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ABSTRACT: For decades, water and oil repellency of engineering thermoplastics
has been achieved with introduction of long-chain perfluoroalkyl substances and
moieties (CnF2n+1, n ≥ 7). However, their bioaccumulative and toxicological impact
is now widely recognized and, consequently, the substances have been phased out
of industrial production and applications. To this end, we have synthesized
fluorinated oligomeric triblock polyesters (FOPBs), which do not possess the long-
chain perfluoroalkyl segments and serve as effective low-surface-energy additives to
engineering thermoplastics. More specifically, we obtained original perfluoropo-
lyether (PFPE)-based triblock copolymers, in which two identical fluorinated
blocks were separated by a short nonfluorinated polyester block made of
poly(ethylene isophthalate) (PEI). It was found that when FOPBs were added
to poly(ethylene terephthalate), nylon-6, and poly(methyl methacrylate) films they
readily migrate to the film surface and in doing so imparted significant water and oil
repellency to the thermoplastic boundary. The water/oil wettability of the films
modified with FOPB is considerably lower than the wettability of the films modified with an analogous PFPE-based polyester,
which differs from FOPB only by the absence of the short nonfluorinated PEI middle block. We associate the superiority of the
triblock copolymers in terms of water and oil repellency with their ability to form brushlike structures on polymer film surfaces.

■ INTRODUCTION

For decades, water and oil repellency has been one of the
major targets in the design of practical polymer-based
materials. Until recently, long-chain perfluoroalkyl substances
and moieties (PFASs, CnF2n+1, n ≥ 7) have been practically
exclusively used for this purpose in numerous applications,
including textiles, polymer films, and surfactants.1−4 However,
their bioaccumulative and toxicological impact on environ-
ment, humans, and wildlife is now widely recognized and,
consequently, the PFASs have been phased out of industrial
production and applications.1,5−7 On the other hand, PFASs
with fewer than seven carbons are generally less toxic and less
bioaccumulative in wildlife and humans.8 To this end, our
work reported here focuses on the enhancement of the water
and oil repellency properties of engineering thermoplastics via
addition of perfluoropolyether (PFPE)-based polyester triblock
copolymers containing C4F9− and C6F13− end groups. PFPEs
(having in their backbone −CF2−, −CF2−CF2−, and −CF-
(CF3)−CF2− units that are separated by oxygen atoms) are
considered as potentially safer substitutes for PFASs.1,9,10

Indeed, PFPEs possess low surface tension (20−22 mN/m),
low volatility, high chemical inertness and radiation resistance,
optical transparency, nonflamability, good oxidative/thermal
stability, low coefficient of friction, and low toxicity.11−16

Although PFPEs have numerous advantages, as pure materials,
they cannot serve as effective water/oil repellent additives for
conventional thermoplastics due to their immiscibility and
incompatibility with polymer matrices.11,17 In addition, the
materials are liquids of very low viscosity, which leads to an
exudation from the surface of the host polymer over short
periods of time.
In this respect, PFPE-based cross-linked materials and

copolymers have been demonstrated to have the capability
to function as hydrophobic/lyophobic materials and inter-
faces.9,11,13−21 These copolymers are also shown to be quite
effective as additives that offer long-lasting surface modifica-
tions to polymer materials.21,22 In the latter case, the
compatibility between different segments can be controlled
by the chemical composition and structure of nonfluorinated
parts. For instance, Wang et al. described the modification of
poly(butylene terephthalate) with fluorinated multiblock
polyester containing PFPE segmens.22 Drysdale et al. reported
on the blending of poly(trimethylene terephthalate) with
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blocky polyesters containing isophthalic units fluorinated with
PFPE.21

In our recent study, it was demonstrated that PFPE-based
oligomeric polyesters (FOPs) can also be employed as effective
low-surface-energy additives to engineering thermoplastics.10

In particular, we have synthesized FOPs with and without
fluorinated end groups and blended them with poly(ethylene
terephthalate) (PET). The polyesters terminated with
fluorinated end groups contained only short C4F9− perfluor-
oalkyl segments, which cannot yield unsafe long-chain
perfluoroalkyl carboxylic acids. To improve the compatibility
of the materials with PET (and other polar thermoplastics), we
introduced isophthalate (IPH) segments into the polyesters
and targeted the synthesis of lower-molecular-weight oligo-
meric macromolecules. In addition, macromolecules of
relatively low molecular weights (MWs) have relatively high
rates of diffusion and, therefore, migrate readily to the material
boundary. In fact, we found that when FOPs were added to
PET films, they occupied the film surfaces and brought
significant water and oil repellency to the thermoplastic
boundary. We have established that the wettability of FOP/
PET films depends on three main parameters: (i) end groups
of fluorinated polyesters, (ii) concentration of fluorinated
polyesters in films, and (iii) equilibration via annealing. The
FOP most effective in water/oil repellency has two C4F9−
PFPE− tails (Figure 1a,c). The addition of this oligomeric

polyester to PET materials allowed us to attain levels of oil
repellency and surface energy comparable to those of
poly(tetrafluoroethylene) (PTFE/Teflon), a fully perfluori-
nated polymer.
However, we also found that for the FOP/PET blend to

demonstrate surface energies close to those of PTFE quite a
significant concentration (∼10−15%) of the fluorinated
polyester has to be used. We have associated this phenomenon
with the conformation of the FOP macromolecule on the film
surface (Figure 1b). As determined in earlier studies of
fluorinated materials,23−26 their surface is always preferentially
occupied by the fragments of the polymer chain with the

lowest surface energy. For FOPs, the order in terms of surface
energy is as follows: CF3− < −(CF2)3− < −CF2−CF2−O− <
nonfluorinated isophthalate (IPH) units. To reach the lowest
surface energy, the surface has to be populated with C4F9-
functional groups that possess lower surface energy than that of
−CF2−CF2−O− and IPH chain segments. We suggest that
FOP chains are spreading over the surface at relatively low
concentrations and that −CF2−CF2−O− and even IPH chain
segments can interact with a contacting liquid attempting to
wet the boundary (Figure 1b). Therefore, a relatively high
concentration of the fluorinated polyester is necessary to
maximize the presence of C4F9− groups at the surface.
To this end, we now report on the synthesis and properties

of the next generation of highly effective FOP-based low-
surface-energy additives. Specifically, we synthesized two
different PFPE-based polyester triblock copolymers (fluori-
nated oligomeric triblock polyesters (FOPBs)), where two
longer FOP end blocks are separated by a short nonfluorinated
polyester block made of poly(ethylene isophthalate), PEI
(Figure 2). One of the copolymers was terminated with
C6F13− end segments (FOPB-2), which are widely used since
C6-based materials have been considered as the most effective
alternatives to PFASs having C7F15− or longer perfluorinated
moieties. The other copolymer possessed C4F9−PFPE− end
groups (FOPB-1), which had a shorter perfluorinated moiety
and also contained oxygen atoms. In our study, we have
compared the efficiency of these FOPBs as water/oil repellent
additives to that of thermoplastic materials. We foresaw that
the FOPB structure will support the formation of FOP
brushlike layers on the surface, in which short perfluoroalkyl
groups concentrate on the exterior of the thermoplastic film
(Figure 2b). Formation of the brush is supported by
segregation of the middle nonfluorinated block to the higher-
surface-energy thermoplastic surface. The segregation is driven
by the thermodynamic conditions of minimization of
interfacial energy. In fact, PET, nylon-6, and poly(methyl
methacrylate) (PMMA) films modified with just 5% of FOPB
materials demonstrated wettability and surface energies close
to or lower than those of PTFE. We also found that
copolymers possessing C6F13− and C4F9−PFPE− end groups
demonstrated comparable level of water and oil repellency.

■ EXPERIMENTAL SECTION
Materials. A telechelic PEI oligomer was synthesized by the

solution reaction of isophthaloyl chloride (IsoCl) with ethylene glycol
(EG), which were both purchased from Sigma-Aldrich. Semitelechelic
PFPE-based polyester oligomers were synthesized through the
reaction of IsoCl with fluorinated ether alcohols, such as 1H,1H-
perfluoro-1-heptanol (C6F13−OH) from Matrix Scientific, 1H,1H-
perfluoro-3,6,9-tiroxatridecan-1-ol (C4F9−PFPE−OH), and
1H,1H,11H,11H- perfluoro-3,6,9-trioxaundecane-1,11-diol (PFPE-
diol) from Synquest Laboratories. In the synthesis of PEI and FOP
oligomers, methyl ethyl ketone (MEK) from Alfa Aesar was dried by
molecular sieves under vacuum and was used as a solvent.
Triethylamine (Et3N) used for the removal of HCl salt during
synthesis was from Sigma-Aldrich. FOPBs were synthesized through
melt polymerization of PEI with FOPs having different end groups.
The solvent used for the polymer film fabrication, 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) from Oakwood Products, Inc., was
used as received. Commercial-grade PET and nylon-6 pellets from
Unifi and PMMA pellets from Sigma-Aldrich were used as received.

Synthesis of Poly(ethylene isophthalate) Oligomer. In the
synthesis of the PEI oligomer, IsoCl was dissolved in MEK and
preheated at 70 °C for 30 min. Then, EG and Et3N in dry MEK were
added to the IsoCl solution dropwise under vigorous stirring, and the

Figure 1. Schematic of FOP with two C4F9−PFPE− tails (a);
schematic of FOP chains spreading over the thermoplastic surface and
contacting wetting liquid (b); and chemical structure of FOP with
two C4F9−PFPE− tails (c).
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solution was incubated at 70 °C for 3 h. After the formation of
oligomers, the reaction mass was cooled down to room temperature
and stirred overnight. Next, HCl salt trapped by Et3N was removed by
centrifugation at 5000 rpm for 1 h. The remaining solution was
transferred to a 100 mL three-necked flask, which was equipped with
a mechanical stirrer. The oligomer was heated at 50 °C for 4 h and at
70 °C for 1 h under a stream of nitrogen (N2) to remove MEK. After
MEK was removed, the reaction medium was heated at 100, 120, and
150 °C for 4, 2, and 7 h, respectively, under N2 to obtain higher-
molecular-weight macromolecules. The additional experimental
details of the PEI synthesis are provided in the Supporting
Information (SI) (Section S1).
Synthesis of Fluorinated Polyester Oligomers. For FOP

synthesis, fluorinated ether alcohols and Et3N were dissolved in dry
MEK and preheated at 70 °C for 30 min with stirring. Then, the
solution of IsoCl was added dropwise into the reaction media and the
reaction was carried out at 70 °C for 3 h. Afterward, the solution was
cooled down to room temperature and stirred overnight. After the
reaction was completed, the Et3N−HCl salt was removed at 5000 rpm
for 1 h by centrifugation. The remaining solution was added to a 100
mL three-necked flask, equipped with a mechanical stirrer. The
oligomers were heated at 50 and 70 °C for 4 and 1 h, respectively,
under a stream of N2 to remove MEK. After removal of MEK, the
reaction medium was heated at 150 °C for 7 h under N2 to obtain the
targeted oligomers. The additional experimental details for the FOP
synthesis are presented in SI (Section 1).
Synthesis of Fluorinated Block Copolymers. A telechelic PEI

oligomer with reactive end groups was reacted with FOP semite-
lechelic oligomers in the melt state in a 100 mL three-necked flask to
obtain fluorinated triblock copolymers. The reaction was carried out
under N2 at 200 °C for 5 h with vigorous stirring. The additional

experimental details for FOPB synthesis are provided in the SI
(Section 1).

Polymer Film Preparation. To prepare films, PET, PMMA, or
nylon-6 was solvent-blended with FOPBs in HFIP at different
concentrations. Polymer-blended films were fabricated on a clean Si
wafer substrate by dip coating (dip coater: Mayer Fientechnik D-
3400) from 3 wt % polymer solution in HFIP using 320 mm/min
withdrawal rate. Prior to film deposition, the wafers were first cleaned
in an ultrasonic bath for 30 min, placed in a hot “piranha” solution
(3:1 concentrated sulfuric acid/30% hydrogen peroxide) for 1 h, and
then rinsed several times with high-purity deionized water. After being
rinsed, the substrates were dried under a stream of dry nitrogen.
Afterward, the films were kept at room temperature overnight to allow
for solvent evaporation. For selected experiments, the dried films were
annealed at 140 °C for 3 h in a vacuum oven. The thickness of the
polymer films was 300−350 nm as measured by ellipsometry.

Characterization Techniques. The molecular weight (MW) of
the materials synthesized in this work was measured by gel
permeation chromatography (GPC, Waters Breeze). Prior to the
measurements, the oligomers were dissolved in chloroform and kept
overnight. The obtained oligomer solutions were filtered through 0.2
μm syringe PTFE filters. Polystyrene was employed as a standard for
the GPC calibration. Attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy spectra of the materials were
acquired with a Thermo Nicolet 6700 FTIR spectrometer. For
fluorine nuclear magnetic resonance (19F NMR) spectroscopy, the
dried materials were dissolved in deuterated chloroform (with
trichlorofluoromethane as a reference) for 24 h. A Bruker Avance II
spectrometer (300 MHz) was used to record the 19F NMR for the
samples. For thermogravimetric analysis (TGA), PerkinElmer TGA
was used. Samples of approximately 5 mg were pretreated under a

Figure 2. Schematic of FOPB with two perfluoroalkyl end segments (a); schematic of FOPB chains on the surface and contacting wetting liquid
(b); and chemical structure of FOPBs (c).
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nitrogen atmosphere (gas flow of 20 mL/min) for 10 min at 25 °C.
Samples were heated to 600 °C at a heating rate of 20 °C/min under
N2. For differential scanning calorimetry (DSC), a DSC 2920 (TA
Instruments) was employed. Samples (∼5 mg) were analyzed at a
heating rate of 20 °C/min under a nitrogen atmosphere. Atomic force
microscopy (AFM, DI 3100 Dimensions) was conducted with a
Dimension 3100 microscope (Digital Instruments, Inc.) to scan
polymer films in tapping mode at 1 Hz scan rate. The static contact
angles (CAs) of water and hexadecane (HCA) were measured at
room temperature with an equilibration time of 30 s. CAs were
recorded with a drop shape analysis instrument (DSA10, Kruss,
Germany). X-ray photoelectron spectroscopy (XPS) spectra were
obtained using a Thermo K-Alpha XPS (Thermo Fisher Scientific,
West Palm Beach, FL) with monochromatic X-rays (Al Kα at 15 kV).
The thickness of the films was determined by ellipsometry with a
COMPEL automatic ellipsometer (InOm Tech, Inc.) at an angle of
70° and wavelength of 653 nm.

■ RESULTS AND DISCUSSION

PEI Middle Block. The telechelic poly(ethylene isophtha-
late) oligomer was synthesized to serve as a middle block in the
triblock copolymers. The detailed description of the synthesis
and characterization of the PEI block is presented in SI
(Section 1). The major parameters for the obtained oligomer
are also shown in SI (Table S1). In brief, to obtain the
polyester, IsoCl was reacted with EG through the Schotten−
Baumann reaction between acid chloride and hydroxyl
functionalities of the monomers (Figure S1, SI).27−29 We
employed a classical Carothers approach to regulate the
molecular weight and the chemical nature of the polyester end
groups during polycondensation using stoichiometric imbal-
ance.30,31 The PEI synthesis was conducted by a combination
of solution and melt polymerization following the procedure
previously employed by us to obtain PFPE-based oligomeric
polyesters.10 According to the TGA (Figure S4, SI), the
obtained oligomers have ∼20% lower-molecular-weight
fraction, which is thermally stable until ∼200 °C, whereas
the major PEI fraction withstands higher temperature (>300
°C). The major fraction of the product had the decomposition
temperature (Td) of around 388 °C. The GPC results
indicated that PEI oligomers with a weight-average molecular
weight (Mw) of 1564 g/mol and polydispersity index (PDI) of
2.8 were obtained. We associate the relatively high PDI with
the presence of lower-MW oligomers in the samples. On the

basis of Mw, we estimated that the number of repeating units
for PEI was ∼7.
The thermal transitions of the PEI oligomer were studied by

DSC (Figure S5, SI). We found that the oligomer is an
amorphous material with a midpoint glass-transition temper-
ature (Tg) of −5 °C. The result indicates that PEI chains
possess a high chain mobility/diffusivity at and above room
temperature. This behavior supports the migration of targeted
FOPBs to the surface of thermoplastic materials. The polyester
structure was examined with ATR-FTIR (Figure S6, SI). The
results were analyzed using readily available spectral databases
for organic compounds.32 IR spectra confirmed that the
targeted PEI oligomers were obtained.

FOP Blocks. The general schematic for synthesis of FOP
blocks is depicted in SI (Figure S2). Table S1 (SI) presents the
major parameters for the synthesized macromolecules. For the
block synthesis, we used the same chemical procedures as for
the synthesis of the PEI oligomer. Two different semitelechelic
oligomeric blocks end-terminated with (i) one hydroxyl and
one C4F9−PFPE− end group (FOP-1) and (ii) one hydroxyl
and one C6F13− end group (FOP-2) were obtained. The
detailed description of the synthesis and characterization of
FOP blocks is presented in SI (Section 1). The synthesized
FOPs were analyzed with TGA (Figure S7, SI). The TGA
measurements indicated that the higher-molecular-weight
oligomer fractions were ∼82 and ∼88% for FOP-1 and
FOP-2, respectively. TGA results also showed that FOP
oligomers of higher molecular weight have Td above 400 °C.
Mw for the oligomers was on the level of 4000−5000 g/mol
(Table S1, SI). The estimated numbers of repeating units for
FOP-1 and FOP-2 are ∼8 and ∼7, respectively. Consequently,
the weight percent of the fluorinated end segments is quite
similar and is about 11% for FOP-1 and 8% for FOP-2. ATR-
FTIR analysis was performed to identify the major functional
groups in the obtained FOPs (Figure S8, SI). In general, IR
spectroscopy confirms that the fluorinated polyester oligomers
were synthesized successfully. DSC analysis showed that FOPs
are semicrystalline materials having both a Tg and melting
temperature, Tm (Figure S9, SI). Tg values for FOP-1 and
FOP-2 are −35 and −22 °C, respectively. We attribute the
difference in Tg to the chemical composition of FOP end
groups. Owing to the oxygen atoms, the C4F9−PFPE− tails in
FOP-1 are more flexible than C6F13− tails in FOP-2.33 Thus,

Figure 3. DSC traces for FOPBs (a) and for the Tg region of FOPBs (b).

Langmuir Article

DOI: 10.1021/acs.langmuir.8b02628
Langmuir 2018, 34, 12934−12946

12937



the Tg for FOP-1 is lower than that of FOP-2. It is necessary to
point out that both FOPs have the same melting temperature
of ∼47 °C because both materials possess the same crystalizing
repeating unit.
FOPB Copolymers. The chemical schematic for the

synthesis of FOPB-1 (copolymer with C4F9−PFPE− end
groups) and FOPB-2 (copolymer with C6F13− end groups) via
the Schotten−Baumann reaction in melt is displayed in Figure
S3, SI. The detailed description of FOPB synthesis and
characterization is reported in SI (Section 1). The character-
istics of the obtained block copolymers and their chemical
structure are presented in SI (Table S2 and Figure 2,
respectively). According to the TGA results (Figure S10, SI),
the major component (>97%) of the obtained FOPBs
corresponds to the higher-molecular-weight product having
Td above 300 °C. This indicates that FOPB-1 and FOPB-2
copolymers have significant thermal stability irrespective of the
end groups. ATR-FTIR analysis supported the proposed
chemical structure of FOPB because the major functional
groups of FOPBs are present in the IR spectra (Section 1 and
Figure S11, SI). 19F NMR spectroscopy further confirmed
synthesis of the targeted FOPBs (Section 1 and Figures S12
and S13, SI). The MW and PDI of FOPBs are on the level of
8000−10 000 g/mol and 2−3, respectively. On the basis of the
structure of end groups; Mw; and number of repeating units for
PEI, FOP-1, and FOP-2 blocks, we estimated that the atomic
concentration of fluorine in the block copolymer chain is
practically the same: 25% for FOPB-1 and 24% for FOPB-2.
DSC analysis was performed to determine Tg and Tm for

FOPBs (Figure 3). The results showed that FOPBs are
semicrystalline materials because both Tg and Tm were
detected. For FOPB-1 and FOPB-2, Tm values are 46 and 48
°C, whereas midpoint Tg values are −18 and −16 °C,
respectively. DSC data suggested that the influence of end
groups on the position of copolymer thermal transitions is not
significant. In general, the glass-transition temperature of
copolymers is significantly higher than the one for the FOP
blocks, indicating significant influence of the middle PEI block
on the transition. However, the melting temperature is not
influenced by the PEI block. In general, we anticipated that the
relatively low Tg and Tm have to facilitate migration of the
FOPB additives to the boundary of thermoplastic polymer
materials and thus increase their water and oil repellency.
Morphology of FOPB/PET Films. PET films with

different concentrations of FOPBs were prepared by dip
coating from FOPB/PET solution. The films were divided into
two groups: (i) the films from the first group were dried at
ambient conditions and (ii) the films from the second group
were first dried and then annealed at 140 °C for 3 h under
vacuum. The annealing temperature was selected to be above
the FOPBs’ thermal transitions and the Tg of PET (70−80
°C34,35), yet below the melting temperature of PET (250−260
°C34,35). In practical applications, only films with a low
concentration of fluorine species can be employed; therefore,
we prepared polymer films containing 1, 2, 5, and 10% of
FOPBs to study the effect of copolymer content on the surface
morphology.
AFM imaging was used to investigate the micro-/nanoscale

morphology of the films before (Figures 4 and S14, SI) and
after the annealing (Figures 4, S15, and S16, SI) treatment for
FOPB/PET films possessing different amounts (1−10%) of
the fluorinated copolymers. Figures 4 and S14 show that the
smooth polymer films were fabricated from FOPB/PET

solutions without visible crystal formation. It is apparent that
PET and FOPBs are to some extent immiscible and phase-
separated (dark) domains of FOPBs are clearly visible in a
(bright) PET matrix on the AFM images. Figures 4 and S15
show that the annealing treatment has a significant effect on
the surface morphology because the crystalline structures are
formed within FOPB/PET films. We also note that the phase
separation of FOPBs is not clearly observed for the annealed
films on AFM topographical images. Thus, it is possible that as
a result of annealing FOPB dissolves in the PET matrix. In an
alternative scenario, FOPB spreads over the PET surface,
forming a continuous layer (as a lower-surface-energy
component for thermodynamical reasons33).
To clarify this matter, we have determined thermal

transitions of the annealed (at 140 °C for 3 h) FOPB/PET
blends (Figures S17 and S18, SI). The transitions were
compared to the ones observed for pure PET and FOPBs
materials processed under the same conditions. The major
focus was to understand if FOPBs have some level of
miscibility with the PET matrix. To this end, we followed
the PET melting transition, which does not overlap with Tg
and Tm of FOPBs. If at least the partial miscibility of PET and
FOPB is present, it has to significantly decrease the melting
temperatures of PET.33 However, data for the FOPB/PET
blends (Section 12 and Table S3, SI) shows that there is no
significant and systematic decrease in Tm of the PET matrix
with addition of FOPBs. For the blends containing 80% of
FOPBs, it was found that Tm for the fluorinated block
copolymer is not influenced by the presence of PET phase as

Figure 4. AFM (10 μm × 10 μm) images of polymer films of pure
PET (a−c), 10 wt % FOPB-1/PET films (d−f), and 10 wt % FOPB-
2/PET (g−i) films. Topographical images before annealing (a, d, g)
and after annealing (b, e, h). Phase images of the annealed films (c, f,
i). The scale is in degrees.
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well (Figures S17 and S18, SI). Therefore, the polymer
materials are practically immiscible. Since the copolymers
cannot be accommodated in the PET matrix and have lower
surface energy, we suggest that upon annealing FOPBs spread
over the boundary of the film and form a continuous layer. In
fact, AFM phase images (Figures 4 and S16), which are
particularly sensitive to heterogeneity of surface composition,36

do not show that the surface layer is discontinuous and
partially covering the film surface. On the basis of the AFM
and DSC results, we assume that after the annealing step
practically all of the surface of the FOPB/PET films is covered
with the nanoscale copolymer layers.
Thermodynamics of FOPB Layer Formation. Our study

of the FOPB/PET film morphology indicates that FOPB is
immiscible with PET and presumably forms a nanoscale layer
covering the exterior of the film. On the basis of
thermodynamical conditions of minimization of surface energy,
we evaluated the capability of the FOPB layer to possess
brushlike structures, in which the PEI block segregated to the
PET surface (Figure 2b). To this end, we estimated surface
energies and their (polar and dispersive) components for the
PEI block, FOP blocks, and PET as well as determined the
interfacial energies in the system (Section 13 and Table S4, SI)
using algorithms reported elsewhere.33,37−39

We then considered two border situations (A and B) for the
FOPB layer arrangement on the PET surface. In case A, the
layer has PEI blocks exposed to the layer exterior, whereas
FOP blocks are segregated to the PET boundary (Figure 5a).
In scenario B (FOPB brush formation), FOP chains are
located on the surface, whereas PEI is in contact with the PET
surface (Figure 5b). In the first arrangement, the change in the
Gibbs energy can be approximated using eq 1 (Section 13, SI)

Gd 1 FOP PEI FOP PEI PET PET FOPγ γ γ γ γ= − + + − +‐ ‐ (1)

where γFOP is the surface energy of FOP, γPEI is the surface
energy of PEI, γFOP‑PEI is the interfacial tension for FOP-PEI,
γPET is the surface energy of PET substrates, and γPET‑FOP is the
interfacial tension between PET substrates and FOP. For the
second arrangement, the change in Gibbs energy equation can
be estimated using eq 2 (Section 13, SI)

Gd 2 PEI FOP FOP PEI PET PET PEIγ γ γ γ γ= − + + − +‐ ‐ (2)

where γPET‑PEI is the interfacial tension value for PET substrates
and PEI. Using data from Table S4, SI, the changes in Gibbs
free energy of the layer arrangements were calculated to be
−21 mN/m (FOPB-1) or −24 mN/m (FOPB-2) for
arrangement A and −59 mN/m (FOPB-1) or −59 mN/m
(FOPB-2) for arrangement B. It is evident that the lowest free
energy for the layer formation is given by arrangement B,
where PEI is segregated to the PET surface and FOP blocks
are positioned at the external interface. Therefore, from the
thermodynamic point of view, the formation of the FOPB
brushlike layer on the PET surface is favorable. This is the
preferential arrangement for the applications targeted here,
where fluorine entities are needed at the polymer boundary to
minimize its surface tension.

Wettability of Solvent-Cast FOPB/PET Films. We
evaluated the degree of hydrophobicity and oleophobicity of
solvent-cast (no annealing) FOPB/PET films by measuring the
static contact angle of water (WCA) and hexadecane (HCA).
It was shown experimentally that liquids with bulky molecules
like hexadecane are suitable for contact angle measurements to
characterize energetics of fluorinated polymer surfaces.40,41

Prior to the CA measurements, we evaluated the copolymer
solubility in the wetting liquids and found out that FOPBs are
not soluble in water and hexadecane. In addition, a pure PET
film was also prepared to identify its wettability with water and
oil (hexadecane). The CAs were measured after the films were
stored at ambient conditions for 16 h after the fabrication. The
wettability results are presented in Figure 6a. It is obvious that
the pure PET film is nearly completely wettable with
hexadecane (HCA < 5°) and partially wettable with water
(WCA ≈ 58°). We found that a small amount of the
fluorinated triblock copolymers incorporated into PET
resulted in a significant increase in the values of both WCA
and HCA. For instance, the WCA and HCA were increased for
the films containing 1−2% of FOPBs up to the level of 70−80
and 30−50°, respectively. In general, the wettability of the
films decreased with the FOPB content as more fluorinated
copolymer is present on the film surface. For the films
containing 10% of FOPBs, the WCA and HCA are 80−90 and
55−65°, respectively.
Our preceding studies on wettability of PET films containing

PFPE-based oligomeric polyesters indicated that the solvent-
cast films are not at equilibrium and the enrichment of the film
surface with the oligomeric polyesters continues for several
days.10 Therefore, to study if surface enrichment of triblock
copolymers varied with the storage time, we conducted CA
measurements on the films containing 5% FOPB-1 and FOPB-
2 as a function of time. In parallel, AFM imaging of the films
was also conducted (data not shown). In general, we found
that there was no significant change in the FOPB/PET surface
morphology imaged with AFM as a result of storage.
The wettability results are displayed in Figure 6b. Indeed,

the migration of FOPB to/over the film boundary continues

Figure 5. Schematic illustration of the two border situations for the
FOPB monolayer arrangement on the PET surface: (a) PEI is
exposed to the exterior, whereas FOP is located on the PET surfaces;
(b) PEI is in contact with PET, whereas FOP is exposed to the
exterior.
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for up to 6−7 days, as indicated by a significant change in
WCA that increased by ∼10° after 7 days of storage. We note
that HCA practically does not change with the storage time.
Therefore, it appears that WCA is more sensitive to the density
(or thickness) of the FOP monolayer covering the PET phase.
The results suggest that the size of the wetting liquid plays a
critical role in wettability. Indeed, based on the molecular
weight and chemical structure, the size of water molecule is
about an order of magnitude smaller than that of hexadecane.
Specifically, the molecular volumes for water and hexadecane
at 20 °C are 30 and 458 Å3, respectively.42 Therefore, water
can penetrate to a greater degree through the layer of
fluorinated oligomer and contact the PET matrix when
compared with hexadecane.
It is necessary to point that we did not observe a clear

difference in the wettability of FOPB-1/PET and FOPB-2/
PET possessing different end groups. In fact, for certain block
copolymer concentrations, WCA and/or HCA of FOPB-1/
PET is higher than that of FOPB-2/PET. However, for films of
a different block copolymer content, the opposite result was

found. In general, the wettability experiments with solvent-cast
films indicated that a significant amount of time is needed for
films to approach equilibrium and to reach higher levels of
water and oil repellency. It is obvious that for practical
applications annealing of the films is necessary. Moreover, in
an industrial setting, the thermoplastic materials are fabricated
at elevated temperatures via melt processing. Therefore, our
further study focused solely on the annealed FOPB/PET films.

Wettability of Annealed FOPB/PET Films. Figure 6c
shows the results of WCA and HCA measurements for the
FOPB/PET films annealed at 140 °C for 3 h. For the sake of
comparison, we also conducted measurements for (the
prepared and annealed at the same conditions) pure PET
and FOPBs films. In general, the thermal treatment
significantly increases WCA and HCA in comparison with
solvent casting. It appears that elevated temperatures support
the migration of the FOPB over the area on the film surface
occupied by the PET matrix and approached the saturation
limit. In addition, as demonstrated by AFM imaging, intensive
crystallization of PET occurs at this temperature. We suggest

Figure 6. WCA and HCA for FOPB/PET films. (a) CAs for films of different FOPB contents before annealing. (b) CAs for 5% FOPB/PET films
stored for different times. (c) CAs for the annealed FOPB/PET films having different FOPB contents. Contact angles for PET and PTFE are given
for comparison.
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that densification (shrinkage) of the PET phase caused by the
crystallization can also support the migration of FOPB
macromolecules to the film surface.
There is a significant dependence of CAs on the

concentration of the fluorinated copolymers in the FOPB/
PET films. The WCA for FOPB-1/PET films increased from
81 to 107° as FOPB-1 content increased from 1 to 10%, and
the HCA of the films increased from 50 to 62° with the FOPB-
1 concentration. A similar scenario is observed with FOPB-2/
PET films, where the WCA increased from 77 to 101° as the
concentration of FOPB-2 increased from 1 to 10%. The HCA
was also increased from 53° to the level of 63°. It is necessary
to point out that wettability of the FOPB/PET films
containing 10% of the copolymer is virtually the same as
wettability of pure (100%) annealed FOPB films. This result
indicates that practically all surface of the FOPB/PET film is
“screened” with the copolymers from the wetting liquids.
We compared the wettability of FOPB/PET films with the

wettability of poly(tetrafluoroethylene) measured by us using
the same method as for FOPB/PET films. The WCA and
HCA for PTFE were measured as 118 and 51°, respectively,
which correlated well with the values in the scientific
literature.43,44 It was found out that the highest WCA for
annealed FOPB/PET films is on the level of 100° and is
reached at 5% copolymer content, which is relatively lower
than that of PTFE. However, with addition of just 1% of
FOPBs to PET, the oil repellency of the films is on the same
level as that of PTFE. The oil repellency of FOPB/PET films is
higher than that of PTFE when 2% of FOPB-1 or 5% of FOPB-
2 is added to the PET matrix. It is necessary to highlight that at
practically important concentrations (≤5%) the water and oil
repellency of the films containing C4 material (FOPB-1 with
C4F9−PFPE− tails) is on the level of that of the films having
C6 material (FOPB-2 with C6F13− tails).
We also compared the water/oil repellency of the annealed

PET films modified with FOPB-1 (Figure 2c) and the
repellency of the annealed films modified with PFPE-based
oligomeric polyester of the chemical structure shown in Figure
1c. The synthesis/structural characteristics of the FOP and
wettability of the FOP/PET films are published elsewhere.10,45

The structures of FOPB-1 and FOP are quite similar and differ
only by the presence of the short PEI middle block in the
FOPB macromolecule. However, owing to the PEI block, the
copolymer is capable of forming brushlike structures (Figure
2b), whereas FOP can only spread over the surface (Figure
1b). The measured WCAs/HCAs for FOP/PET films
containing 5 and 10% of the fluorinated polyester are 84/45
and 91/48°, respectively. These values are significantly (10−
20°) lower than the ones observed for the FOPB-1/PET films
having the same content of fluorinated macromolecules
(Figure 6c). The obtained results indicated the clear
superiority of the triblock copolymer system in terms of
water and oil repellency of the modified thermoplastic polymer
films.
Finally, we compared the wettability of the annealed FOPB/

PET films with the published results on wettability of PET
modified with the addition of perfluoropolyether-based
materials. For instance, Pilati et al.46 reported on water contact
angle of PET modified with the poly(ε-caprolactone)−
(perfluoropolyether)−poly(ε-caprolactone) triblock copoly-
mer, PCL−PFPE−PCL. It was found that at 5 wt % loading
the static contact angle for the modified PET was ∼87°. It is
evident that water repellency of the 5% FOPB/PET film is

significantly better than the one for the PET modified with
PCL−PFPE−PCL. The oil repellency for PET modified with
PCL−PFPE−PCL is not reported in the scientific literature.
However, the advancing hexadecane contact angle for the
100% PCL−PFPE−PCL copolymer film is reported as 67°.11

This value is quite close to the value of hexadecane static
contact angles measured by us for the pure annealed FOPB
films (64° for FOPB-1 and 62° for FOPB-2).

Estimation of Surface Area of PET Screened with
FOPBs. Our thermodynamic estimations indicate that for the
equilibrated FOPB/PET film all of the surface has to be
covered with the layer of fluorinated copolymer. The AFM
phase imaging and contact angle measurements (especially
HCA) also clearly indicate that the surface of the film is
occupied with the fluorinated copolymers. Therefore, the value
of the contact angles is controlled by the thickness of the layer
and ability of the FOPB macromolecules to screen the PET
phase from the probing liquids. We estimated the effective
surface area of PET shielded from the wetting liquids by the
fluorinated copolymer using the classical Cassie−Baxter model
(eq 3).47,48 The model describes the apparent contact angle of
a liquid (θPET/FOPB) on a composite surface when the surface is
not completely wetted by the liquid droplet

f fcos cos cosPET/FOPB FOPB FOPB PET PETθ θ θ= + (3)

where θFOPB and θPET are experimentally determined Young’s
contact angles of a liquid on pure (100%) FOPB and PET
surfaces, respectively. f FOPB and f FOPB are surface area fractions
of the component surfaces. From experimentally measured
contact angles for the annealed FOPB/PET films (θPET/FOPB),
we calculated the surface fraction of the PET surface screened
from the wetting liquids with FOPBs using eq 3. The results
are presented in Table 1 and indicate that FOPBs readily

segregated to the surface and effectively shielded it from the
wetting liquids. We noted that FOPB-1 is better for shielding
surfaces from hexadecane than from water, especially with low
(1 and 2%) concentration in PET films. The same
phenomenon is observed with PET films with addition of
1% FOPB-2. We reiterate here that the reason behind this
observation is difference in the size of the probe liquid
molecules. Therefore, more dense FOPB layers are needed to
screen the PET phase from the smaller water molecules.
Indeed, the difference disappears at higher concentrations of
FOPBs. With 10% load, the PET material is practically fully
screened with FOPBs.

XPS-Based Analysis of FOPB/PET Films. To further
investigate the FOPBs localization on the boundary of the

Table 1. Apparent Surface Area of the Annealed FOPB/PET
Films ( f FOPB), Which Is Screened Effectively by Fluorinated
Chain Segments

polymer films
FOPB content

(wt %)
f FOPB from

WCA
f FOPB from

HCA

FOPB-1/PET 1 0.49 0.7
2 0.55 0.89
5 0.89 0.89
10 1 1

FOPB-2/PET 1 0.39 0.7
2 0.68 0.65
5 0.91 0.9
10 0.92 0.98
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FOPB/PET film, we conducted XPS analysis for the annealed
films with different copolymer concentrations (1, 2, and 5%).
In this study, samples were analyzed at an incident angle of
90°, where the detector line of sight was normal to the film.
Therefore, the corresponding sampling depth from the air/film
boundary was around 10 nm.20,49 XPS survey spectra of the
top 10 nm layer of FOPB/PET films primarily possess three
characteristic peaks: F 1s, O 1s, and C 1s. The F 1s signal was
from the fluorinated copolymer. The O 1s and C 1s peaks were
from both FOPBs and PET polymers. The XPS data is
displayed in SI (Tables S5 and S6). The atomic concentration
of fluorinated triblock copolymer segments in the topmost 10
nm layer was calculated using the experimental F/O ratio from

the survey spectra and not F/C ratio to avoid possible carbon-
based contaminates. The following equations were applied10,50

X F
X O X O

F
O (1 )XPS

FOPB FOPB

FOPB FOPB FOPB PET
=

+ − (4)

X X 1FOPB PET+ = (5)

where XFOPB and XPET are the atomic concentrations of FOPBs
and PET within the top layer, respectively. FFOPB and OFOPB are
the fluorine and oxygen atomic concentrations in the
fluorinated copolymers obtained from spectra of 100% FOPB
films (Tables S5 and S6, SI). OPET is the oxygen atomic
concentrations in the PET polymer. Because hydrogen atoms
are not detectable in our XPS experiment, OPET was calculated

Figure 7. Atomic concentration of FOPB within 10 nm top layer (a) and the effective thickness of the FOPB layer on the surface (b) of the
annealed FOPB/PET film as a function of FOPB concentration in the blends. A geometric two-dimensional model of surface coverage by the FOP
chain: (c) radius of the disc is equal to the radius of gyration of the FOP brushes and (d) mathematical demonstration of three different regimes for
FOP surface coverage.
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using only carbon and oxygen present in the PET structure.
The concentration of the fluorinated copolymer within 10 nm
layer from the air/film interface (calculated by eq 4) is
presented in Figure 7a. The results clearly indicate that the
FOPB content in the topmost layer is increasing with FOPB
concentration and is more than an order of magnitude higher
than that in the film bulk. It appears that the exterior of the
FOPB/PET films is extensively enriched with the fluorinated
copolymers.
Structural Characteristics of FOPB Layers. Our

assumption of the annealed FOPB/PET film structure is
based on the experimental results described in detail above and
summarized here. First, DSC results for FOPB/PET mixtures
have clearly indicated that there is no miscibility between the
polymers. Therefore, there is no dissolution of the copolymer
in the PET matrix upon annealing. Second, according to the
wettability results, the surface of the FOPB/PET films is
significantly enriched with the fluorinated copolymers. In fact,
hexadecane (large molecule) contact angles of the FOPB/PET
films are quite close to the contact angles measured for pure
FOPB films and ∼10 times higher than HCA observed for the
pure PET film. XPS measurements are in accord with the
wettability data, indicating that the concentration of FOPBs
within 10 nm layer from the air/film interface is more than an
order of magnitude higher than that in the “as-prepared” film
bulk. In addition, AFM phase imaging of the annealed FOPB/
PET films has indicated that a uniform FOPB layer is formed
over the semicrystalline FOPB/PET film. Finally, from the
thermodynamic point of view, the formation of the FOPB
brushlike layer on the PET surface is favorable.
As a first approximation, we have used the coarse grain

model describing the top 10 nm of the film exterior probed
with XPS as a two-layered system, where the FOPB layer is
positioned on the top of the PET one. Within this model, we
determined the effective thickness of the FOPB layers by
considering the thickness of the layer to be directly
proportional to the atomic concentration of FOPB within 10
nm of the surface and assumed that the density of FOPB and
PET is 1.5 g/cm3. The value of 1.5 g/cm3 was selected based
on known values of PET34 (amorphous 1.34 g/cm3, crystalline
1.52 g/cm3) and PFPE51 (1.8−1.9 g/cm3) densities. Results
are presented in Figure 7b. The thickness of the layer is on the
level of 3−7 nm depending on FOPB concentration.
The topmost 10 nm layer of the film accessed with XPS

constitutes about 3% of the total (300−350 nm) film thickness
(volume). Therefore, on the basis of XPS results, we can
estimate the atomic concentration of FOPB remaining in other
97% of the film using the following simple relationship: (FOPB
atomic fraction in the entire film − FOPB atomic fraction in
the top 10 nm layer × 0.03)/0.97. If we consider that the
weight fractions are equal to the atomic fractions, the
concentrations of FOPB remaining in other 97% of the film
are on the level of 0, 0.05, and 3% for FOPB/PET films with
“as-prepared” FOPB contents of 1, 2, and 5%, respectively.
One can clearly see that for the film possessing 1 and 2% of the
fluorinated copolymer most of FOPB is migrated to the
topmost film layer.
We compared the FOPB layer thickness with dimensions of

the FOPB macromolecules. To this end, we estimated the
root-mean-square end-to-end distance (R) of the macro-
molecular chain. We calculated the upper border value of R
size by assuming the same scaling relationships as for

oligomeric PET, which is less flexible than FOPB, using eq
6:10,52

R M0.04( )w
0.57= (6)

where Mw is the weight-average molecular weight of FOPB.
Then, the lower border end-to-end distance was also estimated
using eq 7 for perfluoropolyethers, which are more flexible
than FOPBs10,53

R M0.056( )w
0.5= (7)

Our estimations indicated that R values are 6−8 nm for FOPB-
1 and 5−7 nm for FOPB-2. Therefore, the thickness of
copolymer layers is ∼0.5 FOPB monolayer for the films with
1% of FOPB. The thickness increased to ∼1 monolayer for the
films having 5% of the fluorinated copolymer.
Our thermodynamic estimations point out that the macro-

molecules in the layer have to be organized in a brushlike
structure, whereas PEI blocks are segregated to the PET
surface. In this structure, FOP blocks are anchored by the one
end to the surface, whereas another C4F9−PFPE−/C6F13−
fluorinated end is exposed to the air (Figure 2b). We estimated
parameters of the brush layer using relationships developed for
polymer-grafted layers. Specifically, we calculated the chain
density of FOP brushes, the surface coverage of FOP brush,
and average distance (L) between FOP chains in the brush
layer (Section 15, SI). The calculated parameters for the FOPB
layers are presented in Table S7. To better understand how the
parameters are related to the size of FOP blocks, we
determined (using eq 7) that the end-to-end distances for
FOP-1 and FOP-2 are practically the same and are between 4
and 5 nm. From R and L, it is possible to evaluate the degree of
the overlap between FOP chains in the brushlike layer using
the straightforward geometrical model described elsewhere
(Figure 7c,d).54−56 It is obvious that the higher degree of
overlap is directly related to the higher capability of the FOP
layer to screen the PET matrix from the wetting liquids.
There are three different regimes to be considered for

surface shielding effects within the geometrical model. In
regime I (L > R), FOP chains are spaced out, do not overlap,
and do not screen the surface effectively. However, when the
FOP chain density is increased, the chains start to overlap and
transit to regime II (R ≥ L > R/21/2). In regime II, the chain
density is not sufficient to cover the whole surface area. In
regime III (L ≤ R/21/2), the chain density is sufficient to
screen the surface completely. There is no open surface in the
case of regime III. A comparison of R (∼4.5 nm) and R/21/2

(∼3 nm) values for FOPs with L values presented in SI (Table
S7) showed that all of the copolymer layers studied here follow
regime III. However, even when the surface is fully covered
with FOP chains only, values of FOP block chain density∑ on
the level of 1 chain/nm2 (5% FOPB/PET films) are effective in
screening the PET material from both water and hexadecane.
At these values of ∑, thickness of the FOPB layer is somewhat
higher than the end-to-end distance of FOP blocks and,
therefore, the FOP blocks stretch away from the surface and
populate the surface with low energy C4F9−PFPE− and
C6F13− end segments.

Surface Energy Estimation. Surface energy (σ) was also
estimated to further elucidate the characteristics of the FOPB/
PET films. This was calculated from WCA and HCA data
using the Owens−Wendt method (Section 16, SI).48,57−61

This method is one of the most used to determine the surface
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energy of polymer surfaces and is based on principal
assumption that the surface energy is a sum of two
components: dispersion and polar. Other major approaches
that can be used for this purpose are Oss−Chaudhury−Good
and Newman methods.58,62 It is necessary to point that
determination of surface energy of polymer surfaces is not a
fully solved problem and every method has its benefits,
limitations, and shortcomings. The energies determined using
different methodologies are not absolutely equal to one
another.58,62,63 Therefore, only the results produced by the
same method with the use of identical wetting liquids may
directly be compared.
Figure 8 shows that the PET film possesses a relatively high

surface energy around 46 mN/m. However, when only a small

amount of FOPB is added to PET, the film surface energy is
significantly decreased. For example, at a concentration of 2%,
the surface energies are 25 and 23 mN/m for FOPB-1 and
FOPB-2, respectively. It is necessary to highlight that all films
with 2% addition shows σ just 20% above that of PTFE (σPTFE
= 18.5 mN/m). Furthermore, at 5% concentration, all films
have a surface energy practically equal to σPTFE. For the films
with 10% of FOPB, σ1 and σ2 are equal to 15 and 17 mN/m,
respectively. Namely, both FOPB-1 and FOPB-2 with 10%
load have lower surface energy than that of PTFE. It is also
noted that C4 material (FOPB-1) has a surface energy value
quite similar to that of C6 polymer (FOPB-2) at all
concentrations.
Addition of FOPB to Other Thermoplastic Materials.

To demonstrate the applicability of our surface modification
approach utilizing FOPBs to other than PET engineering
thermoplastics, we prepared FOPB/nylon-6 and FOPB/
PMMA films. The FOPB content in the films was 5%. The

films were annealed at 140° for 3 h prior to the CA
measurements. The obtained wettability and surface energy
results are presented in Table 2. It is obvious that both pure
nylon-6 and PMMA are partially wettable with water and
nearly completely wettable by hexadecane. The incorporation
of FOPB in the thermoplastics dramatically increased HCA of
the surface. We note that the HCA for FOPB-1/nylon-6 and
FOPB-1/PMMA increased from 1−5 to 72 and 88°,
respectively. For FOPB-2, the same trend was observed as
the HCA increased from 1−5 to 68° for nylon-6 and to 70° for
PMMA. The WCA was also significantly increased with FOPB
addition. The surface energy for annealed films was also
estimated. Table 2 shows that both pristine nylon-6 and
PMMA have a quite similar and relatively high surface energy
at 37 and 35 mN/m, respectively. Conversely, at 5% FOPB/
nylon-6 films, the surface energy is 24 and 23 mN/m for
FOPB-1 and FOPB-2, respectively. For the films blended with
PMMA, the surface energy for both FOPB-1 (9 mN/m) and
FOPB-2 (13 mN/m) becomes much lower than that of PTFE
(σPTFE = 18.5 mN/m). Without an additional study, we cannot
offer a comprehensive explanation why FOPB/PMMA films
have much lower surface energy than that of the FOPB/PET
and FOPB/nylon-6 ones. However, we can conclude that the
addition of FOPBs can decrease the surface energy of various
engineering thermoplastics and not only PET.

■ CONCLUSIONS
FOPB materials, particularly the ones with four perfluorinated
carbon atoms, can be employed as safer replacements to long-
chain perfluoroalkyl substances. In fact, it was found that the
macromolecules synthesized here, when added to industrial
polymer (PET, nylon-6, and PMMA) films, readily migrate to
the film surface and bring significant water and oil repellency
to the thermoplastic boundary. The films reach the level of oil
repellency and surface energy comparable to that of poly-
(tetrafluoroethylene), a fully perfluorinated polymer. The
water/oil wettability of the PET films modified with FOPB-1
is lower than the wettability of the films modified with
analogous PFPE-based polyester, which differs from FOPB-1
only by the absence of the short PEI middle block. We
associate superiority of the triblock copolymers in achieving
high water and oil repellency with their ability to form
brushlike structures on polymer film surfaces. Finally, we
established that FOPBs containing C6F13− and C4F9−PFPE−
end groups demonstrate comparable level of water and oil
repellency.
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