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ABSTRACT: The conventional approach to prevention of marine biofouling has been the use of antifouling
paints and coatings which function through the release of toxins in the immediate vicinity of the ship. Such
technology, while admittedly effective, has proven to be responsible for an alarming increase in the levels of
organotin and other toxic materials in and around dry docks, harbors, and shipping lanes which experience
significant commercial and tourist traffic. Therefore, our objective is the rational design of minimally adhesive,
mechanically stable, nontoxic fouling release coatings as responsible and practical alternatives to antifouling
technologies. Herein we report on the synthesis and characterization of a series of cross-linkable perfluoropolyether
(PFPE) graft terpolymers containing various alkyl (meth)acrylate monomers with glycidal methacrylate as the
cure-site monomer. These materials were targeted for use as coatings to prevent marine biofouling. A series of
terpolymers were prepared through application of the macromonomer approach, allowing for control of cross-
link density, Tg, and modulus. Structure/property relationships were established through compositional variation
with regard to the three classes of monomers. The first monomer class was an alkyl (meth)acrylate used to create
the continuous phase of the microphase-separated graft terpolymers. Variation between methyl methacrylate (MMA)
and n-butyl acrylate (BA) provided materials with a low-(0 °C) and a high (95C) T, for the continuous

phase. This was a means of isolating the effect of modulusTgod surface properties, while the basic chemical
nature of the monomer remained unchanged. The second monomer class contained a curable functional group.
Through incorporation of glycidyl methacrylate (GMA) in the monomer feed and manipulation of curing conditions,
the relative effect of cross-link density on surface dynamics has been evaluated. The third monomer class was
the PFPE macromonomer itself. The incorporation of this macromonomer was used to enhance the release properties
of the resulting materials which relied on surface enrichment of the low surface energy PFPE component. Dynamic
surface properties of these materials have been evaluated through dynamic surface tensiometry (DST). Herein, it
has been demonstrated that contact angle hystersis can be significantly mitigatet i§.enaximized) by as

much as 50through variation in bulk polymer composition, the chemical nature of monomers, cross-link density,
modulus, and environmental conditions at the time of cure. The antifouling and fouling-release potential of the
experimental coatings were also evaluated by laboratory assays employing the green fouling madrealga

The results from these initial studies suggest promising antifouling properties, especially with regard to spore
settlement which was strongly inhibited on the experimental surfaces. Additionally, those that did settle were
only weakly attached with one sample set exhibiting fairly moderate release of the Ybumglants.

Introduction (blends, random and block copolymers, etc?).The goal of

bulk modification is generally the design of a polymer with a
specific surface structure based on understanding, to some
degree, of the tendency for surface enrichment of one component

The performance of a material is often dictated by surface
and interfacial properties, such as wettability, friction, and
atdhetS|on.T2ese prop_(:,_rtlestdtipendfcnncally tjp?n thfe molect_ularof a multicomponent polymer systein'? This, however,
structure and composition atthe surtace or intertace in ques Ior]‘1Jt)resents some difficulties in that it is obvious that any such

It ha_s been demonstratgd that the composition and structure ofg e must be engineered with a particular set of environmental
the first one or two atomic layers at the interface are often quite conditions in mind

different from those expected on the basis of bulk composition, - . .
L o : . Among the various modern tools available for the analysis
but it is this surface composition which accounts almost entirely . . ;
of surface dynamics, contact angle analysis and wetting

;Ortrtgr?]::dsglz\;egf?owigecgﬁfjrti EOSI" ms Srugsj,rf?c?erecg?r;s t(;iﬁir:)n techniques are considered standard methods for establishing the
polyr ; P surface quality of a given material. Surface tensiometry methods
through external surface modification techniques (plasma, - .
. A are extremely sensitive probes of approximately the upper 0.5
grafting, SAMs, etc.) as well as through bulk modification "
nm of a surface and as such are among the most surface-sensitive
techniqued314
" University of North Carolina at Chapel Hill. The basic theory behind contact angle analysis is described
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§ North Carolina State University. by Young’s equation. When a liquid drop is placed in contact
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unc.edu. when the various interfacial tensions obey Young’s equation
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Ulva (syn, Enteromorpha is the most common macroalga
that fouls ships and other submerged structures. Dispersal of
Ulva is mainly through motile, quadriflagellate zoospores
(approximately 78 um in length), which are released in large
numbers and which respond to a large number of settlement
cue$® and which rapidly germinate into sporelings (young
Yiv COS 6 = Yoy = Vi plants). Inhibiting Fhe settlement or acjhesion sFrengtthvﬁa

spores and sporelings would be a major factor in the control of
fouling. The ease of removal of spores and sporelings can be
measured by application of hydrodynamic forces using a water-
jet apparatu® or a turbulent flow channép.2

The development of an environmentally friendly coating that
tively. Thus, the contact angle is related globally to (in fact, it IS an Improvement on current S|I|c_one technolqu WOUl.d h‘?“’e

wide application in the marine environment. This investigation

is a manifestation of) the thermodynamic equilibrium of the ; h ; ¢ verfl ther-based t I
three-phase system so described. In other words, the Wettabilityexam'nes € performance ot pertiuoroether-based terpolymer

of a surface is primarily a function of the surface free energy fltl)mtshwnrg”r]espect LO @) tth? f_ettllg'fment diva zo%sporesl_and
of both the solid and liquid phases. However, very few polymer (b) the adhesion characteristicsiva spores and sporelings.

surf_aces strictly adhere to this theory as a consequence of_ theExperimentaI Section
nonideal nature of any real surface. Fundamental assumptions _ i
in Young's equation are that the surface in question is Materials and Equipment. Methyl methacrylate (MMA, 99%
homogeneous, smooth, and nondeformable (i.e., a static surface)Ndrich), On-butyl methacrylate (BMA, 99% Aldrich), butyloacrylate
However, in real systems the existence of a ligtsdlid (BA, 99% Aldrich), hydroxyethyl acrylate (HEA, 99% Poly-

. - ._sciences), and glycidyl methacrylate (GMA, 99%) were run through
interface bears a host of possible consequences such as swelllngn alumina column before use. 2,2-Azobis(isobutyronitrile) (AIBN,

of the polymer, liquid penetration, surface restructuring, and ggo aldrich) was recrystallized from methanbk(Aminopropyl)-
domain segregation, all of which serve to relax these theoretical methacrylamide hydrochloride (APMA, 99% Polysciences) and
constraints (i.e., a dynamic surface is nonideal). These phe-sodium ethoxide (21 wt % solution in ethanol, Aldrich) were used
nomena, among others, are responsible for one of the biggests received. The photoacid generator WPAG 336 was generously
experimental difficulties found in the application of Young’s supplied by Wako Chemicals. 1,1,1,3,3-Pentafluorobutane (PFB)
equation, contact angle hysteresis. However, it is this deviation was purchased from Solvay Fluorides under the trade name Solkane
from ideal behavior which provides a convenient, albeit an fnGeSthN:Fe(t:halngeltJosrsg (ﬁErlngg’(;% Tetr?r?f}llgé?;%?unergyg"l: 1?9%):
- . , 0)oL,QL, 0L ,
|nd|rect., meas_ure of surface dyn_amlcs. . 99%)),/ and )r/nethanol (MeOH, 99%) were purchased from Aldrich
Herein we discuss the synthesis of a series of perfluoropoly- 5nq used as received. Potassium bromide (KBr, 99%), sodium
ether (PFPE) graft terpolymers which were designed to resist pjtrate (NaNQ, 99%), and sodium dichromate dihydrate (NG
surface reorganization when brought into difficult environments. 2H,0, 99%) were purchased from Aldrich, and saturated aqueous
The wettability of these materials was studied as a function of solutions were generated by adding the salts to water until a
bulk composition, cross-link density, modulus, and curing precipitate formed. Krytox methyl ester (average M#W1.3 x
conditions as probed by dynamic contact angle analysis. PFPEsLO® g/mol) and Krytox alcohol (average MW 1.1 x 10° g/mol)
exhibit incredibly low surface energies (320 mN nT?), very were both purchased from DuPont and used as receieNMR

ow glase ansion temperaties 20 0 70 °C) and _ SPectosecn e peromed o1 = B nuaree 100 v
remquable chemical and ther.mal Stab'“ty'. I.n'dee.d,.PFPEs areIsotope Labs)/TFT or CD@M,1,1,3,3-pentafluorobutane solvent

a unique class of _matenals_ which have_erX|b|I|ty S|m|Ia_r to that systems. DSC was performed on a Seiko-Haake DSC 220. Samples
of PDMS (poly(dimethylsiloxane)) owing to low barriers to  (Z.10 mg) were placed in aluminum pans which were crimped shut.
rotation of the ether bonds, while offering the high chemical Al thermograms were collected from a second heat with a heating
resistance and low surface energy of fluoropolymers via the rate of 10°C/min under N. The temperature sweep typically ranged
strong C-C and G-F bonds!® For these reasons we have sought from —140 to 150°C unless otherwise noted.

to explore PFPE-based platforms for a variety of applications  Synthesis of the Methacryldiamide Perfluoropolyether (Kry-
including soft lithography, nanoparticle fabrication, and mi- tox) Macromonomer (PFPED). In a typical synthesisN-(3-
crofluidics!” The combination of low surface energy and aminopropyl)methacrylamide (APMA) hydrochloride (20 g, 140
flexibility makes PFPEs ideal candidates for highly surface mmol) was first purified and neutralized according to the procedure

; reported by Shea et al. and added to a dry 500 mL round-bottom
actlve_componer?ts o_f a random_copolymer system. . fIaF;k.28 Thi)s/ was followed by the addition )(/)f the Krytox methyl

Marine biofouling is a worldwide problem costing billions  ester (60 g, 40 mmol) functional PFPE and ethyl ether (200 mL).
of dollars per year in transportation costs due to increased fuel The solution was then stirred for 24 h at room temperature. Excess
consumptiort® Biofouling has been controlled traditionally by ~ APMA was removed by running the solution through a chromato-
biocidal antifouling paints, but increasingly stringent restrictions graphic column (alumina, PFB, ® 5 cm). Evaporation of PFB
favor nonbiocidal approaches to the control of fouling. Com- Yielded a clear, viscous, slightly yellow liquid (62% yieléii NMR
mercial nonbiocidal coatings that facilitate only the weak (CDCW/TFT): 6 = 1.8 ppm (quintet, 2H)p = 2.0 ppm (singlet,
adhesion of macrofouling organisms such as barnacles, tube-3H): 0 = 3.5 ppm (broad, 4H)) = 5.4 ppm (singlet, 1H, vinyl);
worms, and macroalgae are currently all based on silicone © = 2:8 PP (singlet, 1H, vinyo = 6.5 ppm (triplet, 1H, amide);
elastomerd?-2! These fouling release coatings do not prevent 0 = 84 ppm (triplet, 1H, amide):F NMR: o = 73.5 ppm

— . o ~ . (multiplet); 6 = 85.5 ppm (multiplet);d = 88.5 ppm (singlet)p

the_ _accumulatlon of fouling t_)ut have characte_nsﬂcs v_v_hICh = 135 ppm (singlet);0 = 136 ppm (singlet);0 = 138 ppm
facilitate its release under suitable hydrodynamic conditions. (myftiplet).
The fouling release properties of silicones are attributed to a = synthesis of the Perfluoropolyether (Krytox) Methacrylate
number of factors, including low critical surface tensior2@ Macromonomer (PFPEM). To a 250 mL round-bottom flask with
mN m™1),22 coating modulug?2223and thicknesg?* a magnetic stir bar, 20.10 g (17.5 mmol) of Krytox alcohol wagy

Vapor

Solid Surface

Figure 1. Young's equation for the static contact angle of a liquid
drop on a solid surface.

as follows in Figure 2> whereyy, ysw andys are the surface
tensions of the solid, liquid, and sotidiquid interface, respec-
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added. This was dissolved #1100 mL of 1,1,1,3,3-pentafluorobu-  for 15 h. Following this, the polymer-coated slides were irradiated
tane (PFB). To this solution 3.2 mL of triethylamine was added in the UV from a mercury arc lamp for 10 min. This is followed
(1.3 equiv). The reaction mixture was then degassed for 15 min by a postexposure bake at 120 for 4 h until curing is complete.
with a slow Ar(g) purge. The PFB solution was then stirred briskly Infrared Spectroscopy (IR). IR spectroscopy experiments were
as 1.7 mL of methacryloyl chloride (17.5 mmol) was slowly added performed on a Bio-Rad FTs-7 FTIR spectrometer equipped with
dropwise over 30 min. The reaction was stirred overnight under a constant temperature heating cell. Samples were cast onto KBr
Ar(g). The reaction was then quenched with a few drops of water. salt plates or glass microscope slides before insertion in to the cell.
When the resulting evolution of gases subsided, the organic layer Control of Relative Humidity at the Time of Cure. For

was washed with three portions of water and once with brine. The controlled humidity studies, glass jars were filled with saturated
organic layer was separated and diluted with an additional 50 mL aqueous solutions of KBr, KN§ and NaCs0;2H,0.2° A jar

of PFB and passed through a silica column. Another 50 mL of containing fresh Drierite was used as a 0% humidity environment,
PFB was passed through the column in order to flush out any and a jar containing deionized water was used as a 100% humidity
residual product. The solvent was then removed under reducedenvironment. The polymer-coated glass slides were suspended

pressure, leaving the clear PFPE oil (58% yield) NMR (CDCly/ above the aqueous solutions immediately after UV irradiation, and
PFB): 6 = 2.2 ppm (singlet, 3H)¢ = 5.0 ppm (quintet, 2H)) = the jar was then tightly sealed. The jars were then placed in an
5.8 ppm (singlet, 1H, vinyl)p = 6.5 ppm (singlet, 1H, vinyl)!°F isothermal oven at 80C to cure for 24 h.
NMR: 6 = 73.5 ppm (multiplet)> = 84.5 ppm (multiplet)p = Dynamic Surface Tensiometry (DST).Tensiometry measure-
88.5 ppm (singlet)y = 135 ppm (singlet)p = 137 ppm (singlet);  ments were performed on a NIMA Technologies DST 9005
0 = 138 ppm (multiplet). dynamic surface tensiometer. Glass coverslips measuring 24 mm
Synthesis of Alkyl (Meth)acrylate-co-Glycidyl Methacrylate- x 40 mm x 0.1 mm were coated with un-cross-linked polymer
g-PFPE Terpolymers.In a typical polymerization procedure;3 and cured as previously described. The DCA method is based on

g butyl acrylate (BA) (or methyl methacrylate (MMA)B g of the Wilhelmy Plate metho#f:31In a typical experiment, a coated
glycidyl methacrylate (GMA), ath 4 g of PFPE macromonomer  glass coverslip was attached to an electrobalance via a clip, and a
were added to a dry 50 mL round-bottom flask containing a stage with a beaker of pure water was automatically raised and
magnetic stir bar. This was followed by addition of 20 mLofa 1:1 |owered to allow the water to impinge upon the slide. Each
PFB/THF solvent mixture and 1 wt % AIBN relative to monomer.  experiment included multiple immersions to ensure consistent and
The solution was purged for 15 min with Ar(g), immersed in an reproducible data. For all data reported herein we required at least
oil bath maintained at 68C, and stirred for 24 h followed by  three identical immersions in succession. Through analysis of the
precipitation dropwise into a 10-fold excess of methanol, which is resulting force vs distance curveg, and 6, were obtained. Stage
placed in a dry ice/acetone bath. The precipitate was then filtered speeds were 100m/s.
and dried under reduced pressure. Typical yields ranged between  Settlement and Adhesion Assays withJlza Zoospores Slides
70% and 90%. with experimental coatings used in alllva bioassays were
Poly(MMA- co-GMA- g-PFPED) 3:3:4 Monomer Feed Ratio. equilibrated in a 30 L tank of recirculating deionized water for 10
Elemental Analysis: Calcd: C, 46.0%; N, 0.77%; O, 23.7%; F, days. Slides were transferred to artificial seawater2d before
24.6%; H, 4.9%. Found: C, 47.1%; N, 0.69%; O, 25.6%; F, 21.1%; the start of the bioassay. Fertile plantdfa linzawere collected
H, 5.1%.1% NMR: 6 = 74.1 ppm (multiplet);0 = 89.5 ppm from Wembury Beach, England (308 N; 4°02 W). Zoospores
(singlet);0 = 136 ppm (singlet)p = 138 ppm (singlet)p = 139 were released and prepared for attachment experiments. 10 mL

ppm (multiplet). GPC (THF):M, = 18 000; PDI= 2.8. DSC: Ty aliquots (1.5x 10° spores mL?) were pipetted into individual
(1) = 99 °C; Ty(2) = unobserved. _ compartments of polystyrene culture dishes (Greiner), each contain-
Poly(BA-co-GMA-g-PFPED) 3:3:4 Monomer Feed Ratio. ing a test coating applied to a glass microscope slide. Six replicates

Calcd: C, 47.7%; N, 0.77%; O, 21.6%; F, 24.6%; H, 5.3%. of each coating were set up. The dishes were incubated in the dark
Found: C, 47.7%; N, 0.81%; O, 21.9%; F, 24.5%; H, 5.3%. for 1 h before the slides were washed to remove unattached spores.
NMR: 6 = 0.9 ppm;6 = 1.3 ppm;d = 1.6 ppm;d = 2.6 ppm; Three replicate slides from each treatment were fixed in 2%
0 = 2.8 ppm;0 = 3.2 ppm;0 = 3.8 ppm;0 = 4.0 ppm;0 = 4.3 glutaraldehyde in seawater. The remaining three replicates were
ppm; 0 = 1.0-2.5 ppm (broad multiplet!®F NMR: 6 = 74.1 placed in a flow apparat#é. Slides were exposed to a fully
ppm (multiplet);0 = 86 ppm (multiplet);0 = 89.5 ppm (singlet); developed turbulent flow for 5 min at 53 Pa wall shear stress. After
0 = 136 ppm (singlet);0 = 138 ppm (singlet);0 = 139 ppm fixing slides in 2% glutaraldehyde, adhered spores were visualized
(multiplet). GPC (THF):M, = 22 900; PDI= 2.3. DSC: T¢(1) = by autofluorescence of chlorophyll and quantified by image analysis
7.5°C; Ty(2) = —75°C. as described in ref 25. Thirty counts were taken at 1 mm intervals
Poly(MMA- co-GMA- g-PFPEM) 3:3:4 Monomer Feed Ratio. along the middle of the long axis of each of the three replicate
Calcd: C, 45.6%; O, 23.9%; F, 25.7%; H, 4.8%. Found: C, 46.8%; slides. Spore settlement data are expressed as the mean number of
0, 25.3%; F, 22.8%; H, 5.0%% NMR: 6 = 74.1 ppm (multiplet); spores adhered per mMm: 95% confidence limitsi{ = 90). The
0 = 89.5 ppm (singlet)y = 136 ppm (singlet);d = 138 ppm adhesion strength data were calculated from the mean number of

(singlet); 6 = 139 ppm (multiplet). GPC (THF):M, = 20 000; spores remaining attached to the surface after exposure to turbulent
PDI = 2.4. DSC: Ty(1) = 91 °C; Ty(2) = unobserved. flow compared with the mean number before the slides were
Poly(BA-co-GMA- g-PFPEM) 3:3:4 Monomer Feed Ratio. subjected to flow. Data are presented in terms of percent spore

Calcd: C, 47.3%; O, 21.8%; F, 25.7%; H, 5.2%. Found: C, 46.5%; removal compared with the controls, standard errors calculated

0, 22.4%; F, 26.4%; H, 5.0%H NMR: 6 = 0.9 ppm;6 = 1.3 from arcsine-transformed data. Two standards were included in all
ppm; 6 = 1.6 ppm;d = 2.6 ppm;d6 = 2.8 ppm;d = 3.2 ppm;d assays: acid-washed glass and a poly(dimethylsiloxane) elastomer
= 3.8 ppm;d = 4.0 ppm;0 = 4.3 ppm;6 = 1.0-2.5 ppm (broad (PDMSE), T2 Silastic (Dow Corning). The slides with coatings of
multiplet). 1%F NMR: 6 = 74.1 ppm (multiplet);0 = 86 ppm T2 Silastic were supplied by Professor A. B. Brennan at the

(multiplet); 6 = 89.5 ppm (singlet)y) = 136 ppm (singlet)p = University of Florida. The samples thus provided were prepared

138 ppm (singlet)p = 139 ppm (multiplet). GPC (THF)M, = as described in previous publicatiofietails regarding the cure

25 000; PDI= 2.3. DSC: Ty(1) = —7.8°C; T((2) = —77 °C. chemistry and specific composition of the Silastic T-2 base resin
Photocure of the PFPE Graft Terpolymers. In a typical and curing agent as received from the manufacturer are reported

procedure, the terpolymer (2.0 g) was dissolved in MEK (8 mL) elsewheré3

to afford a clear, homogeneous solution~80% solids. To this Adhesion Assays withUlza Sporelings.Experiments were also

solution 1 wt % (relative to polymer) of WPAG 336 was added conducted on sporelings, i.e., young plants that develop from
and stirred until fully dissolved. The solution was then cast onto attached spores, as described in ref 34. After 8 days of growth,
glass microscope slides which were then covered under recrystal-biomass was estimated by measurement of fluorescence from
lization dishes, and the solvent was allowed to slowly evaporate chlorophyll a contained within the cells of the young plants us&gv
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a Tecan plate reader. Ninety readings were taken before and after
exposure of six replicates slides to a wall shear stress of 53 Pa.
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Scheme 1. Synthetic Details of the APMA Krytox
Macromonomer (PFPED)

The water channel produced fully developed turbulent flow similar CHs CHa CH,
to that experienced around the hull of a ship traveling at 15 knots. H.c=C NaOEt/EtOH HC=C Ether,, .t HC=C
Data are presented in terms of percent sporeling _removal compared  ¢=0 ¢=0 CHy ¢=0
with the controls#95% confidence limits from arcsine-transformed NH NH IS NH
data. Acid-washed glass and T2 Silastic were included as standards ~ CHz CH, teo CH,
in all assays. CH, CH, F,C—CF CH,
e ca cra
Results and Discussion NHs™ CI NH; EF H
2 c=0
We have an interest in the development of minimally adhesive FiC-CF F,C—CF
nontoxic foul-release coatings, for utility in applications that F s
range from ship hull coatings to medical devices. There is &,
increasing interest as to the various practical and synthetic F.C-CF
considerations which may hold significant sway over the surface —t

composition, wettability, and adhesion characteristics of poly-
meric materials such as those targeted herein. To determine the
ideal chemical and mechanical properties for fouling release

F

Scheme 2. Synthetic Details of the Krytox Methacrylate
Macromonomer (PFPEM)

coatings, several series of materials were generated in orderto ¢ oH CHy
isolate various properties and optimize PFPE surface enrichment. ¢ 1/2 LiAIH,, THF CH, ether, 1.2 Et;N H.C=C
Synthetically, a modular macromonomer approach was em-FC_E:O T Re¢F T cmy ¢=o
ployed allowing for direct structure/property correlations. The °—— T H,C=C ¢
basic design was a random terpolymer with three variable Q &F, (:3=o Fc_grz
monomer classes. The first monomer class was an alkyl (meth)- %2 FLC-CF cl :
acrylate, specifically, either butyl acrylate (BA) or methyl F3°;(|:i j‘ ?
methacrylate (MMA). These monomers were chosen duetothe  F Fsc_g?

very different (high and low)ys exhibited by their respective
homopolymers. This provides a means of isolating the effect F
of modulus andTy on the observed surface and wetting

. . . . Scheme 3. Synthetic Details of the PFPE Graft Terpolymefs
properties, while the basic chemical nature of the monomer

remained unchanged. The second monomer class contained g = CHy CHs CHy | "ot AN R CH o,
curable functional group. Through variation of composition and © =¢_- "¢ «| Heg or o ——» —[—CH;é—/—CHzé—/-CHzé—]»
curing conditions, the relative effect of cross-link density was ¢ o A 0 | " Fo Fo fe
evaluated. Glycidyl methacrylate was chosen as the curable X o & F R G, b
monomer for these polymers. The third monomer class was the On, AN ST
PFPE macromonomer itself. The incorporation of this monomer c o0 Fe NH
provided for a highly surface active, low-energy, fluorinated T Freen Fac_lio
component. The low surface tensions associated with fluo- Fac_ggz EF
ropolymers provide a driving force for the observed surface Fr FO-CF
enrichment of the PFPE domains in these stutligsleed, e Fr

because of this phenomenon, fluoropolymers have often been

studied and applied as surface-modifying components in SUChacrylate); modulus handle. The glycidyl methacrylate provides a means

applications as coatings and Iub'rica%ﬁﬁdditionally, polymer of curing the samples photolytically by use of a photoacid generator
surfaces rich in fluorinated functional groups can be envisioned (PAG) (Scheme 4).

to express other properties upon the solid surface, such as . . .
resistance to chemicals and organic solvents, hydrophobicity, Shloride (Scheme 2). Both synthetic procedures are straight-
and a low coefficient of friction. forward and provided each macromonomer in high yields.

d | hesi | Terpolymer Synthesis. Each terpolymer was synthesized
Macr_omon(_)mer and Terpolymer Synt e§|s.We also set through a free radical polymerization of the described monomers
out to 'F‘VGS“%"%“E tk'}e effect of the chemlcal nature of the having a feed ratio of 3:3:4 for the alkyl (meth)acrylate, glycidyl
polymerizable “linker” group corresponding to the macromono- methacrylate, and PFPE macromonomer, respectively, by

mer on the surface dynamics of _these materi_als. To this _end'weight. The reactions were carried out in a 1:1 PFB/THF solvent
two macromonomers (as named in the Experimental Section), ivture using 1 wt % AIBN relative to monomer feed as the

differing only in the nature of the polymerizable end group, ihitiator. For the purposes of this study, four terpolymers were
were synthesized. THé-(3-aminopropyl)methacrylamide PFPE gy thesized such that each of the two “linker” chemistries could
macromonomer (PFPED) was synthesized readily through theyg gypiored within both high and low modulus matrices. The
neutralization ofN-(3-aminopropyl)methacrylamide (APMA)  qeqails of the syntheses are illustrated in Scheme 3.
hydrogen chloride With a slight excess of sodium ethoxide and  These reactions produced the targeted, random PFPE graft
the subsequent amidation of the methyl ester Krytox (MW toryolymers with compositions closely matching those of the
1.3 x 10°) with the resulting APMA base (Scheme 1). This jnitig| feed ratios of all three monomers as measuret-byMR
provided a PFPE macromonomer graft with a polymerizable g4 elemental analysis. GPC data collected against polystyrene
methacryldiamide end group (PFPED). standards for each of the four terpolymers exhibited monomodal
A second, less polar, PFPE methacrylate macromonomer wasdistributions with comparable elution times corresponding to
synthesized by the reaction of the Krytox alcohol (M¥V1.1 number-average molecular weights between approximately
x 10°% PFPE with a stoichiometric amount of methacryloyl 20 000 and 25 000 with polydispersities of around 2.5 (Taé)B\V

aR = R = Me (methyl methacrylate); R n-butyl, R = H (butyl
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Table 1. Structural and Thermal Properties of the PFPE Graft Terpolymers

GPC DSC TGAd composition by weight (96)
samplé My (x10%) Mu/Mn T (°C) TZ(°C) T4 (°C) PFPED PFPEM
1 2.3 2.3 7.5 =75 315 39
2 2.5 2.3 —-7.8 =77 230 42
3 1.8 2.8 99 260 34
4 2.0 2.4 91 180 36

aSample 1, poly(BAco-GMA-g-PFPED); sample 2, poly(BAo-GMA-g-PFPEM); sample 3, poly(MMAso-GMA-g-PFPED); sample 4, poly(MMA-
co-GMA-g-PFPEM).” Molecular weights were measured against polystyrene standdrde-temperature transitiong4?) were only observed for the butyl
acrylate-based terpolymerkListed values folTq were taken at 5% weight lossListed weight fractions of the PFPE component were calculated from
elemental analysis data.

Scheme 4. Details of the Photolytic Acid-Catalyzed Epoxide 6 -
Ring-Opening Cure Chemistry Employed for the PFPE Graft
Terpolymer Films 51
o 1.hv, 5 min. " oH o 4
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|
. C_EFZ . C_‘FFZ Figure 2. IR absorbance data fit to a second-order rate expression for
L : ? the epoxy cure.

1). Therefore, these four polymers are observed to exhibit surrounding medium has been explored. Acting on the assump-
comparable molecular weights with nearly identical composi- tion that less polar chemistries (i.e., methacryl ester) would serve
tions with respect to each monomer class previously described.to minimize the driving force for domain segregation, polymers
Cure Chemistry. Films of these polymers were cast from incorporating both the PFPEM and PFPED grafts have been
MEK solutions (20 wt % in polymer) containing 1 wt % of a  evaluated in parallel. Further, the extent to which the degree of
photoacid generator (WPAG 336, Scheme 4). Upon UV cure affects chain mobility at the interface and consequently
irradiation, an organic acid is generated which catalyzes the ring-the observed surface reorganization upon wetting was also
opening of the epoxy pendant groups from the incorporated determined.
glycidyl methacrylate comonomer. The details of this chemistry ~ To address these issues, fiims of poly(B&GMA-g-
are illustrated in Scheme 4. PFPED) and poly(BAco-GMA-g-PFPEM) were prepared by
Thermal Analysis: DSC.DSC data were gathered for this  dip-coating a series of glass coverslips in methyl ethyl ketone
series of samples. These showed two distinct glass transition(MEK) casting solutions (including the PAG 1 wt % relative
temperatures (labele@;! and T4?). The Ty of the pure PFPE  to polymer). The films were cured by irradiation with a mercury
macromonomer itself was found to b€71 °C. Thus, the low- arc lamp for 5 min (generating the acid) followed by a
temperature transitionsT{?) are ostensibly attributed to the postexposure bake at 12C (Scheme 4).
PFPE-rich domains. These data are consistent with a hetero- An evaluation of the kinetics of the acid-catalyzed epoxy cure
geneous, phase-separated morphology. Similar results werewas undertaken. IR spectroscopy was used to monitor the curing
observed by Mther et al3> and Bongiovanni et &€ for related reaction and extrapolate kinetic data (the details of this are
systems. described in the Experimental Section). The cure chemistry was
Dynamic Wetting Characteristics before and after Cure. readily observed through observation of the band at 908'cm
The initial focus of the study was confined to the two BA- associated with the epoxy pendant group of the GMA comono-
based polymers, poly(B&e-GMA-g-PFPED and -PFPEM)  mer. Spectra were recorded every few minutes throughout the
(i.e., none of the higfir; MMA-based terpolymers). Addition-  reaction, and the time-dependent decay of this peak was
ally, we observed that although advancing contact angles wereevaluated. It was observed that the peak does not decrease to
rather high ¢117), as expected, the receding contact angles zero absorbance. However, this is presumably due to restricted
were consistently and significantly lower than the advancing chain movement at high cross-link densities. From these data,
angles (by 40 at best) for the poly(BAco-GMA-g-PFPED) a kinetic analysis of this curing reaction was obtained (Figure
coatings. As was mentioned previously, contact angle hysteresis?). It was found that the ring-opening reaction of the epoxy
provides an implicit indication of the relative degree of group obeyed a second-order rate law with a rate constant of
interaction across the liquid/solid interface. As such, our 0.07 mim™. Further, it was determined that the maximum cross-
interpretation is that the low receding contact anghgs felative link density for this system was obtained afteryBl h bake
to 6,, are an indication of significant surface restructuring. This time following irradiation.
is presumably due to the presence of high-energy moieties (i.e., With a clear picture of the cure system in hand, the evaluation
the diamide groups) within the polyacrylate structure and the of CA’s as a function of cross-link density was undertaken. Film
associated propensity to migrate to the surface when in contactsamples of the poly(BAo-GMA-g-PFPED) and poly(BAco-
with the high-energy medium. To test this hypothesis, the degree GMA-g-PFPEM) were prepared, irradiated, and subjected to
to which the chemical nature of the “linker” group corresponding postexposure bake$ & 120°C) for various times ranging from
to the PFPE macromonomer graft affects the observed surfaces to 180 min (3 h bakes being necessary to accomplish a
dynamics of such a terpolymer upon contact with an agueouscomplete cure as illustrated by the kinetic data). At regEBrV
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a ) experiment. Figure 4 illustrates the decay in CA hysteresis as a
1404 function of postexposure bake time. These data are given for

120 4 both poly(BA<co-GMA-g-PFPED) and poly(BAco-GMA-g-
03100 é 9 PFPEM). The data in Figure 4 serve to further underscore the
2™ 5 pronounced restrictive effect of cross-link density upon the
c

o i i
80 - CLn‘ILra]i:e::EI: Receding surface dynamics of these polymer systems. Additionally, the
decay in hysteresis with cure time follows precisely with the
decay of the 908 cmi band from the previously described
===No Cure vibrational spectroscopy analysis of the cure chemistry (Figure
=== Three Hour Cure 2). It should be noted that recently Ober and co-workers reported
' ' ' a significant decrease in CA hysteresis as a result of annealing
| 3 13 a semifluorinated graft copolymer without the need for chemical
mmersion Depth (mm) . . . -
b ) pross-l!nk[ng. Howeyer, the p.olymer system in question exhib-
- ited a liquid crystalline smectic phase at the surface which was
reported to contribute significantly to the inhibition of surface
reconstruction under watéf.As such, this study offers ad-
ditional examples of the controlled inhibition of surface dynam-
ics by physical or chemical means.

& It is further evident from these data that the increasé,in
with cross-link density is far more pronounced for the poly-
40 A = Foly(BA-co-GMA-g-FFPED) (BA-co-GMA-g-PFPEM) films. Also, it is apparent that there
20 1 = Poly(BA-co-GIIA-g-PFPEM) is a reduced hysteresis (66s 75’) for these films prior to cure.
0 . . ' All of these data are entirely consistent and support the assertion
that a less polar “linker” chemistry reduces the driving force
2 3 8 13 for domai tion from th face and that cross-link
immersion Depth (mm) or domain segregation from the sur _
density serves to restrict chain mobility and by extension surface
Figure 3. Tensiometry data (contact angle vs immersion depth). (a) restructuring upon wetting by a high-energy liquid. It is further
Contact angle data collected for poly(BA GMA-g-PFPEM) before - o iqent that these parameters may be manipulated in order to

and after cure (postexposure bake at 1€0vernight). The receding o ,, .
contact angle increased by Slipon curing. (b) Contact angle data generate a surface that exhibits more “ideal” behavior, all other

collected for both poly(BAso-GMA-g-PFPEM and -PFPED) after cure  considerations being equal.

(postexposure bake at 12G overnight). The observed hystereses were . . . r . .
18+ 2° and 42+ 2°, respectively. The observed receding contact angles Given the observations regarding cross-link density, it

Contact Al
o8 883

r

58

le €)
85

Contact Angle

for poly(BA-co-GMA-g-PFPED) are~50° prior to cure. naturally follows thafly should have a significant influence on
surface dynamics as well. To explore this issue, it was necessary
90 - PP — to prepare two additional terpolymers of the type poly(MMA-
& 754 ApoIY(BA A ¢ orpED) co-GMA-g-PFPE), incorporating methyl methacrylate (MMA)
@ 1, po(BA-co-BHIA-9- rather than butyl acrylate. MMA was chosen in order to provide
@ 604 a a glassy material at room temperature without introducing any
% A‘ Aa . significant differences in the chemical composition of the
2> 45 4 resulting terpolymers. DSC analysis providgg of ~—5 and
< 304 ~95 °C for the BA- and MMA-based terpolymer analogues,
o o, * . respectively (actual values for each of the four terpolymers are
15 T T T T . given in Table 1).
0 40 80 120 160 200 Once synthesized and characterized, the two MMA-based
Cure Time (min) terpolymers were used to prepare MEK film-casting solutions

Figure 4. Contact angle hysteresis exhibits a pronounce decay with IN @n identical fashion as previously described. These solutions
postexposure bake time (12€). The data points at 0 min are the ~were used to dip-coat glass slides in order to provide film
vr?lues forI éhi(; ggp;gllrgtfiirllrgst r:za; \'/:vSrEeMn%tr;#rg(rié\lﬁoilse gv?g:hanﬁggge :Qgts samples. The films are then irradiated for 5 min under the
the samp i
measured 10less than that for the PFPED-based polymer films. bmaekrgug%/ lazr((;(I;':l rcr:\[/) e?r?i gk;]etf?(;ep?;V?dzuséen:;)elgté?yiﬁrzztefﬁ%osslure
intervals samples were removed from the oven, and curing wasThese films were characterized by DST analysis in an identical
quenched by immersion into liquid nitrogen. Each cured film fashion as the BA-based terpolymers. Figure 5 presents the CA
was evaluated by dynamic surface tensiometry (details aredata for both poly(MMAeo-GMA-g-PFPED) and poly(MMA-
described in the Experimental Section) a®tp6;, and @a — co-GMA-g-PFPEM) as observed after complete cure of the
0r). The results are given in Figures 3 and 4. films. It is immediately evident upon inspection that the CA
Figure 3 outlines the tensiometry data collected for both poly- hysteresis is observed to be far less pronounced for poly(MMA-
(BA-co-GMA-g-PFPED) and poly(BAco-GMA-g-PFPEM). co-GMA-g-PFPED) than that observed for the BA-based
Plots a and b present the contact angle data collected via theanalogue. Indeed, the hysteresis values afead 20 for the
Wilhelmy plate method for the BA-based polymers before and poly(MMA-co-GMA-g-PFPED and—PFPEM) terpolymers,
after cure (postexposure bakes were applied overnight). Inspectespectively. There is only & 4lifference in the two hysteresis
tion of these data clearly demonstrates the significant influence measurements, and consistently, the greater of the two values
of cross-link density on the observed CA hysteresis. Further, is associated with the PFPED-incorporated polymer. These data
the receding contact angle is sensitive to the cure state of theare quite demonstrative of the restricted chain mobility observed
polymer, while advancing angles remain essentially constant, in the polymethacrylate glass. In fact, it appears that the higher
any deviation of which is well within the statistical error of the Ty serves to further enhance the observed receding CA fo&ilslg/
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Figure 5. Contact angle data for the two MMA-based polymer films 80
(postcure). The two materials observe contact angle hysterese$ of 24
and 20 for poly(MMA-co-GMA-g-PFPED) and poly(MMAeo-GMA- _
g-PFPEM) films, respectively. g 60
[=]
E
Table 2. Relative Humidities at 80°C Associated with Saturated L 40
Agqueous Solutions of Various Salts =
salt % relative humidity at 80C? 20
none (pure water) 100 0 |
KBr 79.5 i ) i
NaNOs 65.5 Glass PDMSE PFPED PFPEM
NaCrO7:2H,0 56.0 Figure 7. (a) Number of spores mm attached to the surface of poly-
Drierite (no solution) 0.0 (MMA- co-GMA-g-PFPED) and poly(MMAeo-GMA-g-PFPEM) com-

pared to the glass and PDMSE (T2 Silastic) standards. Each point is

aThe % relative humidity is defined as (vapor pressure/saturation the mean of 90 counts, 30 from each of 3 replicates; bars show 95%

pressure)x 100%. confidence limits. (b) Percentage removal of spores from the surface
~ of poly(MMA-co-GMA-g-PFPED) and poly(MMAeo-GMA-g-PF-
5 90 PEM) compared to the glass and PDMSE (T2 Silastic) standards. Each
8 80 point is derived from the mean of 90 counts before and after exposure
g to a wall shear stress of 53 Pa in a water channel. Bars show 95%
. confidence limits from arcsine transformed data.
o 60
=)
< %0 ¢ 3 PFPE terpolymers are highly sensitive to relevant environmental
§ 40 i parameters at the time of cure and further suggest that
§ 307 ; . ; . . postexposure bake temperatures well in excess of°@Aare

0% 20% 40% 60% 80% 100% preferred in order to minimize CA hysteresis.

Relative Hurmidity Figure 7a shows the number of spores settled on the two test
Figure 6. Contact angle hysteresis observations collected for poly- Surfaces and the glass and PDMSE standards. The number of

(BA-co-GMA-g-PFPED) cured under a postexposure bake temperature Spores on both test surfaces was markedly less than on either
of 80 °C while suspended in a closed vessel above saturated aqueousf the two standards, being approximately 10% and 25% of

solutions of the various salts listed in Table 1. glass and the PDMS elastomer (T-2 Silastic), respectively. The
poly(MMA-co-GMA-g-PFPED) film by 20 relative to that ease with which the spores were removed by the application of
observed for the BA-based analogue. a wall shear stress of 53 Pa is shown in Figure 7b. Percentage

Finally, as these coatings are observed to exhibit various removal from both test surfaces was greater than from the T-2
sensitivities to the nature of the surrounding medium, an Silastic standard, highest removal being from the poly(MMA-
investigation as to the effect of relative humidity at the time of co-GMA-g-PFPED) film.
cure was undertaken. In other words, could relative humidity ~ In addition to spore settlement and release, the fouling release
or the lack of moisture in the atmosphere at the time of cure be potential was further measured through evaluation of the ease
used to drive an ever higher surface enrichment of PFPE, andby which 8 day old sporelings (a more mature stage of
once so segregated, would the surface be “locked” into that development in theJlva lifecycle) were removed from the
morphology as a consequence of the resulting cure state? Tesurface. Percentage removal is shown in Figure 8. While
this end, a series of five films were dip-coated on glass substrates’emoval from both of the perfluoroether-based graft terpolymers
as before. These were irradiated and then suspended in airtighwvas less than from that of a standard fouling release silicone
glass vessels, above saturated aqueous solutions of various saltél2 Silastic), the poly(MMAeo-GMA-g-PFPED) coatings
each producing a known relative humidity within the vessel at Shows some promise as a fouling release material. However, it
a given temperature (8%C in the case of these experiments) is clear that further optimization will be required. Further
(Table 2)3 Contact angle hysteresis measurements are sum-modifications to these graft terpolymers are under way, and
marized in Figure 6 as a function of relative humidity. Reduction results are forthcoming.
of the relative humidity from 100% to 0% resulted in a°40 .

(50%) decrease in the observed contact angle hysteresis for th&onclusions

samples tested. Control experiments were performed using the We have demonstrated the critical parameters that influence
poly(GMA-co-BA) copolymer (30 wt % GMA). These materials  or drive the evolution of “surface states” for a series of
were completely insensitive to the relative humidity of the curing heterogeneous, cross-linkable, random PFPE graft terpoly-
environment and showed no change in advancing or recedingmers: interfacial free energy, chain mobiliff(and cross-link
contact angle. The results of this study clearly show that the density), and intermolecular interactions with the surroun%
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