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Abstract: Original perfluoropolyether (PFPE)-based oligomeric polyurethanes (FOPUs) with different
macromolecular architecture were synthesized (in one step) as low-surface-energy materials. It is
demonstrated that the oligomers, especially the ones terminated with CF3 moieties, can be employed
as safer replacements to long-chain perfluoroalkyl substances/additives. The FOPU macromolecules,
when added to an engineering thermoplastic (polyethylene terephthalate, PET) film, readily migrate
to the film surface and bring significant water and oil repellency to the thermoplastic boundary.
The best performing FOPU/PET films have reached the level of oil wettability and surface energy
significantly lower than that of polytetrafluoroethylene, a fully perfluorinated polymer. Specifically,
the highest level of the repellency is observed with an oligomeric additive, which was made using
aromatic diisocyanate as a comonomer and has CF3; end-group. This semicrystalline oligomer has a
glass transition temperature (T) well above room temperature, and we associate the superiority of
the material in achieving low water and oil wettability with its ability to effectively retain CF3 and
CF, moieties in contact with the test wetting liquids.

Keywords: oil repellency; water repellency; perfluoropolyethers; oligomer; fluorinated polyurethanes;
oleophobicity; hydrophobicity

1. Introduction

This work focuses on attaining water and oil repellency of engineering thermoplastics,
such as polyethylene terephthalate (PET), with the addition of perfluoropolyethers (PFPEs)-
based oligomeric polyurethanes. Repellency has been one of the critical targets in designing
practical polymer-based materials contacting with aqueous and/or oily liquid media [1-3].
To this end, a number of engineering thermoplastics have low wettability by water and
demonstrate significant water repellency [4-7]. In contrast to hydrophobic polymers, only
fluorinated polymers demonstrate some level of oil repellency [4,8-12]. However, with a
few exceptions (e.g., polytetrafluoroethylene and polyvinylidenefluoride), the higher cost
of these polymers and/or their mechanical properties generally prevents their widespread
applications as engineering materials.

For decades, long-chain perfluoroalkyl (LCPFAs, CFons1, n > 7) containing chem-
icals have been widely used as additives or (comonomers to obtain materials with low
levels of oil wettability [2,3,13,14]. However, LCPFAs (sometimes referred to as “forever
chemicals” [15] in popular media) have been phased out of industrial applications and
production due to their persistency in the environment and toxicological/bioaccumulative
impact on humans and wildlife [3,16-18]. In this respect, this paper concentrates on en-
hancing hydrophobicity and oleophobicity of engineering thermoplastics via the addition
of PFPE-based polyurethane oligomers, which do not contain LCPFAs. PFPEs are macro-
molecules possessing —-CF,—, -CF,-CF,—, and —-CF(CF3) -CF,— molecular fragments in their
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backbone that are separated by oxygen atoms. Currently, PFPEs are considered as poten-
tially safer replacements for LCPFAs [3,19-21]. PFPEs have numerous advantages, such as
high chemical inertness and radiation resistance, low surface tension (20-22 mN/m) [22],
nonflammability, low toxicity, optical transparency, and low volatility [22-24]. However,
as pure materials, they cannot serve as effective water/oil repellent additives for engi-
neering thermoplastics because of their immiscibility and incompatibility with polymer
matrices [22,25].

To this end, perfluoropolyether derived (co)polymers and cross-linked materials have
been shown in our previous works and that of others to have the ability to serve as hy-
drophobic/lyophobic materials and interfaces [20-23,25-37]. In particular, we have found
that when PFPE-based triblock polyesters [20,21,37] or methacrylic molecular brushes [36]
are added to engineering thermoplastic (PET, nylon 6, or polymethyl methacrylate) films,
they readily migrate to the film surface, imparting significant water and oil repellency
to the thermoplastic boundary. Specifically, the macromolecular additives populated the
boundary with PFPE segments terminated with C4Fg-perfluoroalkyl moiety, which can-
not yield unsafe long-chain perfluoroalkyl carboxylic acids. The lowest wettability was
demonstrated by the additives, where a significant mismatch in the affinity between the
C4Fo-PFPE segments and host matrix (preferring interaction with other parts of the macro-
molecules) promoted stretching and densification of the PFPE segments delivering the low
surface energy C4Fo- functionality to the material boundary.

While the additives reported by us were remarkably effective in delivering the low
surface energy CF; (y = 6 mN/m) [9,10] and CF, (y ~ 18 mN/m) [9,10] moieties to the
material surface, it was necessary to employ an elaborated multistep synthetic procedure
to obtain the macromolecules (molecular brushes and triblock polyesters). With this in
mind, we now report on the synthesis, properties, and wettability of the original PFPE-
based polyurethane oligomers (FOPUs) designed to serve as (easy-to-make in one step)
low-surface energy non-LCPFA additives to impart water and oil repellency to engineering
thermoplastics. We targeted the synthesis of lower molecular weight macromolecules to
ensure their better compatibility with host matrices and potentially having higher rates of
diffusion and, therefore, migrating more readily to the material boundary. The synthesis of
low-surface energy fluorinated polyurethanes (many of them are produced commercially)
is well established and allows manipulation of their structure and properties in a wide
range [30,38-57].

Four different FOPUs with and without C4F9-PFPE end-segments were obtained
and contrasted. To vary the properties of the materials, we used two different (alkyl and
aromatic) diisocyanate comonomers. FOPUs were solvent-blended with PET to access their
efficiency as water/oil repellent additives to the engineering thermoplastic. In general, the
obtained blended films demonstrated low wettability with water and hexadecane depend-
ing on the oligomer composition, confirming the efficiency of our polymer modification
strategy. We expect that this surface modification method can be readily transferred to a
number of other essential thermoplastic polymers.

2. Results and Discussion
2.1. Synthesis and Characterization of FOPUs

Figure 1 depicts the chemical structure of FOPUs. Four distinct polyurethanes were
synthesized from two different diisocyanates (alkyl-based 1, 6 hexamethylene diisocyanate,
HDI and aromatic-based 4,4’-methylenebis(phenyl isocyanate), MDI) via step-growth
polymerization. As the comonomer and end-segment fluorinated ether alcohols 1H, 1H,
11H, 11H- fluorinated-3,6,9-trioxaundecane-1,11-diol (PFPE-diol) and 1H, 1H-fluorinated-
3,6,9-trioxatridecan-1-ol (C4Fy-PFPE-OH) were used, respectively. The materials and ex-
perimental details for FOPUs synthesis and structural characterization are provided in
Supporting Information (SI: 51-53). Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) and 19F nuclear magnetic resonance (NMR) were performed to
confirm the chemical structure of the obtained FOPUs. In general, the IR and NMR results
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(SI: S3, Figures S2-54, and Table S1) indicated that targeted FOPUs were obtained by the
synthetic procedure employed. The molecular weight and polydispersity index (PDI) for
FOPUs were determined by GPC analysis (SI: Table S2). The data obtained revealed that
FOPU oligomers with weight average molecular weight (M,,) between 2500-4000 g/mol
and PDI between 1.2-1.8 were obtained. Based on the oligomer structure, we estimated that
the number of repeating units for HFOPU-1, MFOPU-1, HFOPU-2, and MFOPU-2 chain
was ~5, 4, 6, and 3, respectively. Based on the structure of end-groups, M,,, and number
of repeating units for HFOPU-1, MFOPU-1, HFOPU-2, and MFOPU-2 macromolecules,
we estimated that the atomic concentration of fluorine in the oligomeric chains is quite
close and is about 23% for HFOPU-1, 21% for MFOPU-1, 25% for HFOPU-2, and 25% for
MFOUPU-2. It is necessary to point out that during the storage at ambient conditions, the
isocyanate end-group of HFOPU-1 and MFOPU-1 can react with water present in the air. As
a result, the end-group can be transformed into amino group, as reported elsewhere [58,59].
This possible transformation was not investigated here. However, we suggest that this
process cannot significantly alter the material’s surface properties, since one high surface
energy polar isocyanate group is replaced with another high surface energy amino group.

HFOPU-1: O:C:N*[FCHZ-)()—NH—C—O—CHQ—(PFPE)A—CH2—0+H (a)

m

‘ ‘ ﬁ
MFOPU-1: 0=—=C=—=N NH—C—O—CHZ—(PFPE)A—CHZ—O+H (b)
m

HFOPU-2: C4Fy-(PFPE)g—CH,—O C—HN—(—CHﬁG—NH—C—O—CHZ—(PFPE)A—CH2—0+H (©
m

MFOPU-2:
o o
C4F9-(PFPE)B—CH2—O+M—HN NH—||

c—o—CHZ—(PFPE)A—CH2—0+H @
m

C,Fy-(PFPE)-: CF5CF,CF,CF,0CF,CF,0CF,CF,0CF,-  (PFPE),: CF,0CF,CF,OCF,CF,0CF,

Figure 1. Chemical structure of (a) HFOPU-1 polyurethane, (b) MFOPU-1 polyurethane, (c) HFOPU-2 polyurethane, and
(d) MFOPU-2 polyurethane.

Thermogravimetric analysis, TGA showed (SI: Figure S5) that the monomers are
entirely consumed during the polycondensation. Though PU fractions of lower molecular
weight (with the thermal stability between 160 °C and 200 °C) is present in FOPUs, the
major fraction (>80%) of the obtained oligomers exhibits a decomposition temperature (Tq4)
between 230 and 320 °C, indicating significant thermal stability of the higher molecular
weight materials. DSC (differential scanning calorimetry) analysis was used to determine
the glass transition temperature (Tg) and melting temperature (Tp) for the oligomers (SI:
Figure 56 and Table S2). The results indicate that FOPUs have both Tg and Tp,; therefore,
they are semicrystalline materials with a degree of crystallinity on the level of 30-35%
(SI: 54 and Table S2). It is necessary to point that the presence of C4F9-PFPE-end-segment
in the polyurethane structure does not significantly influence the thermal transitions. The
midpoint Ty for HFOPUs is ~—30 °C, while Tr, (at maximum) is 60-64 °C. The thermal
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transitions for MFOPUs are occurring at significantly higher temperatures. Specifically, the
midpoint Ty is approximately 45 °C and Tr, is ~125 °C. We connect these differences with
the chemical structure of oligomers. HFOPUs possess more flexible aliphatic polyurethane
segments in the backbone, while the presence of the rigid phenyl rings in MFOPUs increases
their thermal transition temperatures [7,60,61].

2.2. Wettability of FOPUs

We evaluated the extent of water and oil repellency of the annealed pure FOPU films
using static contact angles of water (WCA) and hexadecane (HDCA), respectively. FOPU
films were prepared by dip coating, dried at ambient conditions for 16 h, and then annealed
at 140 °C for 3 h under vacuum. The annealing temperature was selected to be above
the FOPUs’ thermal transitions. Prior to the contact angle measurement, we evaluated
the solubility of the oligomers in the wetting liquids and found out that FOPUs are not
soluble in water and hexadecane. In addition to CA measurements, the surface energy (o)
of FOPUs was also estimated from HDCA and WCA data using the Owens-Wendt method
(SL: S7) [62]. The measured WCA, HCA, and surface energy values for annealed pure FOPU
films are presented in Table 1. One can see that the materials possess significant levels of
water and oil repellency. The repellency is on par with or exceeding that of fully fluorinated
polytetrafluoroethylene (PTFE, TEFLON). In fact, under our experimental conditions, we
measured WCA and HCA for PTFE as 118° and 51°, respectively, which correlated well
with the values reported in the scientific literature [63,64]. The PTFE surface energy of
17.5 mN/m, calculated by the Owens-Wendt method from our experimentally measured
contact angles, was also close to the one typically reported [9,10].

Table 1. Wettability and surface energy of perfluoropolyether (PFPE)-based oligomeric polyurethanes
(FOPUs), FOPU/polyethylene terephthalate (PET), PET, and polytetrafluoroethylene (PTFE) films.

FOPU WCA HDCA o (mN/m) o (mN/m)
(Degree) (Degree) Owens-Wendt from Figure 2
HFOPU-1 92 58 21 17.8
HFOPU-2 99 68 16.4 15

MFOPU-1 114 65 14 15.9
MFOPU-2 120 75 10.6 13.1
HFOPU-1/PET 90 55 22.3 18.5
HFOPU-2/PET 88 67 21.3 15.2
MFOPU-1/PET 100 53 19.2 19.1
MFOPU-2/PET 116 72 12 13.9
PET 58 0-5 46 N/A
PTFE 118 51 17.5 19.6

In general, materials containing C4Fo-PFPE- end-segments showed significantly lower
wettability and surface energy than the oligomers having the same polyurethane chain,
which was not terminated with the perfluoroalkyl short moiety. This superiority of materi-
als containing C4Fo— groups can be expected, since the films’ surface is always preferentially
occupied by the fragments of the molecular chains with the lowest surface energy [7]. In-
deed, CF3— groups possess the lowest surface energy of ~6 mN/m. Therefore, the oligomers
with perfluoroalkyl end-groups showed higher CA values.
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Figure 2. (a) HDCA vs. surface energy for a range of hypothetical polymeric surfaces with a fraction of dispersive

contribution to 71 on the same level as PTFE (0.92). (b) HDCA dependence on the composition of surface occupied by a

mixture of CF3 and CF, functionalities.

2.2.1. Water and Oil Repellency of HFOPU-1 and MFOPU-1

We note that HFOPU oligomers containing aliphatic PU chain demonstrated somewhat
lower oil and water repellency than MFOPU having aromatic groups in the polyurethane
backbone. The difference could be connected to the surface energy of the repeating units
constituting macromolecular chains. To this end, we estimated surface energies and their
(polar and dispersive) components (SI: S6) for the molecular segments constituting FOPUs
using algorithms reported elsewhere [20,36]. The calculated values are presented in SI, Table
S4. One can see that the HFOPU repeating unit has lower surface energy than MFOPU and,
in principle, has to demonstrate lower wettability by water and HD. The opposite behavior
observed is connected to specific conformations of the FOPUs chains located at the material
surface. Specifically, MFOPU chains expose a significantly higher number of low surface energy
fluorinated groups (-CF,-) to the material boundary. It is especially evident from the analysis of
HDCA, since HD has much lower surface energy (26.4 mN/m [65]) than water (72 mN/m [5])
and, thus, is more sensitive to the presence of the low surface energy fluorinated groups on
the surface. In general, it was shown that liquids with bulky molecules like hexadecane are
rather suitable for contact angle measurements to characterize energetics of fluorinated polymer
surfaces [66,67].

The classical Young’s equation allows simple estimation of a solid surface wettability
by a liquid [5]:

cosf = (71— 712)/ 72 1

where 1, 72, and 1, represent the surface/interfacial tension at solid—vapor, liquid—vapor,
and solid-liquid boundaries. It is evident that for material to demonstrate a 60° contact
angle with hexadecane, having a surface energy of 26.4 mN/m, its surface energy less
liquid-surface interfacial tension has to be on the level of 13.2 mN/m. In the case of
hydrocarbon oils that have polar contributions to the surface tension equal to zero [5,65],
the interfacial tension can be estimated via the following equation [68,69]:

44
1+

Y2 =71+72 — )

where the d subscripts refer to the dispersive contributions to the surface tensions .
Table S4 (SI) shows, estimated by us, surface energy and its components for PFPE segments
present in both HFOPU and MFOPU backbones. We can approximate that interfacial
tension at PFPE/HD contact is about 9.5 mN/m and calculated HDCA is, therefore, about
~43 degrees. This result indicated that the surface of HFOPU-1 and MFOPU-1 is occupied
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by low surface energy —CF,— groups, which are typically reported to have a surface energy
of ~18 mN/m. This value was determined in classical works by Zisman et al. using
homologous series of n-alkanes as wetting liquids and polytetrafluoroethylene consisting
of —CF,-CF;- monomeric units as a substrate [8,10]. Specifically, y; = 18.5 mN/m was
measured for PTFE by Zisman with coworkers. Dispersive contributions to the surface
tension of PTFE (74) is about 17.0 mN/m (as calculated from the fraction of dispersive
contribution to y; that is equal to 0.92 for PTFE [5]). Interfacial tension at PTFE/HD
contact calculated by Equation (2) is then about 3.5 mN/m and has HDCA estimated by
Equation (1) to be ~55 degrees.

Figure 2a shows HDCA versus surface energy for a range of hypothetical polymeric
surfaces with a fraction of dispersive contribution to y; on the same level as PTFE (0.92)
calculated using Equations (1) and (2). Based on this graph, HFOPU-1 has a surface energy
of ~17.8 mN/m, while MFOPU-1 has a surface energy of ~15.9 mN/m (Table 1). The
surface energy values estimated from the contact angle of hexadecane are close, but to
some extent different from the ones obtained by the Owens-Wendt method utilizing both
WCA and HDCA. We associate this difference with the differences in the size of the wetting
liquids, which plays a significant role in the wettability of polymer surfaces [20,21,36].
Based on 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 A3, respectively [70]. Therefore, water
can penetrate to a greater degree into the layer of fluorinated polyurethanes and contact
with more moieties compared to hexadecane.

From values of HD contact angle, we can suggest that hexadecane contacting only
-CF,- groups on the surface of HFOPU-1/MFOPU-1 and that effective surface energy of
the groups in the PFPE based polyurethanes is lower than the one in PTFE. It also appears
that the effective energy of —-CF,— groups in the aromatic-based FOPU is lower than that
in the aliphatic-based material. We associate this phenomenon with higher density (and
lower mobility) of the amorphous part of MFOPU-1 material, which is (in contrast to
HFOPU-1) well below Tg at ambient temperature. Indeed, according to the free volume
theory of glass transition and experimental observations, Ty is the iso-free-volume state
of macromolecular materials, where all materials have approximately the same fractional
free volume at the transition [7]. The volume coefficient of thermal expansion of polymers
is about two times higher above Ty than the one below T. Obviously, the density of
HFOPU-1, which is 55 °C above Ty, is significantly lower than the density of MFOPU-1.
The packing density increase with an associated decrease in mobility of the fluorinated
moieties results in surface immobilization of —-CF,— groups. Note that the interfacial tension
between —~CF,— groups and HD (estimated by Equations (1) and (2)) is ~3.7 mN/m, while
interfacial tension between the adjacent -CH,— groups and HD is only ~0.4 mN/m (SI: S6).
Due to the thermodynamic condition of surface/interfacial energy minimization, mobile
—CF,- groups are reorienting in an attempt to avoid contact with the wetting oil that prefer
contacts with -CHj— groups. Hence, we suggest that the restricted mobility of the low
surface energy —CF,— group is a key parameter causing higher oleophobicity of MFOPU-1.

2.2.2. Water and Oil Repellency of HFOPU-2 and MFOPU-2

When C4Fy-PFPE- end-segments are incorporated into the FOPU macromolecules,
glassy/semicrystalline MFOPU-2 material has lower WCA, HDCA, and surface energy
than the rubbery/semicrystalline aliphatic HFOPU-2 (Table 1). As noted above, the higher
level of water and oil repellency is connected to the lower mobility of the MFOPU backbone
in the amorphous phase that supports effective localization of not only CF,, but also CF3
moieties at the material surface. In fact, the interfacial tension between CF3 and HD is
~14 mN/m ((SL: 56)), and CF;/HD contact is even more thermodynamically unfavorable
than the CF, /HD one. Based on Figure 2a, the surface energy of HFOPU-2 and MFOPU-2
calculated from HDCA are 15 mN/m and 13.1 mN/m, respectively. The decrease in surface
energy can only be associated with lower surface energy (~6 mN/m) of CF3 moieties [9,10].
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Indeed, significant fractions of the surface have to be occupied by CF3 terminal groups that
have to be in contact with the wetting oil to obtain high contact angles.

To comprehend and visualize the situation, we show in Figure 2b HDCA dependence
on the composition of surface occupied by a mixture of CF3 and CF, functionalities. To
populate the graph Israelachvili and Gee equation for the contact angle on chemically
heterogeneous surfaces was employed [71-73]:

(14 cos 9)2 = f1(1+ cos 91)2 + f2(1 + cos 92)2 3)

where 6 is a contact angle of a liquid on a heterogeneous surface composed of f1 and f5
fraction of chemical groups type 1 and type 2, where 67 and 6, are the HD contact angles
on the pure homogeneous surface 1 and 2, respectively. The angles were estimated from
Figure 2a using typically reported values for CF3 (~6 mN/m) and CF, (~18 mN/m) surface
energies. Figure 2b shows that CF5:CF, ratio for HFOPU-2 and MFOPU-2 is about 0.26:0.74
and 0.42:0.58, respectively. It is necessary to point that CF3 groups (with a molar weight
of 39 g/mol) constitute only 1-2.5 wt% of the fluorinated polyurethanes. However, their
surface localization is more than an order of magnitude higher than this value.

2.3. Morphology of FOPU/PET Films

PET films blended with 5 wt% of FOPU materials were prepared by dip coating,
dried at ambient conditions for 16 h, and then annealed at 140 °C for 3 h under vacuum.
The annealing temperature was above the FOPUs’ thermal transitions and the Tg of PET
(70-80 °C [7,60,61]), yet below the melting temperature of PET (250260 °C [7,60,61]).
The micro/nanoscale morphology of the blended films along with the film made from
pure PET was visualized using atomic force microscopy (AFM) topographical imaging
(Figure 3). It was observed that the films fabricated from solutions are without visible
crystal formation. It was also apparent that PET and FOPU oligomers are, to some extent,
immiscible and appear to be phase-separated on the AFM topographical images. The
annealing significantly influenced the surface morphology of FOPU/PET and PET films.
PET crystalline structures are visible on the surface of pure PET films after the thermal
treatment. We also noted that, for the annealed FOPU/PET films, PET crystalline structures
and phase separation are not clearly observed on the topographical images. It appears that
FOPUs spread over the PET surface, forming a continuous layer as a lower surface energy
component for thermodynamical reasons [7].

AFM phase images (Figure 4) were employed to clarify this matter, since they are
particularly sensitive to heterogeneity in surface composition [20,74]. The phase images did
not show the top surface layer as discontinuous and only partially covering the film surface.
This indicates that, upon the thermal treatment, FOPU spreads over the PET surface and
forms a continuous layer. Namely, the entire surface of the FOPU/PET films is covered
with nanoscale fluorinated polyurethane oligomer layers.

2.4. Wettability of FOPU/PET Films

We evaluated the extent of water and oil repellency of the annealed FOPU/PET films
using static WCA and HDCA. In addition, a pure PET film was also prepared and annealed
at the same conditions to identify its wettability with water and oil. The wettability results
are displayed in Table 1. It is obvious that the pure PET film is nearly completely wettable
with hexadecane (HDCA < 5°) and partially wettable with water (WCA ~ 58°). We found
that the addition of 5% of FOPU to the PET significantly increases both HDCA and WCA.
However, the contact angles’ values are slightly lower than the contact angles measured for
the films made from pure FOPUs. This result indicates that the wetting liquids penetrate
into/through the polyurethane layer and contact (FOPU/PET) moieties having higher
surface energy than CF3 and CF, groups. It is noticeable that the surface wettability of the
blended films depends on the chemical structure of the fluorinated polyurethane oligomers.
For instance, the HDCA of FOPU/PET films without C4F9-PFPE- end-segments (HFOPU-
1 and MFOPU-1) was on the level of 53-55° and WCA on the level of 90-100°. When
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HFOPU-2 with aliphatic urethane segments and C4Fy-PFPE-end-groups was added to PET,
the HDCA of the films increased from 0-5° (HDCA of PET) to 67°, and WCA was increased
from 58° (WCA of PET) to 88°. The highest HDCA and WCA were about 72° and 116°,
respectively, and were reached with the addition of MFOPU-2, which possesses aromatic
urethane linkage and C4Fo-PFPE-end-segments in the oligomeric chains. The oil repellency
of MFOPU/PET film is higher than that of PTFE (HDCA = 51°), while the film’s water
repellency is practically the same as the repellency of PTFE (WCA = 118°).

Vertical Scale
50 nm 100 nm

b)

100 nm 200 nm

Figure 3. AFM (10 um x 10 um) topographical images of polymer films before (a,c—f) and after
(b,g—k) annealing. Pure PET (a,b), and 5% FOPU/PET films (c-k). Before annealing: (a) Pure PET
(RMS = 0.3 nm), (¢) HFOPU-1/PET (RMS = 13.5 nm), (d) HFOPU-2/PET (RMS = 15.0 nm), (¢) MFOPU-
1/PET (RMS = 8.0 nm), and (f) MFOPU-2/PET (RMS = 17.0 nm). After annealing: (b) Pure PET
(RMS = 8.0 nm), (g) HFOPU-1/PET (RMS = 9.0 nm), (h) HFOPU-2/PET (RMS = 16.0 nm), (i) MFOPU-
1/PET (RMS = 8.5 nm), and (k) MFOPU-2/PET (RMS = 11.0 nm). RMS is the root-mean-square
roughness determined using AFM software from the topographical images.

In addition to CA measurements, the surface energy was also estimated to characterize
further the surface properties of the FOPU blended films. First of all, the values were
calculated from HDCA and WCA data using the Owens—-Wendt method (SI: S7). Table 1
shows that pure PET films possess relatively high surface energy around 46 mN/m. A
major surface energy decrease is observed for 5 wt% FOPU modified PET films. The
surface energy for the films is about 22.3 and 21.3 mN/m for HFOPU-1 and HFOPU-2,
respectively. For the PET films blended with MFOPU-1, the surface energy (~19.2 mN/m)
is approaching the PTFE level (~17.5 mN/m). As can be anticipated from CA data, the
MFOPU-2/PET system has a lower surface energy (~12 mN/m) than that of PTFE. In
addition, we also determine the surface energy from HDCA using Figure 2a as a calibration
graph (Table 1). The comparison between the surface energy values obtained by the two
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different methodologies indicates that rubbery/semicrystalline HFOPU macromolecules
allow water molecules to penetrate into/through the polymer layer and contact moieties
with higher surface energy. In contrast, glassy/semicrystalline MFOPU macromolecules
do not allow for such penetration.

a)

40.0
35.0
30.0
250
200

Figure 4. AFM (10 um x 10 um) phase images of annealed polymer films of pure PET (a) and 5 wt% FOPU/PET films (b-e).
(b) HFOPU-1/PET, (c) HFOPU-2/PET, (d) MFOPU-1/PET, and (e) MFOPU-2/PET films. The scale is in degree.

Based on the wettability of the MFOPU-1/PET and HFOPU-1/PET surfaces with
hexadecane, we can estimate the fraction of the surface occupied by CF, moieties using
Equation (3), where the contact angle for all other than CF, groups is considered to be zero.
The calculations show that CF, groups occupy ~95 and 91% of the surface for HFOPU-
1/PET and MFOPU-1/PET, respectively. Extending Equation (3) to the three-component
surface and assuming that the CF,:(other moieties) ratio does not change significantly;,
we can estimate that CF5:CF,:(other moieties) ratio is 0.27:0.69:0.04 and 0.41:0.52:0.07 for
HFOPU-2/PET and MFOPU-2/PET, respectively. The calculations show that only a very
small fraction of the surface is not shielded by the fluorinated moieties and that the surface
concentration of CF3 groups is practically the same in FOPU/PET films and the films made
from the pure polyurethanes.

3. Conclusions

In summary, we demonstrate that perfluoropolyether-based polyurethane oligomers,
especially the ones terminated with CF; moieties, can be employed as safer replacements
to long-chain perfluoroalkyl substances/additives. These materials are synthesized in a
single-step procedure from commercially available reactants and possess low levels of
water and oil wettability. The FOPU macromolecules, when added to an engineering
thermoplastic (PET) film, readily migrate to the film surface and bring significant water
and oil repellency to the thermoplastic boundary. The best performing FOPU/PET films
reached levels of oil wettability and surface energies significantly lower than that of
polytetrafluoroethylene, a fully perfluorinated polymer. Specifically, the highest level of the
repellency is observed with MFOPU-2 oligomeric additive, which is made using aromatic
diisocyanates as comonomers and having CF3 end-groups. This semicrystalline oligomer
has a Tg well above room temperature, and we associate the superiority of this material
in achieving low water and oil wettability with its ability to better retain CF; and CF,
moieties in contact with the test wetting liquids.
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