill apolar m@le-
cules.

2. Adsorption of polar fluoropolymers,
containing perfluoroundecanoyloxy groups on the surface of PTFE

This interesting type of the treatment of PTFE firstly has been investigated in"papersij6—18]. The pur-
pose of these studies consisted of making the PTFE surface more suitableffor biomedieal applications, like
ability of modification with bioactive molecules. It was emphasized [16] that fluorinated copolymers con-
taining side-chains of perfluoroundecanoyloxy groups can play the rolejof/sunfactant. Their adsorption can
provide a well-defined surface modification that is nondestructive to the PFEE surface and easier to perform
than high-energy reactions such as plasma or chemical etching using,alkyl lithium or benzoin dianion.

One concern, as with any approach to surface modification thatimyolves noncovalent interactions, is the
adhesion stability of the surfactant on the solid substrate. Adhesion|stability can be improved by increasing
the molecular weight of the surfactant, such as moving from|elassi€al molecular diblock surfactant structure
[19] to polymeric systems, decreasing the entropy of the@urfactant by adopting a branch or comblike struc-
ture, or by increasing hydrophobic—hydrophilic balanees20,2i1].

According to [16], these options are also comsistent\with the results from Fleer’s self-consistent-field
theory of polymer adsorption [22-24]. Some preliminary work [25, 26] has been performed on hydrophobic
polymers like polyethylene and nonionic dextran surfactant polymers which demonstrated effective surface
assembly at a solid/aqueous interface and gseful interfacial properties, such as suppression of protein adsorp-
tion, which are highly beneficial for bloéed-contacting medical devices [27]. The polymer surfactants were
composed of poly(vinylamine) with pendantidextran and alkanoyl groups. When adsorbed on a hydrophobic
surface such as polyethylene, the alkan@yl side chains adhere to the hydrophobic substrate, while the dextran
side chains are oriented into the aqueous environment to provide a biocompatible oligosaccharide interface.

However, it was shgwn that'the existing surfactant polymers with hydrocarbon side chains readily
adsorb on PTFE but do not show stable adhesion [16]. This observation suggests that favorable enthalpic, as
well as entropic, changes may be&fimportant for achieving stable surfactant—-PTFE adhesion. Accordingly, the
authors [16—18] haye 'designed surfactant polymers with fluorocarbon side chains, which would be expected
to favor adsorption ‘and ‘streng adhesion on PTFE under aqueous solutions. They are more hydrophobic and
have a larger molecularieross section than hydrocarbons [28, 29].

For instance, fluorocarbon surfactant polymers that adhere to PTFE surface under aqueous conditions
and provide @'stable oligosaccharide interface suitable for biomedical applications have been described [16].
The polymeis, consisting of a poly(vinylamine) backbone with dextran and fluorocarbon side chains, were
charagterized by FT-IR, NMR, and XPS, with surface activity demonstrated by significant reductions in wa-
terySurface tension at the air—water interface, and by XPS after modification and exposure to dynamic flow
conditions over the shear stress range of 0-20 dyn/cm”.

The general strategy for the synthesis is based on poly(vinylamine) (PVAm) chemistry. PVAm was ob-
tained by method [25] from basic hydrolysis of poly(N-vinylformamide) (PNVF), which was prepared by
free radical polymerization of N-vinylformamide in DMF with AIBN as the initiator. The molecular weight
of PVAm (M, ~ 35 000, M,/M, ~ 1.3) was deduced from that of PNVF assuming 100 % hydrolysis and no
loss in the purification process. PVAm can be easily modified with a variety of functional groups, such as
carboxylic acid, lactone, isocyanate, or aldehyde. Dextran molecules were attached to PVAm by reacting the
amino groups with dextran lactone. Fluorocarbon branches were attached to the backbone by reacting the
amino groups with perfluorocarbon succinimide.
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Graft polymers with either hydrophobic fluorocarbon branches or hydrophilic dextran branches were
synthesized, as well the complete fluorocarbon surfactant polymer. PVAm-FC11 was prepared by reacting
the amine groups of PVAm with N-(perfluoroundecanoyloxyl)succinimide in methanol. The reaction of
succinimide with amine is selective, so that hydroxyl groups on dextran do not need protection.

Unlike the synthesis of analogous hydrocarbon surfactant polymers, fluorocarbon surfactants cannot be
synthesized by reacting PVAm with dextran lactone and succinimide simultaneously. Since the
fluorosuccinimide reacts much faster with PVAm than does dextran lactone, the resulting PVAm-FCI11
would precipitate, thus preventing further attachment of the hydrophilic dextran.

According to paper [16], while the dextran content is a constant for each surfactant polymer, the fluoro-
carbon branch density, determined by XPS analysis, increases from 15 to 45 mol % of reacted amines in the
polymer backbone (Table 1). The structural information (x, y, and z) determined using XPS itself 1stimpeXxcel-
lent agreement (£2 mol %) with the data in Table 1 obtained using the combination of NMR and XPS;\In
addition, there are many unreacted amine groups along the polymer backbone. This is attributed to steri€ in-
hibition effects of the attached bulky dextran molecules. However, any remaining unreacted‘@mine groups
can be capped by reaction with smaller molecules such as glucolactone or acetic succiniidejas was demon-
strated in a paper [25].

Table 1
Fluorocarbon Surfactant Composition [16]
PVAm(Dex:FC11) dextran:petfluoroundecanoyl ratio

Composition 1:0.5 1:1 1:2
Mol wt(M,)

PVAm 35000 35000 35000

Surfactant 370000 397000 504000
Composition (mol %)

Dextran” 22 22 22

Perfluoroundecanoyl® 15 21 45

Amine 63 57 33
Groups per surfactant

Dextran 179 179 179

Perfluoroundecanoyl 122 171 366

Amine 512 464 269

Notes: “Based on GPC/light scattering ofjpoly(N-vinylformamide) (Mw/Mn = 1.3). *Based on NMR data. “Based on XPS data.

The surface-active propettics 0f fluorocarbon surfactants at the air/water interface were obtained from
surface tension measurements. Fh@surface tension data were plotted against the logarithm of concentration,
as shown in Fig. 2. Susfagtant efficiency, defined as log(1/C),= 20, where C is the bulk concentration in
mol/L, measures the surfactant concentration needed to lower water surface tension by 20 dyn/cm. The effi-
ciency for surfactamts 1:0.5,41:1, and 1:2 is estimated to be around 4.7, 4.8, and 5.2, respectively, as deter-
mined from thefdata“im, Fig. 2. The increased content of fluorocarbon branches in surfactant 1:2 provides a
greater thermodymnamic ‘driving force for surfactant assembly at the air/water interface and thus is more effi-
cient in réducing, water surface tension. In terms of effectiveness, defined by the minimum surface tension,
allsthtee polymers are very similar up to the solubility limit. This suggests similar fluorocarbon coverage at
the interface;%Since effectiveness depends on the van der Waals attractions of the hydrophobic groups in the
surfactants [30]._No critical micelle phenomenon for all three surfactants was observed over the measured
conecentration range. This result is consistent with previous observations for hydrocarbon surfactant poly-
mers [25].

The authors of paper [16] investigated the surface adsorption and adhesion on PTFE. In the presence of
a solid surface, surfactants in water can minimize interfacial energy by forming micelles, assembling at air—
water interface, and by adsorbing at the solid/water interface. XPS analysis (Fig. 3) shows surfactant adsorp-
tion on PTFE obtained under different shear stress conditions. For comparisons between each surfactant, the
N atomic percent is normalized against the value obtained for the respective bulk polymer. For surfactant
polymer PVAm(Dex: FC11) with branch ratios ranging from 1:0.5 to 1:2, the nitrogen percentage at
0 dyn/cm’ increases monotonically from 40 % to 90 %, indicating increasing amount of adsorbed surfactant.
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This follows the same order as the results obtained for surface activity at the air/water interface. These find-
ing also are consistent with theoretical considerations, which show adsorption increases with increased hy-
drophobic content [22—24]. Electrostatic interaction is not a significant factor in controlling surfactant ad-
sorption, since zeta potentials for all three surfactants measured in PBS solution are close to 0 mV.
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Figure 2. Surface tension of fluorocarbon surfac-
tant polymers in aqueous solutions. The dextran to
fluorocarbon branch ratio in PVAm(Dex:FC11) is
held constant at three different values: 1:0.5 (m);
1:1 (%); 1:2 (») [16]
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The adhesion of surfactants on PTFE was investigatedyby exposing surface adsorbed surfactant to dif-
ferent applied shear stress for 1 h. For the surfactant with'a dextran:fluorocarbon branch ratio of 1:2, there is
no significant change in the amount of adsorbed surfactant polymer after exposure to shear stress ranging
from 0 to 20 dyn/cm’. This indicates that thef@dserptiofi was not kinetically reversible on the time scale of
the measurements. In contrast, the amount of'adsorbed surfactant decreases by 32 % and 20 % for surfactants
with branch ratios of 1:0.5 and 1:1, respe€tivelyjuever the same shear stress range. The results obtained under
applied shear stress suggest that increasingthe fluorocarbon branch density correlates with increasing surfac-
tant adhesion on PTFE. Consequentlysthe fluorocarbon branch density appears to be an important factor in
controlling surfactant polymer adserptioniand adhesion on PTFE.

The stability of adsorbédfeomblike polymer surfactants on solid polymer substrates will depend on
many factors, including polymer backbone molecular weight, the length and ratios of the hydrophobic and
hydrophilic branches, gandsurfaetant—surfactant and surfactant—substrate intermolecular interactions. The
chemical similarity between the fluorocarbon branches and the PTFE is designed to improve the thermody-
namic compatibiliftypbetiveen the surfactant and the substrate compared with the hydrocarbon branches used
previously. Thé fluoregarbon branch also possesses a symmetric cylindrical shape, which should match the
geometry ofssurface fluorocarbon chains in PTFE and increase adhesive intermolecular contact [16].

We would dike” to point out that the synthesis of fluorinated copolymers containing side-chains of
perfluoroutidecanoyloxy groups described in [16] is rather complicated multistep procedure which can po-
tentially limit1ts practical application. With this respect the approach investigated in PhD study [31] related
tayadsorption of less complex fluorinated homopolymers and, especially, block copolymers on the surface of
PTEE, (which will be considered in next section) could be more suitable for modification of PTFE nanoparti-
cles with a purpose of improving their ability to be dispersed in polar media.

3. Adsorption of fluorinated homopolymers and block copolymers on the surface of PTFE

Adsorption of fluorinated homopolymers, such as poly(pentafluorostyrene) (PFS), poly(tetrafluoro-
propylmethacrylate) (PTFPMA) and poly(tetrafluoropropyl acrylate) (PTFPA) (Fig. 4) on the surface of
PTFE films has been investigated [31]. Table 2 summarizes data related to molecular weight of investigated
polymers and amount of fluorine atoms on the polymer chain which was calculated from the molecular mass
of polymer and structure of repeating units.
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Figure 4. Chemical structure of fluorinated homopolymers used for modification of PTFE surface [31]

This study was carried out by soaking the PTFE films in 1mg/ml polymer solution in one%ef,fout sol-
vents: dichloromethane (DCM), fluorobenzene (FB) and methylethyl ketone (MEK) and diméthylformamide
(DMF) for about 16 hrs then washing three times with the same solvent used for soaking afid then dried The
films were analyzed by X-ray photoelectron spectroscopy (XPS) and contact angle measurements.

Table 2
Molecular weight of investigated polymers and amount of fluorine atoms on the polymer chain [31]

Sample Polymer M, n PDI No. F*
4B PFS 27417 140 1.06 700
4C PTFPMA 38951 193 Il 3 773
4D PTFPA 39959 213 1.06 853

Note. a — Number of fluorines on the polymer chain was calculated ffém the M, and structure of repeating units.

According to the XPS survey spectra, the untreated PTEE (sample 4A, it is not shown in Table 2) and
PFS-absorbed (sample 4B, Table 2) show only presenceof F\and C; whereas a small amount of O was ob-
served on the PTFPMA- and PTFPA-adsorbed PTFE films, (samples 4C and 4D, respectively). This is in
agreement with the chemical structures. The atomic ¢oncentrations of all samples are summarized in Table 3.
The theoretical values of the F/C ratios of PTFE, PES, PTEPMA and PTFPA are 2, 0.63, 0.57 and 0.67, re-
spectively. Therefore adsorption of these polymers shiould decrease the F/C ratios. The untreated PTFE
showed an F/C ratio of 2.2 which is slightly higher than the theoretical.

Adsorption of PFS reduced the F/€ ratiogytes1.2—1.5, depending on the solvent used. In the case of
PTFPMA and PTFPA, the presence,dof O“¢an also be used to identify polymer adsorption. Both polymers
showed the appearance of O (1.1-1.3%) when adsorbed in DCM with a concomitant reduction in F/C ratios
to 1.2—1.3. When FB was used, there\wasyalso some O (0.7-0.8 %) seen as well as a reduction in the F/C ra-
tios (1.5-1.6). But these changes, wete smaller than those obtained in DCM. In case of MEK, there was no O,
and the F/C ratios were high'(17=QS).

The high resolutien®™@ls XBS spectra were found to be useful for identifying the polymer adsorption.
Figure 5 shows the high resolution C1s XPS spectra of untreated and PFS adsorbed PTFE films [31].
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Figure 5. Cls narrow scans of PTFE films (A) untreated (sample 4A) and (B) PFS adsorbed (sample 4B3)

The peak at 292.5 eV corresponds to the C—F, from PTFE. Untreated PTFE showed trace amounts of
aliphatic carbons (0.7 %) at 285.3 eV, indicating the presence of a small hydrocarbon impurity. The Cls
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spectrum of the PFS adsorbed PTFE surface can be curve-fitted using five peak components with binding
energies at about 286.1, 286.7, 286.8, 288.9, and 292.5 ¢V. These are attributed to C*—H (peak 1), C*—C¢H;
(peak 2), C*—CF (aromatic, peak 3), C*—F (aromatic, peak 4) and C*-F, (PTFE, peak 5) species, respective-
ly [32, 33].

Three types of fluorinated homopolymers were tested for adsorption onto PTFE in different solvents
(DCM, FB and MEK). PFS showed the greatest adsorption onto PTFE in all solvents. From XPS, the highest
PFS adsorption was found when MEK was used as the solvent. For PTFPMA and PTFPA, some adsorption
was observed only when DCM was used. Since these polymers had higher amounts of fluorine atoms in each
polymer chain (773 and 853, respectively) compared to PFS (700), this would appear to indicate that the
structure of the repeating unit affect the adsorption.

According to [31], there are two factors that need to be considered regarding the solvent: swelling of
PTFE and solubility of the polymer (which affects both adsorption and desorption). Sincethe same solvent
was used for adsorption and washing, a good solvent for polymer enhances the desorptioniduring washing.
A good swilling solvent for PTFE allows the fluoropolymers to entangle and anchor well. Howeyer, it is also
possible that this solvent will remove adsorbed polymers in the washing step.

In paper [34] the swelling of PTFE film in different solvents has been investigated. Thelsorbed liquid
was found to be 0.35 % for DCM, 0.15 % for methanol, and 0.23 % for benzengfThus DEM was the best
solvent. From this trend, it can be predicted that PTFE swelling is higherfih DEMdthan,in MEK. It is also
possible that FB is a better swelling agent than benzene.

It was found that although both DCM and fluorobenzene swell PTEE, thegsesults may indicate that in-
teraction between the fluorinated solvent (i.e. FB) and the polymers (PTFPMA and PTFPA) are so strong,
they prevent adsorption onto the PTFE [31, 33]. There was no_adsosption of these polymers when MEK was
used as the solvent, this is in agreement with the prediction that MEK's,a low-swelling solvent for PTFE.

The contact angle measurements of sample 4C1 (PTFPMAjadsorbed PTFE in DCM) was carried out.
The advancing and receding angles were found to be 97 +/-3%and¥91 +/—4°, respectively that were slightly
lower than those of PTFE (~110°) (shown in Table 3).

Table 3
Advancing and receding water contact angles of polymer-adsorbed PTFE films [31]

Sample | Adsorbed Polymers | Deposition Solvent | Advancing Angle (°) | Receding Angle (°) Hysteresis (°)

4A° — — 109+6 111+6

4C, PTFPMA DCM 97+3 91+4 6+5
4F P(FS0,-b-1BA,37) MEK 88 +2 86+ 5 2+5
4G P(FS0;-b-1BA141) MEK 98 +3 90+ 6 8+7
4H P(FS101-b-AA;7) DMF 91+6 31+3 60+7
41, P(FS101-b-AA141) DMF 88+5 28+3 60+ 6
41, P(FS101-b-AAua1) MEK 101 +£4 49+3 52+5

The author ofistudy [3 1] compared the contact angle of PTFPMA-adsorbed PTFE with contacted angle
of poly (tert-butyl acnylaté), PrBA. If only the fluorine atoms of the PTFPMA were adsorbed into the PTFE
chains (Fig. 6A)ythe cantact angle of this surface would be expected to be close to that of P/BA (88°), as-
suming uniform polymer coverage since XPS showed that the total atomic C% from the adsorbed polymer is
oveipl 0 %. Fheffact that the contact angle obtained was higher ®,4,= 97°), could indicate that the whole
PTFPMA chainfis in fact entangled (Fig. 6B).

Figure 6. Schematic representation of fluoropolymer adsorption onto PTFE by (A)
fluorine adsorption and (B) chain entanglement
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In the case of PFS, the highest adsorption was observed when MEK was used. According to paper [35],
the solubility of linear PFS can be dissolved in FB, MEK and DCM up to concentration 0.417, 0.143, and
0.009 g per gram of solvent at room temperature. This support the suggestion that in FB, PFS is well solvat-
ed and in a stretched conformation, whereas in DCM, the chains are more coiled. In MEK, although the
chains are possibly only slightly coiled, the swelling of the PTFE film is less, therefore more chains are
packed on the surface, compared to those adsorbed from DCM (Fig. 7).

FB
%‘, DCM — ,_\\8 MEK
Swollen Qg{] TN (_9
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Sy ==
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(A) (B) (C)

Figure 7. Possible adsorption behavior of PFS onto PTFE from differenf solvents

According to [31], the most important interactions for fluoropolymertadsorptions/are hydrophobic and
fluorine-fluorine interactions. PFS was the most hydrophobic polymer studied.and it'showed the best adsorp-
tion. It is also possible that in PFS, fluorine atoms are easier to polarize due, to the presence of the aromatic
ring when in close contact with the PTFE. Therefore, the fludrine-fluorinejinteraction between PFS and
PTFE becomes stronger than for the other polymers. Since PTFPMA, and PTFPA contain carbonyl groups
(i.e. they are more hydrophilic), some repulsion between these polymersyand hyghly hydrophobic PTFE may
occur. This results in competition with the fluorine-fluorine ifiteractions.

Block copolymers are known to exhibit similar behayior\asisurfactants. The adsorption of block copol-
ymers onro substrates, including polymers, have beenwidelyinvestigated [36]. The driving force for adsorp-
tion is dependent on the nature of the system. Surface micellisation and micelle adsorption of block copoly-
mers onto hydrophilic and hydrophobic surfaces have,been well studied [37]. Greater rates of adsorption for
micellar solutions over non-micellar solution Have been‘ebserved.

The micellisation of block copolymerofipolystyrene‘and polyacrylic acid, P(S-b-AA) in DMF, which is
a good solvent for both chains, and toluéne, whieh®is only good for PAA has been investigated [38]. It was
found that the number-average hydrodynamic diameters (Dy) of P(Sis3-b-AA;75) and P(S;s3-b-AAj3,) in
DMF were 6.2 and 6.3 nm, respectivelyywhereas in toluene, they were 42.5 and 44.5.

In study [31] it was shown that{the'®y of the P(FS-b-AA) block copolymers in DMF and MEK were
between 21-30, indicating formationyof some kind of aggregates. DMF is a good solvent only for the PAA
segments, whereas MEK is”good{lonly for PFS segments. Therefore, it could be predicted that inverse-
structures of aggregates'in DMEgand MEK occur with the outer layer PAA segments in DMF, and PFS seg-
ments in MEK.

Both P(FS-b#AA )-attaghed films prepared in DMF showed advancing angles of ~90° (Table 3). This sug-
gests that the aggregates, with PAA segments as the outer layer possibly reorganized when adsorbed and dried
onto PTFE exposing the PFS segments on the surface in order to reduce surface tension (Fig. 8 and 9) [31].

DME Dryi T
(© _ Dving__ |

PAA

MEK Drying
~ 9900

Figure 8. Aggregate adsorption onto PTFE surfaces in different solvents
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Receding angles of these surfaces were ~30°, indicating some reorganization of the polymer chains dur-
ing the contact angle measurements (Table 3). After soaking these samples in water, the advancing angles
reduced to 73° (~17° decrease). This also suggests the existence of flexible polymer chains on the PTFE sur-
faces [31].

Advancing Receding
(A) (8)
Advancing Receding

<h
Advancing

[{=]]
Receding

Figure 9. Water droplet profiles on the surfaceséf u d PTFE (Sample 4A, Table 2)
(A) advancing and (B) receding. P(FS;¢;-b-tBA4;) adsorbe (sample 4G) (C) advancing and (D) receding,
and P(FS;y;-b-AA4;) adsorbed PTFE (Sa advancing and (F) receding [31]

Copolymer P(FSi;-b-AA,4;) adsorbed o
In MEK, aggregates with PFS segments in t

EK showed the highest advancing angle (101°).
possibly adsorbed onto PTFE without structural

change. The receding angle was 50°, anddid ge after soaking in water, which indicates that full rear-
rangement occurs during the contact a easurement.

Hydrophilicity/hydrophobicity 0fithe containing amphiphilic block copolymers adsorbed PTFE is
found to be reversibly tuneable on the environment (e.g. water vs air). The author of study [31]
pointed out that since the ca id groups of these chains are free, it is suited for further modification
of these group (neutralizati 1, for example).

orinated block copolymers and possibility of scaling up

y is of PEPDTA can be performed following published procedure [40, 41]. Benzyl chloride
as added dropwise to a mixture of magnesium turnings (3.75 g) in dry diethyl ether (100 ml). Fol-
lo the vigorous initial reaction, the solution was refluxed for 3 h to ensure complete reaction. The mix-
ture was then chilled and carbon disulfide (12.0 g) was added dropwise over 30 min, and then the mixture
stirred at 0 °C for the following 2 h. The mixture was then poured onto ice-water (300 ml) and the aqueous
portion collected following three washes with diethyl ether. A final layer of diethyl ether was added, and the
mixture acidified using 30 % aqueous HCI. Phenyldithioacetic acid (~ 7 g) was collected via rotary evapora-
tion of the ether. The acid was then reacted with styrene (9.0 g), with a small amount of acid catalyst (tolu-
ene-p-sulfonic acid) in chloroform (10 g). The product was then precipitated in cold methanol and recrystal-
lised from methanol as fine yellow crystals (3.2 g).
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The homopolymerization of pentafluorostyrene (FS) was carried out in presens of PEPDTA and 1,1°-
azobis(cyclohexanecarbonitrile) (ABCHC) at temperature 80°C and concentration of PEPDTA 28 mM and
56 mM. In both cases the ratio of concentration [PEPDTA]: [ABCHC] was equal to 10:1.

It was found [32] that most consistent results have been obtained when ethyl acetate has been used as
the solvent for block copolymerization. GPC chromatograms of P(FS-b-fBA) obtained from polymers syn-
thesized in ethyl acetate showed an unimodal distribution as well as the presence of RAFT end-groups over
the whole PFS distribution.

Conclusions

Three methods of modification of the surface of PTFE nanoparticles with a purpose to increase, their
hydrophilic properties have been described:

a) Adsorption of esters of p-hydroxybenzoic acid;

b) Adsorption of branched fluorocarbon surfactant polymers containing perfluoteundecanoyloxy
groups;

c¢) Adsorption of fluorinated homopolymers and block copolymers.
The basics of all three approaches have been described and their potential advantagesiand disadvantages in
terms of feasibility for creation of stable dispersions of PTFE nanoparticles in polariiquidsmiedia have been
considered.
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H.H'bapamkos, T.B.Caxno, C.T.CrrukoBa, 1.C.Hprubaesa, FO.E.Caxno

CyrapIksIIITHIFBIH KOTepMesley MaKcaTbiMeH noaurerpagropituwieH (IITOD)
HaHOoOeJIIeK OeTiHiH TYpe3repTylijiik daicTepi

Tommrerpadropatunen (IITPD) nanobemmek rugpodmiai KacHETTepiH KOTepMeNey MaKCaThIHIA OHBIH
OeTiHIH TYPe3TepTYLIUIriHIH YII 9fici KapacTHIPBUIFaH: A-THAPOKCHOCH30MIIBIK KBIIKBLT 2(UpiHIH agcopo-
musicel;  OerTik-Oencenni mepdropaekaH OKCHUTONTApHIH, (TOp TOMOmMONIMMEpAl KaMTBUIFaH —aifblp
¢dTopkeMipTeri MmoIMMEpIiH ancopOLUsIChl JKoHE OJIOK-KOCTOMMMepep aacopOimscel. bapmeik ymr agic,
OHBIH 9NeyeTTi THIMAIiNmiriHe KapamacrtaH, capananraH OomaTeiH, I[IT®D epirimr epicrepiHae TypakKTb
HAHOOOJIIIEKTIK TUCHEePCUSICHIMEH KaMTaMachl3 €Tyre MHEeHTadTOPCTUPOT OJOKTapblH KYPaHThIH OJIOK-
KOCIIOJIMMeEpJIep a/ICOPOLMACHIHAA HETI3ACNTeH dMIIC KOHE aKPHIIBIK KBIIIKBULAAPBI OCHI MAaKCaTTap YIIiH
JaBIKTBI OOJIBIT KOPIHETIHAIT KailsIbl KOPBITHIHIBI KacaFaH.
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H.H.Bbapamkos, T.B.Caxno, C.T.CsrukoBa, U.C.Uprubaesa, FO.E.Caxno

MeToabl Mmoaupukanuu nopepxHoctu IIT®I nanouacTuiy
€ eJIbI0 MOBBIMIEHUsI UX THAPOPUIBLHOCTH

C uenpio MOBBILECHHS THAPOGUIBHBIX cBOHCTB HaHOYacTHI[ [ITMDD paccMOTpEHbI TPH METOja MOJUbHKALHN
UX TOBEPXHOCTH: acopOuust 3¢upa n-ruApoKCUOEH30MHON KUCIOTHI; afcoOpOLKsl pa3BEeTBICHHBIX (TOpYyTIIe-
POIHBIX MOJMMEPOB, COACPIKALIMX TOBEPXHOCTHO-aKTHBHBIC Mep()TOPIEKaHOKCHIPYIITBL, a TaKkKe aacopo-
st PTOPCOAEPIKALINX TOMOIIOINMEPOB U GJIO0K-COMOINMepoB. Bee Tpy Merona GbUIH MpOaHATH3UPOBAHEI
C TOYKH 3PEHHS MX MMOTCHUUANBHOM 3(()EKTHBHOCTH, YTOOBI 00€CHEeUNTh CTAOMIBHYIO IUCIEPCHIO HaHOYA-
crurl IIT®D B MOJAPHBIX PacTBOPUTENAX. ABTOpPAMH C/eJIaH MPEIBAPUTEIBHBII BBIBOA O TOM, YTO METOI,

OCHOBAHHBIH Ha asicopOIy (GTopcoaepKamux OJIOK-COMOIMMEPOB, COJIEPIKAIIIX OIOKH MeHTa(TOpCT,
W aKpPHJIOBOH KUCIOTEI, IPEACTABIAETCSI HAaHOO0IIee TOAXO ISIINM JUTS TaHHBIX [eJIeH.
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