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ABSTRACT: A series of reactive liquid perfluoropolyether (PFPE) precursors were synthesized which
can be photochemically cross-linked (UV-cured) into high-performance PFPE elastomers in one step. To
investigate how fundamental changes in the PFPE molecular structure correlate to bulk and surface
properties, the variable functional end group, molecular weight, and the copolymer content were system-
atically explored in relation to thermal stability, contact angle/surface tension, modulus, and biofouling
behavior. The morphologies of these PFPE materials were studied using differential scanning calorimetry,
dynamic mechanical thermal analysis, and small-angle X-ray scattering. From these studies, it was
determined that clusters of polymerized functional end groups were found to be nanophase separated within
the PFPE matrix. By varying the cross-link density, the Young’s modulus of the fully cross-linked PFPE
elastomeric film could be tuned from 1.5 to 90 MPa with a critical surface tension of 8.6-16 mN/m. The
marine antifouling and fouling-release properties of the cross-linked PFPE elastomeric coatings were
evaluated by settlement and release assays involving zoospores and sporelings (young plants), respectively,
of green fouling alga Ulva.

Introduction

Tailored polymeric materials have been studied as leading
candidates for marine antifouling/fouling-release coatings since
the ban of traditional antifouling coatings containing tributyltin
compounds (TBT).1 Most of the efforts to design environmen-
tally benign coatings have focused on improving polydimethylsi-
loxane (PDMS).2-6 Baier and Brady et al. indicated that the
relative adhesion on different polymeric surfaces decreased
linearly with decreasing surface energy down to ∼25 mN/m.7,8

Combining low modulus (2.4 MPa for fully cured Sylgard 184)
with low surface tension (∼25mN/m), flexible PDMS elastomers
have proven to be promising fouling-release materials.8,9 Accu-
mulated fouling organisms are readily “released” from these
coatings by hydrodynamic forces, such as those generated by a
ship moving through water. However, it is well-known that
PDMS is not compatible with many organic solvents and lipid-
rich materials. As a result, PDMS coatings are prone to swelling
that leads to premature mechanical failure, severely limiting the
use of these materials in many applications.10 Furthermore,
PDMS-based fouling release coatings accumulate slime domi-
nated by algal cells, which are not “released” by the hydrody-
namic conditions generated by the majority of vessels. Such
slimes impose significant hydrodynamic drag on vessels moving
through the water.11

In an effort to address this concern, a number of researchers
have made progress toward next-generation fouling-release coat-
ings by investigating fluorinated polymeric materials. The incor-
poration of fluorinated groups into a polymeric matrix is very

attractive because of their unique properties, such as chemical
and thermal stability in various environments, as well as good
weathering resistance, low surface tension, hydrophobicity, and
oleophobicity.12 Recent work by Wooley et al. has shown that a
hyperbranched fluoropolymer matrix with cross-linked poly-
(ethylene glycol) (PEG) performed well as a fouling-release
coating.13 A class of comblike amphiphilic graft copolymers
discovered by Ober et al. that are composed of PEGylated per-
fluoroalkyl side chains demonstrated low adhesion strength to
both the green macroalga, Ulva, and the slime-forming diatom,
Navicula.14,15Furthermore, a fluorinated siliconehas been synthe-
sized by Chaudhury et al. as a fouling-release coating with
tunable release properties by reacting an allylamide-terminated
perfluoropolyether oligomer with silicone via a platinum-cata-
lyzed hydrosilylation reaction. This material has not been
evaluated yet for its resistance to biofouling,16 but fluorinated-
silicone copolymer blends have recently been shown in labo-
ratory assays to have improved fouling-release properties for
both algae and barnacles compared to silicone alone.17 Early
work by our group demonstrated the synthesis of a series of
thermally cross-linkable perfluoropolyether (PFPE) graft ter-
polymers containing various alkyl (meth)acrylate monomers with
glycidyl methacrylate as a cure-site monomer, showing promise
as both antifouling and fouling-release materials.18 While these
fluorinated polymers showed improved biofouling performance
as marine coatings compared to a standard PDMS elastomeric
coating, most of them involved either multistep reactions or
complicated surface modifications. More recently, our group
optimized the synthesis of functionalized PFPEs via a photo-
chemical cross-linking (UV curing) process with the practical
ease of solventless processability. The advantages offered by the
UV curing technique are of great interest in coating operations
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because they do not require the use of solvents, can be complete
in a few seconds, are energy efficient, and use simple equipment.19,20

This article reports the synthesis and characterization of a series
of photochemically cured PFPE-based elastomeric networks. In
order to investigate the structure/property relationships, differ-
ent functional end groups such asmethacrylate and styrenewere
used to modify the PFPE diol precursors of variable molecular
weight to form cross-linkable difunctional PFPE macromono-
mers. A distyrenyl PFPE/styrenesulfonic ester copolymer net-
work (sPFPE-SS) was also prepared by photochemically cross-
linking a blend of distyrenyl-modified PFPE (sPFPE) with a
fluorinated derivative of a styrenesulfonic ester monomer (SS)
to study its effect on the mechanical and surface properties. The
properties of these materials including the thermal stability,
modulus, contact angle, surface tension, and antifouling/fouling-
release performance were systematically studied.

Experimental Section

Materials. The solvent 1,1,1,3,3-pentafluorobutane (Solkane
365 MFC) was purchased from Micro-Care and used as re-
ceived. The 1 and 4 kg/mol PFPE diols (Fluorolink D10 and
Fomblin ZDOL4000, respectively) were purchased fromSolvay
Solexis. The 4-vinylbenzenesulfonyl chloridemonomerwas pur-
chased from TCI America. All the other chemicals were pur-
chased from Aldrich and used as received.

Synthesis of r,ω-Dimethacrylate-Modified Perfluoropolyether

Macromonomers (PFPE-DMA). The synthesis of the PFPE-
DMA macromonomer has been reported previously.21 Briefly,
telechelic PFPE diol was first dissolved in 1,1,1,3,3-pentafluor-
obutane and allowed to react with an 1:2.05 molar ratio of
2-isocyanatoethyl methacrylate (IEM) at 45 �C for 24 h, using
0.1 wt% tetrabutyltin diacetate (DBTDA) as a catalyst. The solu-
tion was then passed through a chromatographic column filled
withalumina (2 �10cm).Thephotoinitiator,R-hydroxycyclohexyl

phenyl ketone (HCPK, 0.2 wt %), was added, and the solvent
was subsequently removed by rotoevaporation. The product
was filtered through a 0.2 μm filter to yield a clear, colorless,
viscous oil (Scheme 1). To obtain the chain extended 2� 4 and
3�4 kg/mol PFPE-DMAmacromonomers, the 4 kg/mol PFPE
diol was first reacted with isophorone diisocyanate (IPDI) in a
proper stoichiometry to yield the chain extended PFPE diols.22

The compound with diol end groups were then modified with
IEM to form the dimethacrylate-modified macromonomers as
described above.

Synthesis ofr,ω-Distyrenyl-Modified PerfluoropolyetherMacro-

monomer (sPFPE).The sPFPEwas synthesized by the following
procedure.23 In a typical synthesis, 30 g of the 4 kg/mol PFPE
diol (7.89 mmol) and 1.5 g of tetrabutylammonium hydrogen
sulfate (4.42 mmol) were first dissolved in 60 mL of 1,1,1,3,3-
pentafluorobutane. Potassium hydroxide (15 g, 0.27 mol) dis-
solved in 30 mL of deionized water was then added under
stirring, which was followed by the addition of 3 mL of 4-vinyl-
benzyl chloride (19.2 mmol). The yellow mixture was reacted
under vigorous stirring at 45 �C for 48 h. After filtering out the
brown solids, the product was washed with deionized water
three times and then decolorized by stirring over activated
carbon overnight. After filtering out the activated carbon with
a 0.2 μm filter, evaporation of the solvent yielded a clear,
colorless, viscous oil.

Synthesis of Fluorinated Styrenesulfonic EsterMonomer (SS).
In order tomake styrenesulfonic ester compatible with sPFPE, a
fluorinated tail was added to 4-vinylbenzenesulfonyl chloride.23

To a 150 mL round-bottom flask, 3,3,4,4,5,5,6,6,7,7,8,8,8-tri-
decafluoro-1-octanol (13.66 g, 37.5 mmol), triethylamine (10mL),
pyridine (20 mL), and 4-vinylbenzenesulfonyl chloride (7.6 g,
37.5 mmol) were added. The resulting slurry was stirred at room
temperature for 20 h under argon flow. The reaction mixture
was then poured into a dilute hydrochloric acid ice bath to
quench the remaining triethylamine and pyridine. The aqueous
solution was extracted with diethyl ether three times, and the

Scheme 1. Chemical Structures of PFPE Macromonomers: (a) 1 or 4 kg/mol PFPE-DMA, (b) 2�4 kg/mol PFPE-DMA, (c) 3�4 kg/mol
PFPE-DMA, (d) 4 kg/mol sPFPE, and (e) Fluorinated Styrenesulfonic Ester (SS)
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combined ether layer was washed sequentially with water, 10%
NaOHsolution, and 10%NaCl solution. The ether solutionwas
then dried over MgSO4 for 1 h. After removing the MgSO4 and
solvent, the dry product was recovered as a waxy light yellow
solid.

Photocure of PFPE Precursors. In a typical cure, 0.2 wt % of
HCPK was first added to the PFPE macromonomers. The
elastomeric films were formed by casting the PFPE macromo-
nomers over a silicon wafer followed by UV irradiation (Electron-
lite UV curing chamber model no. 81432-ELC-500, λ=365 nm)
under nitrogen purge for 10min (∼38 000mJ/cm2). To fabricate
the sPFPE-SS copolymer network, the 4 kg/mol sPFPE macro-
monomer with 0.2 wt % of HCPK and the fluorinated styrene-
sulfonic ester comonomer weremixed in the desired weight ratio
(10% fluorinated styrenesulfonic ester in this study). The mix-
ture was first heated above 40 �C to form a homogeneous solution
and then photochemically cured as described previously.

Thermal Analysis. The thermal stability of the cured PFPE
elastomers was investigated with a Perkin-Elmer Pyris I thermo-
gravimetric analyzer (TGA). Fully cured films were first pre-
dehydrated in a vacuum oven at 110 �C overnight to remove
any residual moisture and then heated from 25 to 600 �C in a
nitrogen atmosphere with a heating rate of 10 �C/min. The
temperature at 5%weight loss was defined as the decomposition
temperature. Differential scanning calorimetry (DSC) curves
were recorded on a SeikoDSC220 in the temperature of-150 to
100 �C at a scanning rate of 10 �C/min. Dynamic mechanical
thermal analysis (DMTA) was performed using a PerkinElmer
Pyris Diamond DMA 6100 at a fixed frequency of 1 Hz in
tensionmode. The program temperature was varied from-150 to
150 �C with a heating rate of 2 �C/min.

Small-Angle X-ray Scattering (SAXS). The SAXSess instru-
ment (Anton Paar) at the University of Minnesota was utilized
to probe the microstructure in the fully cured PFPE elastomeric
films. The film was placed in a copper sample holder, and the
scattering was measured at room temperature for 5 min operat-
ing at 40 kV and 50 mA. The scattering signals were not cor-
rected for instrumental broadening caused by the line-colli-
mated incident beam but were integrated into a 1D plot of
intensity versus the scattering vector, q. Finally, the scattering
intensity was normalized with respect to the incident beam
intensity.

Mechanical Properties. Stress-strain measurements were
performed using rectangular samples (1�10�20 mm) at ambi-
ent temperature on an Instron model 5566 system using a 10 kN
load cell at a crosshead speed of 5mm/min. An extensiometer of
15 mm gauge length was used to measure the strain accurately.
From the stress-strain curves, the Young’s modulus was calcu-
lated. Four replicates were performed for each sample.

Control of Relative Humidity at the Time of Cure. To control
the humidity in the UV cure oven, a humidified nitrogen stream
was used to purge the chamber environment while curing. The
nitrogen stream was humidified by first passing the gas through
a bubbler containing LiCl aqueous solutions at varying con-
centrations.24 Humidities of 19%, 42%, 58%, and 76% were
generated by this method. A 100% humidity environment was
induced by passing the nitrogen stream through a bubbler
containing deionized water. The 0% relative humidity environ-
ment was obtained by passing the nitrogen stream through
a Drierite desiccant tube that was prebaked in a heating oven
at 110 �C for 24 h, and all connecting tubes were predried in
a vacuum oven for 24 h. A digital humidity meter was placed at
the nitrogen outlet of the UV oven to monitor the real time
humidity during the entire curing process. Once the desired
humidity inside the UV chamber was reached, typically after
15-20 min of purging, the samples were cured by UV irradia-
tion for 10 min under the continuous nitrogen stream.

Surface Analysis. Dynamic tensiometry measurements were
performed on a NIMA Technologies DST 9005 dynamic sur-
face tensiometer. PFPE thin films on glass coverslips measuring

22� 22� 0.1 mm were formed by dip-coating the coverslips in
the pure the PFPE liquid macromonomers followed by UV
curing as previously described. The dynamic contact angle was
measured by the Wilhelmy plate method.25 Typically, a PFPE
dip-coated glass coverslip was attached to an electrobalance via
a clip, and a stage with a dish of pure solvent (water) was auto-
matically raised and lowered to allow the solvent to impinge
upon the slide at a speed of 5 mm/min. The advancing and
receding contact angles were recorded when the samples were
immersed into and departing from the solvent, respectively. All
the results were expressed as the average value of at least four
independent measurements. Through analysis of the resulting
force vs depth curves, the advancing and receding contact angles
as well as the dynamic contact angle hysteresis were obtained.
The static contact angles of n-alcohols and n-alkanes on the
surfaces were measured using a KSV Instruments LCD CAM
200 optical contact angle meter at room temperature (23 �C) to
calculate the critical surface tensions of the PFPE surfaces from
the Zisman method. In the Owens-Wendt-Kaelble (OWK)
method, water and n-hexadecane were used as polar and non-
polar probe liquids, respectively.

Preparation of Samples for Algal Assays. Free-standing sam-
ples with a thickness of ∼1 mm were achieved by casting the
PFPE macromonomers containing 0.2 wt % of HCPK over a
silicon wafer followed by UV irradiation under nitrogen purge
for 10 min. To remove any unpolymerized monomers, which if
present may have been toxic to the organism used in the
bioassays, the samples were continuously extracted by utilizing
supercritical CO2 under 5000 psi and 50 �C for 4 h. After extrac-
ting, the free-standing films were secured in racks which were
placed in a 30 L tank of deionized water that was recirculated
through a carbon filter. After 9 weeks of leaching, the samples
were transferred to artificial seawater for 2 h prior to the start of
the bioassay. A PDMS elastomer, Silastic-T2 (Dow Corning),
cast on glass microscope slides was included as a standard in
the assays.2

Settlement of Zoospores and Adhesion Strength of Sporelings
of Ulva. Ulva is the most common macroalga (seaweed) that
fouls man-made structures including ships. Dispersal of the
algae is achieved mainly through the production of zoospores,
5-7 μm in length, which swim in the water column until they
find a suitable substrate for settlement. Settlement involves the
transition from a swimming spore to an attached, nonmotile
spore, which adheres to the substrate through the release of a
glycoprotein adhesive.26 Settled spores rapidly germinate into
sporelings (young plants), generally adhere weakly to PDMS-
based fouling-release coatings. The spore settlement assay pro-
vides information about the antifouling potential of a surface
while the sporeling adhesion strength assay indicates the foul-
ing-release potential of a surface.

Zoospores were released from fertile plants of Ulva linza and
prepared for assays as described previously.27 In brief, 10 mL of
a zoospore suspension (1.0� 106 spores/mL) was pipetted into
individual compartments of polystyrene Quadriperm culture
dishes (Greiner), each containing a test surface. The dishes were
incubated in darkness at∼20 �C.After 1 h, the slides were gently
washed in seawater to remove zoospores that were still swim-
ming and had not settled (attached). After fixation in glutar-
aldehyde, the density of the zoospores attached to the surface
was counted on each of three replicate samples using an image
analysis system attached to a fluorescence microscope.28 Spores
were visualized by autofluorescence of chlorophyll. Counts were
made for 30 fields of view (each 0.17 mm2) on each of three
replicate samples.

Sporelings were grown on an additional six replicates of each
test surface. The procedure followed that described above, but
after washing away spores that had not settled, the attached
spores were cultured in an enriched seawater medium in Quad-
riperm dishes as described.29 The medium was refreshed every
2 days, and the sporelings were cultured for 7 days. Sporeling
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biomass was determined in situ bymeasuring the fluorescence of
the chlorophyll, as relative fluorescence units (RFU), contained
within the sporelings using a Tecan fluorescent plate reader. The
RFU value for each slide was the mean of 70 point fluorescence
readings.29 The strength of the attachment of the sporelings was
quantified after exposure to an impact pressure of 32 kPa pro-
duced by a calibrated water jet. Percentage removal of biomass
was calculated from the before exposure and after exposure
RFU readings. One-way analysis of variance and Tukey tests
were used to identify significant differences in biomass removal
from the surfaces.

Results and Discussion

It is attractive to study the structure/property relationship of
fluorinated polymers to create the next generation of environ-
mentally friendly antifouling/fouling-release coatings in a variety
of applications ranging from ship hull coatings to long in-dwell-
ing medical devices. To determine the effect of the chemical
structure on the fouling-release performance, telechelic PFPE
diols weremodified with polymerizablemethacrylate and styrene
end groups via a reaction between the hydroxyl end groups and
isocyanatoethylmethacrylate to formurethane linkages or benzyl
chloride to form ether linkages, respectively (Scheme 1). To study
the effect of cross-link density on the surface and bulk properties
of the elastomers, PFPE diols with longer chain were formed via
a chain extension reaction of the 4 kg/mol PFPE diol with
isophorone diisocyanate (IPDI) in a proper stoichiometry. The
resulting chain extended PFPE diols were then further modified
with methacrylate end groups to form photochemically curable
macromonomers. As seen in Scheme 1, the 2�4 and 3�4 kg/mol
PFPE-DMA macromonomers were obtained by initially setting
the molar ratio of PFPE diol to IPDI to 2:1 and 3:2, respectively.
The effect of the functional end group structure was studied by
forming the 4 kg/mol distyrenyl-modified PFPEmacromonomer
(4 kg/mol sPFPE). To further explore the effect of styrene on
properties of the materials, a fluorinated styrenesulfonic ester
(SS) was mixed with the sPFPE precursor to form a homoge-
neous sPFPE-SS solution under heating up to 45 �C. All of the
obtained PFPE macromonomers could be photochemically
cured to form elastomeric films underUV irradiation in one step.

It is well-known that PFPEexhibit exceptionally high chemical
and thermal stabilities imparted by the strong C-F and C-C
bonds and shielding of the polymer backbone by the sheath of
nonbonding electrons from the fluorine atoms.30 The thermal
stability of all of the fully cured PFPE films was investigated by
TGA with a heating rate of 10 �C/min under a nitrogen atmos-
phere. As shown in Figure 1, all of the samples maintained
consistent weights up to 250 �C. The 4 kg/mol PFPE-based
elastomeric materials (4 kg/mol PFPE-DMA, 4 kg/mol sPFPE,
and 10%sPFPE-SS)wereobserved tohavehigherdecomposition
temperatures (defined as the 5% weight loss) than the 1 kg/mol
PFPE-DMA and the chain extended PFPE-DMAs. For exam-
ple, a decomposition temperature of 333 �C for the 4 kg/mol
PFPE-DMAand 350 �C for the 4 kg/mol sPFPE-SS sample were
recorded while the 1 kg/mol PFPE-DMA has a decomposition
temperature of only 274 �C.For the chain-extended PFPE-DMA
samples, the decomposition temperature was observed to de-
crease, from 333 �C for the non-chain-extended 4 kg/mol PFPE-
DMA, to 306 �C for the 2� 4 kg/mol PFPE-DMA chain-exten-
ded sample, to 283 �C for the 3�4 kg/mol PFPE-DMA sample.
This loss in thermal stability is likely due to the breaking of the
urethane linkage between the 4 kg/mol PFPE segments.

TheDSC curves of the fully cured PFPE samples are plotted in
Figure 2. In general, two glass transition temperatures (Tg’s) were
found. A similar observation was previously reported by Mal-
ucelli et al. for a related system.31 The first glass transition (Tg1)
at∼0 �C is believed to be related to the hydrocarbon domains of

the PFPE networks, and the second glass transition (Tg2) at
∼-116 �C corresponds to the fluorocarbon moieties. Without
the urethane linkage groups in the polymer matrix, the Tg1 of the
cured 4 kg/mol sPFPE sample is slightly lower than that of the
PFPE-DMA samples presumably due to a decreased physical
cross-linking formed by hydrogen bonds. Compared to that of
the 4 kg/mol sPFPE sample, a low content (10%) of fluorinated
styrenesulfonic ester monomer in the sPFPE-SS copolymer
sample shows no significant impact on the Tg as shown in
Figure 2. The detailedTg information on the studiedPFPE samples
has been summarized in Table 1.

Because of the high cross-link density, it is difficult to obtain
theTg information for the cured 1 kg/molPFPE-DMAsample by
using DSC. However, detailed information can be collected by
using the more sensitive DMTA method as shown in Figure 3.
Two Tg’s were clearly observed for the 1 kg/mol PFPE-DMA
sample. A pronouncedTg1, at 54.5 �C,was assigned to themetha-
crylate cross-linking end groups of the PFPE domains, and a
secondary relaxation (Tg2) at-80.4 �Cwas assigned to the PFPE
domains of the main chains located away from the cross-links. It
is surprising to find that the DMTA trace of the higher molecular
weight 4 kg/mol PFPE-DMA sample is very different from that
of the 1 kg/mol PFPE-DMAsample. TheTg1 for the cross-linked
methacrylate end groups of the 4 kg/mol PFPE-DMA elastomer
was shifted down by almost 25 �C compared to the 1 kg/mol
PFPE-DMA samples: from 54.5 to 30 �C. Additionally, the
predominant peak for Tg2 at -130.1 �C, assigned to the PFPE
segments between the cross-linked methacrylate end groups, is
almost 50 �C lower than that of the 1 kg/mol PFPE-DMA
elastomer. Interestingly, the activity for the hydrocarbon domains

Figure 1. TGA curves of fully cured PFPE films.

Figure 2. DSC spectra of fully cured PFPE films.
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is much weaker compared with the PFPE moieties due to the
decreased concentration of the methacrylate end groups. For the
chain-extended PFPE-DMA samples, the predominant Tg2 peak
for the PFPE segments remained unchanged at ∼-131 �C while
theTg1 for the hydrocarbondomains gradually shifted to-35.8 �C
as the molecular weight was increased. This indicates that the
short urethane ether methacrylate segments possess a relatively
higher mobility in the less cross-linked PFPE matrix. Similarly,
a single Tg at -132 �C was clearly observed as the relaxation of
the PFPE moieties for the 4 kg/mol sPFPE-based samples.
Instead of a peak corresponding to the hydrocarbon domains
in the higher temperature region, a broad signal for the 4 kg/mol
sPFPE and 10% sPFPE-SS samples was observed, making it
difficult to define the peak maxima.

It is often desirable to tune the modulus to fit the materials to
various applications. In this study, control over the modulus of
the cured PFPE materials was induced by varying molecular
weights and functional end groups, which both are thought to
change the cross-link density of PFPE matrix. The higher mole-
cular weight PFPE macromonomers will result in cross-linked
networks with lower cross-link densities upon UV curing. Addi-
tionally, strong hydrogen-bond associations between the ur-
ethane linkage groups of the individual PFPE chainwere thought
to increase the intermolecular interactions and further enhance
the mechanical strength of the cross-linked networks.32 The
modulus was determined by the slope of the initial linear region
of the stress-strain curve (∼2%elongation).As shown inFigure4,
the modulus for the 1 kg/mol PFPE-DMA sample is 90MPa. As
the molecular weight of the PFPE-DMA was increased, the
modulus was gradually decreased due to the decreased chemical
and physical cross-link density. Specifically, for the highest
molecularweight sample, 3�4 kg/mol PFPE-DMA, themodulus
was only 1.5MPa. Themodulus of this system is tunable between
1.5 and 90 MPa through the curing of blends with the different
macromonomers at variable composition ratios. For example,
the cured 50:50 by weight blend of the 1 and 4 kg/mol PFPE-
DMAs had a modulus of 34 MPa. It is interesting that the

modulus of this system can be varied while the thermal, optical,
and surface properties remain similar because all of the compo-
nents of the blends have similar chemical structures. Without the
urethane linkage groups in the cured PFPEmatrix to form strong
hydrogen bonds, the modulus of the 4 kg/mol sPFPE sample is
much lower compared to that of the 4 kg/mol PFPE-DMA
sample. By incorporating 10 wt % of the rigid styrenesulfonic
estermonomer (SS) into the 4 kg/mol sPFPEmatrix, themodulus
of the resulting copolymer network was slightly increased from
2.2 to 2.6 MPa; however, it is still much lower than the 4 kg/mol
PFPE-DMA sample.

The performance of coating materials is often dictated by
surface and interfacial properties such as wettability and adhe-
sion. The contact angle and the surface tension are determined by
the competition of these two factors.33 In this study, the advan-
cing and receding contact angles at the air interfaces of the
samples were measured by the Wilhelmy plate method.25 The
dynamic contact angle hysteresis curves for all of the PFPE-
DMAs were recorded by a tensiometer, as seen in Figure 5 with
the contact angle as a function of immersion depth. The results
indicate that all of the PFPE surfaces are highly hydrophobic
with a water advancing contact angle greater than 110� and a
receding contact angle from76� to 39�. This large difference in the
advancing and receding contact angles subsequently led to a large
contact angle hysteresis. The dynamic contact angle values are
summarized in Table 2. For the series of PFPE-DMAsamples, as
the molecular weight increased, i.e., the cross-link density de-
creased, the advancing contact angles slightly increased, from 117�
for the 1 kg/mol PFPE-DMA sample to 126� for the 3�4 kg/mol
PFPE-DMAsample. Simultaneously, the receding contact angles
dramatically decreased from 76� to 39�. As a result, it caused a
large disparity on the contact angle hysteresis. Particularly, the
contact angle hysteresis is only 39� for the 1 kg/mol PFPE-DMA
surface while it increased to 56� for the 4 kg/mol PFPE-DMA
sample which possesses a decreased cross-link density. The
contact angle hysteresis increased to 74� for the 2� 4 kg/mol
PFPE-DMA sample with an even lower cross-link density and

Table 1. Summary of Thermal Analysis and Young’s Modulus

DSC (�C) DMTA (�C)

decomposition temp (�C) Tg2 Tg1 Tg2 Tg1 modulus (MPa)

1 kg/mol PFPE-DMA 274 n/a n/a -80.4 54.5 89.9( 10.0
4 kg/mol PFPE-DMA 333 -115.3 0 -130.2 30.0 7.0( 0.3
2 � 4 kg/mol PFPE-DMA 306 -116.0 6.6 -131.8 -17.8 3.6( 0.2
3 � 4 kg/mol PFPE-DMA 283 -116.3 n/a -131.5 -35.8 1.5( 0.1
4 kg/mol sPFPE 350 -116.7 -7.6 -132.0 n/a 2.2( 0.1
10% sPFPE-SS 306 -116.5 -6.8 -131.5 n/a 2.6( 0.1

Figure 3. DMTA spectra of fully cured PFPE films.
Figure 4. Stress-strains curves of cross-linked PFPE networks by
Instron.
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further increased to 81� for the 3�4 kg/mol PFPE-DMAsample.
According to the literature, the main factors contributing to
contact angle hysteresis can be the surface roughness, swelling of
the studied surface, and surface reorganization.34 It is known that
PFPE is very chemically stable with a negligible water uptake of
less than 1% after 2 weeks soaking in water.35 Our previous
studies also indicated that all of the PFPE surfaces cured in this
manner were ultraflat with a surface roughness less than 1 nm.36

The most plausible contribution to the hysteresis in this system is
therefore from the surface group reorganization.

The dynamic contact angle hysteresis can be explained through
a series of reversible, short-range interactions of the polar seg-
ments in the polymer backbone with water on the surface. The
high advancing contact angles are observed as water comes in
contact with the fluorocarbon dominant polymer/air interface.
Once the surface is wetted, the polymer will reorganize the
interface by rotating or relaxing the polar hydrophilic function-
alities such as the urethane segments in the end groups of the
PFPE chains to interact with water, which can be accomplished
by both forming hydrogen bonds and enhancing the dispersion
interaction with water. Additionally, the hydrogen atoms of the
-CF2CH2O- units adjacent to the PFPE segments are acidic,
which allows for them to participate in similar polar interactions.
Thus, the interaction of these functionalities with water would be
favored, allowing the water molecules to penetrate and further
facilitating the migration of the polar groups toward the inter-
face. A low receding contact angle is an indication of significant
surface reorganization, which results in high contact angle
hysteresis.18 Compared with the chain-extended PFPE-DMA
samples, the lower molecular weight 1 kg/mol PFPE-DMA
sample has a relatively higher cross-link density. In this case,
the polymer chains were highly constrained, thus making the
chain rotation or reorganization on the surface of any polar
moieties such as the oxygen and the urethane groups very
difficult. The mobility of the polymerized polar urethane ether
methacrylate end groups of the PFPE samples was indicated by
the corresponding glass transition temperature (Tg1). As seen in

Table 1, the 1 kg/mol PFPE-DMA sample possesses a higher Tg1

(54.5 �C) compared to all of the other PFPE-DMA samples. It
suggests the polymerized polar end groups are constrained and
possess a low mobility, making it difficult for the segments to
initiate the short-range relaxation and rotation needed to reor-
ganize the surface. As a result, the material has a smaller contact
angle hysteresis.

Besides the cross-link density, the impact of the relative
humidity during curing on the contact angle hysteresis was also
investigated.Previous studies have shown the adsorptionofwater
on the PFPE surface improves the mobility of the PFPE
molecules,37 but it not clear whether the relative humidity during
the curing step has an effect on the enrichment of polar groups to
the PFPE/air interface, resulting in a large contact angle hyster-
esis. To this end, a humid environment inside the UV chamber
was induced by passing a nitrogen purge stream through a
bubbler containing LiCl solution at desired concentrations.24

The dynamic contact angle hysteresis was compared on the fully
cured systems of the 1 kg/mol PFPE-DMA and the 2�4 kg/mol
PFPE-DMA films.

As shown in Figure 6, the data were plotted as the relationship
of the contact angle hysteresis with the relative humidity. The
hysteresis was seen to increase as the relative humidity was
increased. This result supports the hypothesis that as the humid-
ity in the chamber is increased, more polar groups migrate to the
PFPE surface and are locked into place during UV curing. This
process would facilitate the penetration of water into the PFPE
surface, resulting in a further increase in the contact angle
hysteresis. Specifically, in this study the hysteresis was increased
from 33� to 46� for the 1 kg/mol PFPE-DMA sample and from
78� to 86� for the 2 � 4 kg/mol PFPE-DMA sample. A large
disparity in hysteresis as a function of humidity has not been
observed on these photochemically cured PFPE surfaces, com-
pared with those previously reported for thermally cured PFPE
terpolymer surfaces, which consisted of more polar acrylate and
epoxide moieties containing monomers. An increase of up to 40�
in the hysteresis was observed by varying the relative humidity
from 0% to ∼100%.18 The increase observed here for both
PFPE-DMAs is ∼10�. This smaller change in hysteresis is
thought to be a result of the limited number of polar groups
present in these perfluorinated polymers and the high cross-link
density, which effectively constrains the chain rotation and
reorganization by immobilizing the chains during the curing step.

The critical surface tensions of the studied PFPE surfaces were
quantified by the Zisman method by measuring static contact
angles of a series of n-alcohols on the fully cured PFPE elastomer
surfaces.38,39 On the basis of the linear relationship between cos θ
(θ, the static contact angle) and the corresponding surface tension

Figure 5. Dynamic contact angle hysteresis of the PFPE-DMAs given
by dynamic surface tensiometry (DST).

Table 2. Dynamic Contact Angle and Contact Angle Hysteresis

dynamic contact angle (deg)

advancing receding hysteresis

1 kg/mol PFPE-DMA 117.4( 0.8 76.0( 1.0 38.9
4 kg/mol PFPE-DMA 120.4( 0.5 64.6( 1.1 55.8
2 � 4 kg/mol PFPE-DMA 121.6( 0.5 47.5( 4.4 74.1
3 � 4 kg/mol PFPE-DMA 126.6( 1.5 38.6( 2.9 80.6
4 kg/mol sPFPE 113.7( 1.9 73.8( 1.6 39.9
10% sPFPE-SS 116.7( 0.8 76.0( 1.8 40.7

Figure 6. Contact angle hysteresis observations of PFPE films cured
under variable humidity environments.
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of the probe solvent, the critical surface tensionwas calculated for
each PFPE surface by extrapolation of the linear plot to the point
of cos θ= 1, which ranges from 8.6 to 16 mN/m as shown in
Table 3. The results are in agreement with previously repor-
ted PFPE-urethane cross-linked networks (13-16 mN/m);40

however, as dynamic surfaces, it is difficult to obtain accurate
critical surface tension values for the PFPEmaterials because the
surfaces easily undergo environment-dependent surface reorga-
nization.41 As a result of the surface reorganization, the surface
hydrophilicity and hence the critical surface tension may change
when probe liquids of variable polarity are used. To study the
effect of the polarity of the probe solvent on the critical sur-
face tension, the critical surface tensionwas recalculated based on
Zisman plot method using less polar n-alkanes as probe liquids.
The surface tension values are summarized in Table 3 and
compared to those values obtained from the polar n-alcohols.
Generally, the critical surface tensions show a similar trend on
these surfaces when two different sets of probe liquids are used.
However, the critical surface tension obtained from the hydro-
phobic alkane probe liquids is lower than that obtained from the
more polar alcohol probe liquids on the same surface, except for
the 4 kg/mol PFPE-DMA sample. This is likely attributed to the
fact that the polar alcohols aremore effective at driving the PFPE
surface reorganization by forming hydrogen bonds and dipolar
interactions with the polar segments such as the oxygen and
urethane groups at the uppermost PFPE surface.

To distinguish the contribution of the different interaction
components to the surface tension such as the van der Waals
dispersive forces, dipole interactions, hydrogen bonds, etc.,
Owens, Wendt, and Kaelble (OWK) defined the solid surface
tension (γS) as the sum of the dispersion component (γS

d) and the
polar component (γS

p)and combined it with the Young’s equation
to yield42,43

γL ¼ 2
ðγdSγdLÞ1=2þðγpSγpLÞ

1þ cos θ

1=2

ð1Þ

where θ is the static contact angle, γL is the surface tension of a
probe liquid, and γL

d and γL
p are the dispersive component and

the polar component of the liquid surface tension, respectively.
By measuring the contact angles of two different probe liquids
(one polar and one nonpolar) on each surface, the overall solid
surface tension can be calculated based on the equation. In this
study, water and n-hexadecane were used as the polar and non-
polar probe liquids, which are γL

d=27.6 mN/m, γL
p=0mN/m for

n-hexadecane and γL
d=21.8 mN/m, γL

p=51.0 mN/m for water,
respectively. The surface tensions calculated from the OWK
method are listed in Table 3. The overall surface tensions are
seen to be 13-14mN/m for all tested PFPE surfaces, except that
the 1 kg/mol PFPE-DMAhas a relatively higher surface tension
of 16.3 mN/m. These results are in reasonable agreement with
those given by the Zisman method. As expected, the dispersive
component (11.5-13.6 mN/m) is the main contributor to the
surface tension while the polar surface tension component was

only 5-17% of the total surface tension. Particularly for the
1 and 4 kg/mol PFPE-DMA samples, the polar component
contributes in a relatively high percentage of 17% to the total
surface tension. It is interesting to observe that for the PFPE-
DMA series of samples the percent contribution of the polar
component to the surface tension decreased as the molecular
weight of the PFPE-DMA precursors increased. This is under-
standable since the lower molecular weight 1 and 4 kg/mol
PFPE-DMA samples contain more polar urethane ether metha-
crylate end groups in the cross-linked PFPE surfaces. The
surface tensions calculated from the OWK method are corre-
lated to the observation from the advancing contact angle
measurements. A lower advancing contact angle was expected
on the 1 kg/mol PFPE-DMA surface because the surface
possesses a relatively larger contribution from the polar com-
ponent.

Biofouling Tests. Settlement of Zoospores and Adhesion
Strength of Sporelings of Ulva. Monolithic samples of the 4
kg/mol PFPE-DMA, 4 kg/mol sPFPE, and 10% sPFPE-SS
were tested forUlva spore settlement and sporeling removal.
Previously conducted preliminary tests showed that only the
4 kg/mol sPFPE and 10% sPFPE-SS increased performance
compared to PDMS standards.44 This is most likely because
the 4 kg/mol PFPE-DMA elastomer has a relatively high
modulus and a large contact angle hysteresis even though the
material possesses a similar surface tension to the 4 kg/mol
sPFPE and 10% sPFPE-SS samples based on the OWK
method. Previous studies with PDMS showed that the
removal of sporelings of Ulva was increased from coatings
as the elastic modulus decreased. Furthermore, biomass
removal was higher for coatings with an elastic modulus of
2.7 MPa compared to 9.4 MPa.45

Spore settlement densities were substantially lower on the
4 kg/mol sPFPE and 10% SS-sPFPE monoliths than on the
PDMS standards (Figure 7), but there was no significant dif-
ference between the 4 kg/mol sPFPE and the 10% sPFPE-SS

Table 3. Summary of Surface Tensions

critical surface tensiona (mN/m) surface tensionb (mN/m)

alcohols alkanes γS
d γS

p γS

1 kg/mol PFPE-DMA 14.5( 1.6 12.5( 0.4 13.6 2.7 16.3
4 kg/mol PFPE-DMA 8.6( 1.5 11.4 ( 0.2 11.5 2.4 13.9
2 � 4 kg/mol PFPE-DMA 15.4( 0.7 13.6( 0.7 11.8 1.6 13.4
3 � 4 kg/mol PFPE-DMA 16.1( 0.5 13.6( 0.5 12.7 0.7 13.4
4 kg/mol sPFPE 15.9( 0.6 14.8( 0.9 13.0 1.3 14.3
10% sPFPE-SS 14.4( 0.9 13.5( 0.6 12.4 1.4 13.8

aCalculated with the Zisman plot method. bCalculated with the Owens-Wendt-Kaelble method: γS
d = dispersion component, γS

p = polar
component, γS=overall surface tension.

Figure 7. Density of attached spores of Ulva on PDMS (Silastic T2)
and PFPE elastomers after a 1 h settlement period. Each bar is themean
of 90 counts, 30 on each of 3 replicate slides. Error bars show 95%
confidence limits.
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surfaces. Microscopic observations indicated that the at-
tached spores were normal and healthy on both PFPE
samples. Previous studies have indicated that higher num-
bers of spores settle on hydrophobic compared to hydro-
philic surfaces,46-48 so the present results that show a low
settlement density on the hydrophobic PFPE surfaces is not
typical, but nevertheless a highly desirable characteristic for
a potential antifouling coating.

The spores were cultured on the test surfaces for 7 days,
during which time they germinated and grew into sporelings.
Although biomass production was lower on the 4 kg/mol
sPFPE and 10% sPFPE-SS surfaces than on the PDMS
standard reflecting the lower spore settlement density, all of
the surfaces were covered by a green lawn of sporelings after
7 days. The strength of attachment of the sporelings was
similar on both of the PFPE monoliths and on the PDMS
standards (Figure 8). One-way analysis of variance showed
that there was no significant difference in removal from
the three surfaces (F 2, 15= 2.67 P>0.05). Commercial
fouling-release coatings based on PDMS show weak attach-
ment strength for a wide range of fouling organisms.49,50 The
fouling-release characteristics of these materials are attrib-
uted to their smooth surfaces, lowmodulus, hydrophobicity,
and properties of surface reconstruction which are all qua-
lities shared with the PFPE elastomers.

Conclusion

Aseries of novel perfluoropolyethers have been synthesized via
a solventless process using liquid precursors that are capable of
being photochemically cross-linked into elastomeric networks.
The structure/property relationships were systematically investi-
gated as a function of end groups, molecular weight, and content
of a comonomer. Generally two glass transitions were observed
for these PFPE-based materials with the first transition assigned
to the hydrocarbon domains and the second transition at lower
temperature assigned to the fluorinated domains. Through a
SAXS study, the domain spacing was estimated to be 3.3 nm for
the 1 kg/mol PFPE-DMA sample and∼5.2 nm for the 4 kg/mol
PFPE-base samples (see Supporting Information). It was demon-
strated that the moduli of the fully cured PFPE samples can be
tuned by using precursors with various chain lengths to vary the
cross-link density. The contact angle hysteresis and the critical
surface tension of these films have been studied. Both the cross-
link density and the curing environment humidity show effect on
the chain reorganization and the contact angle hysteresis. A lower
cross-link density or more humid cure environment is likely to
drive more polar groups toward the surface and facilitate chain
reorganization that results in a larger contact angle hysteresis.

The PFPEmaterials with low surface tension, Young’s modulus,
and contact angle hysteresis show decreased zoospore settlement
and comparable sporeling removal performance to PDMS elas-
tomer standard material. The ease of fabrication, the ability to
tune the properties, and the promising fouling-release perfor-
mance coupled with potentially greater service lifetime could
provide opportunities for these PFPE elastomers to be utilized as
fouling-release coatings in marine environments.
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