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Surface Dipoles

Sangwha Lee;* Joon-Seo Parkand T. Randall Lee¥

Department of Chemical and Bio Engineering, KyungwonuJgrsity, San 65 Bokjeong-Dong, Sujeong-Ku,
Seongnam, Gyeonggi-Do 461-701, South Korea, and Department of Chemistrgrdityiof Houston,
4800 Calhoun Road, Houston, Texas 77204-5003

Receied March 28, 2007. In Final Form: January 9, 2008

The wettabilities of fluorinated polymers were evaluated using a series of contacting probe liquids ranging in nature
from nonpolar aprotic to polar aprotic to polar protic. Fully fluorinated polymers were wet less than partially fluorinated
polymers, highlighting the weak dispersive interactions of fluorocarbons. For partially fluorinated polymers, the
interactions between the distributed dipoles along the polymer backbone and the dipoles of the contacting liquids were
evaluated using both polar and nonpolar probe liquids. The results demonstrate that the surface dipoles of the
fluoropolymers generated by substituting fluorine atoms with hydrogen or chlorine atoms can strongly interact with
polar contacting liquids. The wettabilities of the partially fluorinated polymers were enhanced by increasing the density
of dipoles across the surfaces and by introducing differentially distributed dipoles.
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Since the discovery of poly(tetrafluoroethylene) (PTFE, Figure T [ FrE ¢ '.ﬁe_e*'-: ol

1) by Plunkett in 1938 fluorocarbon-based polymers have been
used in various applications that require, for example, chemical PTFE FEP PFA
inertness, thermal and mechanical resistance, and low adHesion.
Fluorocarbon resins are widely used across the chemical, | ¢ & & & N A A
semiconductor, and biotechnology industries to seal and isolate | | £\ [ L&Y ! .
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materials, especially under harsh conditiéAg.he unique and
remarkable inertness to harsh conditions reflects the useful

interfacial properties and strong integrity of the chemical structure. poly(tetrafluoroethylene) (PTFE), fluoroethylengropylene co-

The strong G-F bonds and weak polarity of fluoropolymers  noymer (FEP), polyperfluoroalkoxyethylene (PFA), ethylene
eventually lead to low solubility, low friction, high thermal tetrafluoroethylene copolymer (ETFE), ethylerghlorotrifluoro-
stability, low permeability, and strong chemical resistahice. ethylene copolymer (ECTFE), poly(vinylidene fluoride) (PVDF),
When selected fluorine atoms in a fluorocarbon resin are replacedand poly(vinyl fluoride) (PVF).
by hydrogen or chlorine atoms, a distinct change in the polarity . . "
and mechanical properties of the polymers occurs as a result ofand'electro;.)osmve genters are balanqed but distanced within the
the different electronegativities of fluorine and the replacement chain, leading to differential separation of charges to permit
atom®® Although the substitution typically leads to enhanced €lectrostatic interactions between adjacent chains (Figute 2).
mechanical strength, there is a concomitant loss of thermal and/Th€ existence of polarity in the partially fluorinated polymers
or chemical inertness. strongly influences the interfacial properties, which leads to an

In contrast to fully fluorinated polymers, partially fluorinated enhanced wettablllty toward contacting liquids as a function of
resins have increased polarity because the substituted element$'€ degree of polarity. , _ .
(hydrogen or chlorine) possess electronegativities that are less In this report, we evaluate themtgrfaual Wettabllltles.of several
than that of fluorine (see the structures in Figure 1). Furthermore, Commercially important fully fluorinated polymers (Figure 1),
the length of the &X bonds (X= H or Cl) along the polymer  including PTFE, fluoroethylenepropylene copolymer (FEP),
backbone differs from that of €F bonds. The electronegative and polype_rfluorqalkoxyethylene (PFA) and patrtially fluorinated
polymers including ethylenetetrafluoroethylene copolymer

* Author to whom correspondence should be addressed. E-mail: Iswha@ (ETFE), ethylene-chlorotrifluoroethylene copolymer (ECTFE),
kyungwon.ac.kr (S.L.); tree@uh.edu (T.R.L.). poly(vinylidene fluoride) (PVDF), and poly(vinyl fluoride) (PVF).

13’#\;‘3‘2’;” L]fﬂverst'ty- To distinguish the various contributions to the interfacial

y of rouston. wettabilities, we employed a combination of three different types
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Figure 1. Structures of the fluoropolymers studied in this report:
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F F H H EF H H Table 1. Elemental Percentage Composition and
7\ /N /y\ /r\ / Root-Mean-Square Surface Roughness of Fluoropolymers
I SO SN S AN O Measured by XPS and AFM, Respectively
NI NS AGONILA NS

PN
..... ¢’ %% C(_’s_a_@;\ polymers C o F FIC  Rmd

ETFE

/ / / / PTFE 3385 500 6186 183 586
F F H H F F H H FEP 34.38 0.10 65.33 1.90 10.5
PFA 34.01 0.46 65.54 1.93 17.0
(a) ETFE 44.35 0.19 55.46 1.25 11.1
ECTFE 5219 032 37.74(9.75) 09T 291
PVDF 52.45 1.04 46.50 0.89 25.9
PVDE HH HH HH  HH PVF 69.81 456  25.63 037 417
/ / / / aRmsis the root-mean-square surface roughness measured by AFM
s 5@ Ot 59 7501 Cx 7 501 L Co on scanned areas of 3010um?. ® The number in brackets for ECTFE
\C/ .@@\:\C/ﬁﬁgﬂcﬁﬁﬁ@\}c%ﬁ@,:\ indicates the % composition of chloringln the ratio of FIC, the
/ /, :_/;.___5 /_ numerator includes both the F and Cl compositions.
FF FF FF FF
I I I I Results and Discussion
(b) Surface Composition of the FluoropolymersBefore evalu-
ating the interfacial wettabilities of fluoropolymers, we first

Figure 2. The distribution of dipoles within the polymer back- . >
bones: (a) ETFE, (b) PVDF. examined the surface composition of the polymers by XPS

because the presence of contaminants on the surface can
appreciably influence the wettabilities. The XPS spectra of the
ropolymer surfaces. Importantly, the observed trends in wettability fully fluorinated polymers exhibited a major{peak at 292 eV
are evaluated here for the first time in the context of surface and a minor one at ca. 283 eV (data not shown), suggesting the

dipoles (where applicable). presence of hydrocarbon contaminatiéhn contrast, the XPS
spectra of the partially fluorinated polymers exhibited two major
Experimental Section peaks at 292 and 287 eV (data not shown), correspondingto CF

and CH groups, respectiveli12and a very minor peak at ca.

Materials. The contacting liquids were of the highest purity ) ; N -
available and were used as purchased from commercial suppliers.283 eV, again attributed to contamination. To verify that the

Fluoropolymer samples (5 mil thickness unless indicated otherwise) Pe@K at ca. 283 eV arises from contaminants rather than inherent
were obtained from the following companies: (i) DuPont: Teflon = Polymercomposition, we exposed samples of PTFE to ultrasonic
FEP, PFA, Tefzel ETFE, and Tedlar PVF; (ii) Ausimont: Halar cleaning in solution and separately to cleaning with ambient air
ECTFE, Solef PVDF; and (iii) TEX-A-LON: PTFE. The PVFfilm  plasma. While the ultrasonic cleaning left the samples unchanged
(1.5 mil thickness with both sides adherable) was available only as when analyzed by XPS, treatment with air plasma caused the
TTR15BGS. The chemical repeat units for all of the fluoropolymers intensity of the peak at ca. 283 eV to decrease substantially
are shown in Figure 1. The polymers can be broadly classified into (=80% loss), without giving rise to any additional oxidized
two _major cat_egories: fully fluorinated (PTFE, FEP, and PFA) and species. Furthermore, thedpeak observed for the PTFE samples
partially fluorinated (ETFE, ECTFE, PVDF, and PVF). also decreased substantialyg0% loss) upon plasma treatment.

Contact Angles.Contacting liquids were dispense_d and withdrawn Taken together, these observations support the model of surface
on the fluoropolymer surfaces at the slowest possible rate«(/s) contamination '

using a Matrix Technologies micro-Electrapette 25. Contact angles S
of various liquids were measured at room temperature and ambient 1 N€ amount of contamination in the surface layers can be
relative humidity using a Ramart model 100 contact angle Semiquantitatively estimated from the fluorine-to-carbon ratio
goniometer while the pipet tip was kept in contact with the drop. and the content of oxygen (assuming that the oxygen arises from
The reported contact angles are the average values of at least threthe contaminants; note that the observation of oxygenin the XPS
independent droplets (i.e., six measurements) per sample. spectra of the partially fluorinated polymers might also arise
X-ray Photoelectron Spectroscopy (XPS)The surface com- from partial oxidation of the €H bonds along the backbon®).
position of fluoropolymers was characterized using a PHI 5700 X-ray Gijven, for example, that the F/C ratio for PTFE should be 2.00
photoelectron spectrometer equipped with a monochromicl K and that PTFE should contain no oxygen, the data presented in
X-ray source lfy = 1486.7 eV) incident at S0relative to the axis (game 1 for PTFE suggest a nontrivial amount of hydrocarbon

of a hemispherical energy analyzer. The spectrometer was operate N
at high resolution with a pass energy of 23.5 eV, a photoelectron nd oxygenated contaminatishWe note that all of the other

takeoff angle of 45from the surface, and an analyzer spot diameter fluoropolymer samples showed substa}ntla_lly lesser Cor?t"’.‘m'"a“o“
of 1.1 mm. The spectra were collected at room temperature and a(see Table 1); nevertheless, the possible influence of initial trace
base pressure of 2 10-° Torr for C;g, Fys, O1s and Ch,. The XPS contaminants on the wettability of fluoropolymers must be
spectra were referenced by adjusting thebfding energy to 688.65  considered (vide infra).
eV to eliminate charging effects. Prior to analysis by XPS, the samples  The relevance of the preceding analysis depends in part on the
were pretreated by sonication in ethanol for 10 min. sampling depth probed by XPS. The inelastic mean free path
Atomic Force Microscope (AFM) MeasurementsThe surface (IMFP) for the Gsphotoelectrons produced by a monochromic
configuration of the pristine samples was measured using a PSIA A| K o X-ray source lfy = 1486.7 eV) is estimated to be3.3
XE-150 AFMin noncontact mode at a scan rate of 1 Hz. The probing
tip scanned an area of 2010um squares at differgnt Ioca’gions of (11) Golub, M. A.; Wydeven, T.; Cormia, R. D.angmuir 1991, 7, 1026.
the sample, followed by postacquisition processing to give three-  (12) Since the peaks at ca. 283 eV disappear upon plasma treatment (data not
dimensional topographic images and vertical roughness of the samplt?hOWn), Wle d% not attrlbﬁteJthise p_eakSDtO liaterlllltes Xf tEhe Gpeak at b292he\T/- gee,
: : or example: Griesser, H. J.; Youxian, D.; Hughes, A. E.; Gengenbach, T. R;
surface. Surface roughness was determined from the AFM IMagesy ;. " W. H.Langmuir1991 7, 2484 and Kang, E. T.. Neoh, K. G.. Tan, K.
using the software to calculate the root-mean-square roughness from . senn, B. C.; Pigram, P. J.; LiesegangPalym. Ad. Technol.1997 8,
the standard definition. 683.
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nm21314 This distance, however, is only the average distance Wettabilities of the Fluoropolymer Surfaces. Advancing
traveled by an electron with a given energy through the organic contact angles were measured using several liquids in contact
material, and the signal drops off exponentially with depth. To with the surfaces of fluoropolymers. To provide a comprehensive
account for the drop off, the information depth (sampling depth) evaluation of the interfacial energies of the fluoropolymers,
is usually taken as 3 times the IMFP times the cosine of the we chose liquids ranging from nonpolar aprotic to polar aprotic
takeoff angle (45%in our case}314This calculation gives the  to polar protic. Among these liquids, polar aprotic contacting
depth from which 95% of the photoemissions originate. Therefore, liquids can be further divided into two distinct categories
the sampling depth for the;Qphotoelectrons is estimated to be  depending on their Lewis aciehase character. Fowkes con-
7.0 nm in our measurements. We note, however, that the vastsidered two types of acicbase interactions (by their favorable
majority of the photoelectrons still come from a depth that is miscibilities with squalene) in polar aprotic liquids.The
much shallower than this value. bifunctional liquids include the strongly self-associated liquids
Surface Dipoles and Acidities of the FluoropolymersThe (e.g., DMF, acetonitrile, nitrobenzene, and DMSQO), where the
wettability of a surface can be strongly influenced by the term “bifunctional” reflects the presence of both Lewis acidic
distribution of acidic groups and/or surface dipoles across the and basic sites within the molecules. The monofunctional liquids
interface!® In contrast to fully fluorinated polymers, partially  include less strongly self-associated polar aprotic liquids (e.g.,
fluorinated polymers possess enhanced acidity and enhancegyridine, 1,4-dioxane, bromoform, methylene iodide), which
surface dipoles due to the differing electronegativities of carbon, consist of molecules having only basic or acidic sites. Given
fluorine, and hydrogen (or chlorine). In particular, the strong their relatively weak dipoles and small dielectric constants, the

inductive effect of the fluorine atoms polarizes the electronic monofunctional liquids are routinely described as nonpolar (or
distribution along the polymer backbone of all of the partially “virtually nonpolar”).

fluorinated polymers. Figure 2 illustrates, for example, anideal gy re 3a shows that the contact angles of the nonpolar aprotic
trans-planar (or extended zigzag) conformation for ETFE and iq,igs on the polymer surfaces decreased in the following
PVDF, showing the distribution of electronic charges along the ,.qor- FEP> PFA > PTFE > ETFE > PVDF > ECTFE >
polymer backboné?!’Since fluorine atoms are strongly electron  py/e The wettability of FEP is lower than those of PFA and

Withd_rawing, the_attac_h_ed ca_rbons exist in a highly electron- PTFE; by analogy to hydrocarbon surfaces, this behavior can be
deficient state. This deficiency in electron density is compensated, . oy halized on the basis of dispersive interactions in which

in part, by a shift of the electrons away from adjacent carbons jse tacial methylene groups are more wettable than interfacial
and their attached hydrogens, thereby increasing the acidity Ofmethyl groupg-23 The surfaces that consist predominantly of
the hydrogen8.This effect scales with the proximity of the CF» groups can provide an increased number of attractive

fluorines: since the electron-withdrawing effect of fluorine dispersive contacts per unit area when compared to those

decreases with increasing distance along theT chain, the aCiditycomposed of CEgroups, leading to enhanced wettability of the
of nearby hydrogens decreases as the fluorines become MOT%ormer surfaced? By the same reason, the wettability of PFA

!renr:ote?qlgln p%(tlcuflarli tr;ehhyﬁrogen c|>f the CI_—|FFgroup in PVF is expected to be lower than that of PTFE; however, Figure 3a
Itf](te f?urgﬁr?;?gla;fa?:hz do ;mﬁngﬁroﬁﬁe¥$§:2 Irt]helgali:ri?ji " ’ s(,)lfnt(;]ee shows that the contact angles of nonpolar aprotic liquids on the

| . red togincreasz:n/.in the foIIO\;vin order}/ PTEE PFA surface were close to those on the PTFE surface. This
POIyMETS IS EXpeC g ’ observation can be rationalized on the basis of the low ratio of

~ FEP~ PFA. < ECTFE < ETFE = P\./DF < PVF. OG3F7 to CFR, group (1:199) in PFA and also the apparently
ETFE consists of two alternating units efCH,CH,— and enhanced contamination in PTFE (Table 1)

—CFR,CF,—, which should give rise to net surface dipoles that - .
lie along the polymer backbone (Figure 2a). On the other hand, The wettabilities of nonpolar surfaces by nonpolar aprotic
PVDF consists of two alternating units of Geind CF, leading liquids arise solely from dispersive interactions, which can vary
to stronger dipoles that essentially bisect the tetrahedrdf C with a number of factors such as packing density, intercalation,
and surface morphology. As shown in Figure 3a, the nonpolar

bonds when compared to ETFE (Figure ?b)n the case of A ; -
ECTFE, more than two types of dipoles exist due to anisotropic liquids almost wet the surfaces of the partially fluorinated

polarization of the €C bonds depending on whether the £H polymers. For meas_u_rable contacting angles of decalin and
unit is adjacent to a GFunit or a CFCI unit. This effect gives squalene, the wettability of ECTFE was observed to be greater
rise to a relatively high density of dipoles per unit area, and thus than that of PVDF, even though the latter possesses stronger
argues for stronger dipole effects for ECTFE when compared to .surfac.e dlpole_s. This qbservatlon suggests that other factors,
ETFE. The naked EF dipole in PVF, however, should give rise  Including packing density and surface morphology, cannot be
to the strongest dipole effects of all for this polymer. Given these €Xcluded for the enhanced wettability of ECTFE toward these
considerations, the surface dipole effects for the polymers are Nonpolar liquids. In practice, ECTFE is less densely packed due
expected to increase in the following order: PTREFEP < to the presence of the large chlorine atoms (e.g., the specific
PFA < ETFE < ECTFE < PVDF < PVF. These analyses 9ravitiesof PVDFand ECTFE are 1.78 and 1.68, respectivély).
provide a basis for evaluating the contributions of surface dipoles Itis also known that the large chlorine atoms disturb the crystalline

and acidity to the interfacial interactions (e.g., wettability) of ~Structure of ECTFE, inducing a slightly kinked chain conforma-
ﬂuoropolymerS, |n add|t|on to the Commonly recogruzed tlon.ls These Structural COﬂSIdel’atIOHS m|ght |ead to enhanced

contribution of dispersive interactions. solvent intercalation (and thus the observed enhancement in
(13) Seah, M. P.; Dench, W. /Surf. Interface Anal1979 1, 2. (20) Fowkes, F. M.; Riddle, F. L., Jr.; Pastore, W. E.; Weber, ACAlloids
(14) Powell, C. JJ. Electron Spectrosc. Relat. Phenoh®88 47, 197. Surf.199Q 43, 367.
(15) Colorado, R., Jr.; Lee, T. R. Phys. Org. Chen200Q 13, 796. (21) Bain, C. D.; Whitesides, G. Ml. Am. Chem. Sod.989 111, 7164.
(16) Starkweather, H. W., Jd. Polym. Sci. A2973 11, 587. (22) Shon, Y.-S.; Lee, S.; Colorado, R., Jr.; Perry, S. S.; Lee, T. Rm.
(17) Sibilia, J. P.; Roldan, L. G.; Chandrasekaran].$olym. Sci. A1972 Chem. Soc200Q 122 7556.

10, 549. (23) Bain, C. D.; Troughton, E. B.; Tao, Y. T.; Evall, J.; Whitesides, G. M.;
(18) Radice, S.; Del Fanti, N.; Zerbi, ®olymer1997 38, 2753. Nuzzo, R. GJ. Am. Chem. So0d.989 111, 321.

(29) Itisimportant to note that both of these arguments assume apredominantly ~ (24) McKeen, L. W. IrFluorinated Coatings and Finishes Handbowkilliam
trans zigzag conformation for the chain backbones. Andrew: Norwich, U.K., 2006; p 11.
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a ] and probe liquids, fail to support the assertion of enhanced solvent
o %QEQ\ 2o Hoptane intercalation on ECTFE. _ _
50 /3<<>\ DA o We then examined the advancing contact angles of polar aprotic
- <D>/. D\o 3 Hexadacane (bifunctional) liquids on the fluorinated polymers. Figure 3b
i T N —e—Squalene shows that these contact angles decreased in the following order:
E’ 30] .\ PTFE, FEP, PFA> ETFE > ECTFE > PVDF > PVF. The
kS wettability for a given polar liquid was observed to decrease
£ 201 with increasing fluorination in polymers, which is in accordance
© with previous observations by Zisman and co-workéiGiven
104 that there were no distinct differences in the contact angle values
ol . . i i i i for the fully fluorinated polymers, we conclude that these
PTFE FEP PFA ETFE ECTFE PVDF PVF substrates exhibit roughly lldentlcal dispersive mteragtlc_)ns.
However, for the partially fluorinated polymers, there were distinct
b 4] o R . differences in wettability that are attributable to polar interactions
so] . — N (e.g., dipole-dipole, dipole-induced dipole, and aciebase
701 g,,gjg\.\ interactions). In particular, PVDF and PVF, which possess strong
= 6ol \, . dipoles and high acidities, exhibited the greatest wettabilities
2 sl o \ among the fluorinated polymers.
£ 0l . Figure 3c shows that the contact angles of the monofunctional
},j \. polar aprotic liquids on the polymer surfaces exhibited a similar
§ 301 AN vene \. trend when compared to the bifunctional polar aprotic liquids:
201 —e—DMSO “\ \ PTFE, FEP, PFA> ETFE > ECTFE = PVDF > PVF. Only
101 S ooe ﬂkg 1,4-dioxane exhibited a variation in contact angle for fully
04 fluorinated polymers: FEP PFA > PTFE. Here, the lower
PTFE FEP PFA ETFE ECTFE PVDF PVF contact angles for PFA and particularly PTFE might arise from
the oxygen-containing{OCsF;) groups and the aforementioned
C 4l contaminants, respectively. For methylene iodide, bromoform,
80 and a-bromonaphthalene, the contact angles of ECTFE were
g—zé\g\ similar to those of PVDF within the error range ©42°. All of
- ::: o \Oi\ the other polar aprotic liquids gave distinctly lower contact angles
ry — for PVDF when compared to ECTFE, reflecting the complexity
<E’ 501 \ of polar interactions across these interfaces. In the next section,
B 401 we will examine the contribution of polar interactions in greater
-t R Er— \ \ detail using the concept of interfacial energies.
© 204 e ohthalene ! 3 Figure 3d shows that the wettability trends for the polar protic
104 o= Ryridine e \ o liquids were consistent with those of the bifunctional polar aprotic
0 liquids. The measured contact angles for the fully fluorinated
) ) ) ) ) ' ) polymers were indistinguishable within the error range@f.
PTFE FEP PFA ETFE ECTFE PVDF PVF . .
The contact angles for the partially fluorinated polymers, however,
d 10 were distinctly different due to variations in polar interactions.
120{ = = - In particular, PVDF and PVF possess strong surface dipoles and
110 \ acidic hydrogen atoms; consequently, their surfaces can interact
= 100 S\z_a\ ™~ with co_ntacting I_iquids_ via dipotedipole, di_polqinduce_d dipole,_
g o0l © \ \ and acid-base (|nclud|ng_h_ydrogen-bondmg)mter_actlons, Ieac_zllng
£ 4 \ \ to the greatest wettability among the investigated partially
3 ) s — fluorinated polymers. In contrast, ECTFE with a high density of
§ 1 Cooweer 0\. weak surface dipoles is less wettable than PVDF and PVF but
© 6o 4 Formamide \ns, more wettable than ETFE, which possesses a lower density of
50]  [-o—Ethylene Glycol o weak surface dipoles than does ECTFE.
0T, . . . . I Estimation of Interfacial Energies from Contact Angle
PTFE FEP PFA ETFE ECTFE PVDF PVF Data. To provide a clearer understanding of the trends in

Figure 3. Advancing contact angles of various liquids on the surfaces wettability observed fo_r the flu_oro_polymer_surfa(_:es,_ we ch(_)se
of fluoropolymers. (a) Nonpolar aprotic liquids: heptane (filed O evaluate the energetic contributions of dispersive interactions
squares), octane (filled diamonds), decane (filled circles), tridecane and nondispersive interactions separately. In this analysis, three
(opensquares), hexadecane (open diamonds), decalin (open circlesHifferent types of interactions between contacting liquids and
squalene (filled pentagons). (b) Polar aprotic (bifunctional) liquids:  f,5r0polymers will be considered: (1) dispersive interactions,

DMF (filled squares), nitrobenzene (filled diamonds), DMSO (filled . : . . . . . .
circles), acetonitrile (open squares), pyrrole (open diamonds). (c) (2) dipolarinteractions, and (3) aeitbase interactions (including

Polar aprotic (monofunctional) liquids: methylene iodide (filled ~ hydrogen bonding).

squares), bromoform (filled diamonde}bromonaphthalene filled Fowkes originally proposed that the surface tension of a polar
CérCESI)’ pyrld|ne|_(opgn_squares)f.ﬁméj 1,4-d|oxanfe (Ope”.g'ar?ﬁ”gs)-interface consists of dispersive, inductive, dipedgpole, and

(d) Polar protic liquids: water (filled squares), formamide (fille hydrogen bonding interactiod&Later, Dann suggested that the

diamonds), glycerol (filled circles), and ethylene glycol (open . ! . |
squares). polar work of adhesion arises from nondispersive forces, such

wettability) for ECTFE. We note, however, that the hysteresis

’ ) (25) Shafrin, E. G.; Zisman, W. Al. Phys. Chem196Q 64, 519.
datain Table 2, when compared collectively for all of the surfaces

(26) Fowkes, F. MJ. Ind. Eng. Chem1964 56, 40.
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Table 2. Contact Angles and Hysteresis Data for Probe Liquids on Fluoropolymer Surfacé8

PTFE FEP PFA ETFE ECTFE PVDF
liquid adv rec A adv rec A adv. rec A adv rec A adv  rec A adv  rec A
WA 122 94 28 119 98 21 121 90 31 108 84 24 99 78 21 80 52 28
FA 103 74 29 101 83 18 100 79 21 94 71 23 79 65 14 67 23 44
GL 105 79 26 104 82 22 103 80 23 96 75 21 83 69 15 76 35 41
EG 93 64 29 93 77 17 92 75 17 82 63 19 67 53 14 60 28 32
PR 75 52 23 76 63 13 74 54 20 68 44 24 37 21 15 16¢ <16
NB 74 52 22 76 63 13 76 66 10 62 41 21 39 17 22 45 20 15
DMF 79 48 31 80 67 13 78 62 16 66 44 22 43 30 13 19 13 6
a-Br 75 54 21 76 64 12 76 61 15 70 47 23 39 27 12 39 20 19
MI 85 68 17 84 74 10 84 68 16 81 63 18 58 43 15 60 31 29
BF 74 54 20 75 58 17 74 57 17 68 51 17 36 19 17 37 13 24
PY 72 54 18 72 63 9 72 60 12 58 41 17 34 17 17 19 10 9
DIO 61 46 15 69 56 13 67 53 14 53 37 18 31 18 13 18 10 8
HD 45 21 24 53 39 14 50 33 17 45 26 19 10 © <10 11 ¢ <11
DC 54 28 26 58 44 14 56 42 14 50 35 15 15 ¢ <15 20 10 10
SQ 54 28 26 56 42 14 54 40 14 50 35 15 15 ¢ <15 20 10 10

aadv= advancing contact angles, reaeceding contact angles,= Oag — Orec ®° WA = water, FA= formamide, GL= glycerol, EG= ethylene
glycol, PR= pyrrole, NB= nitrobenzene, DM dimethylformamidep-Br = a-bromonaphthalene, M+ methylene iodide, BF= bromoform,
PY = pyridine, DIO = 1,4-dioxane, HD= hexadecane, D& cis-decalin, SQ= squalene® Immeasurable contact angles less thah 10

Table 3. Dispersive Solid Surface Tensionsyf,, mJ m-2) from
Various Methods

as electrostatic, acitbase, and hydrogen-bonding interac-
tions?7:281n recent work!*2° Colorado and Lee have proposed

that the total work of adhesion for a sotitiquid interface Wsy; polymers ~ GGFavg.  Zismanplot GGFplot literature
eq 1) can most simply be expressed as the sum of its dispersive PTEE 192 179 9.0 16199
component\5;; eq 2) and polar componenit; eq 3): FEP 17.8 16.6 177 16-18¢
PFA 18.5 17.% 18.6 18
Ws = 7v(1+ cosb,) 1) ETFE 20.0 18.9 f 25.3
ECTFE 28.2 i f 31
PVDF 27.9 26.5¢ f 254, 30
_ d d v ,
W, = 2y/78y 7y 2 PVF 40.6', 35.2 | f 400
T a Average for all nonpolar contacting liquids examined (i.e., heptane,
W8, = y,y(1+cosb,) — 2y/vsy Yiv 3) octane, decane, tridecane, hexadecane, squalene, and dé@ititgined

To determine/\/;L, the dispersive component of the free energy
of the solid-vapor interface;(gv) must first be calculated using
the Good-Girifalco—Fowkes (GGF) approximation (eq 2,32
which relates the total work of adhesigny (1 + cos6,), to the

using the nonpolar contacting liquids listed in footnoté BReference

33. 9 Reference 38 Reference 35! Linear plot could not be obtained

on the polar surface of partially fluorinated polymetfeference 36.

h Obtained using squalene onlyThe surfaces of ECTFE and PVF were
wet by all nonpolar aprotic liquids except squalereference 39.
kObtained using hexadecane, decalin, and squalene; all other liquids

dispersive components of the surface free energy of the solidwet the PVDF surfacé .Reference 37" Obtained assuming Gh is

(y%,) and the surface tension of the liquigt():

7v(1+cost,) = 24/ ng Vﬁv

4

The GGF approximation can be used to estimate the solid surface

tension by assuming that the seotitiquid interface is entirely

and ideally dispersive for the contacting liquids. Therefore,

assuming tha;t‘L’V = yLv for a series of nonpolar aprotic liquids

a virtually nonpolar liquid (i.e.,yﬂ\, = 50.8 mJ m?).2° " Obtained

considering the nonideal interaction of methylene iodide by u;zﬁgg
calculated through the interactions of methylene iodide with three fully

fluorinated surfaces as described in the text (i8,,= 44.0 mJ m?).

° Reference 34.

We estimated the solid surface tension of the fluoropolymers
using the GGF approximation averaged over all contacting liquids
examined and compared these values with those obtained from

(e.g., heptane, octane, decane, tridecane, hexadecane, decaliff,ZiSman plot, a GGF plot, and those reported in the literature

squalene), one can obtaqi/@\, as an average value for a given
surface. Similarly, average values gft, can be estimated for

nonpolar and/or protic liquids by measuring their contact angles
on ideal purely dispersive thin films (e.g., those derived from the

adsorption of hexadecanethiol on gdkf® and plugging the
appropriate values into eq 4. Once values/®f andy?, are

known for a given surface and contacting liquid, respectively,

values ofWg, can be calculated from eq 2, and values\df
can be calculated from eq 3.

(27) The work of adhesion is defined as the work done on the system when

a unit area of solietliquid interface is destroyed to form unit areas of liquid
vapor and soliervapor interfaces. The work of adhesion at a seliquid interface
is dependent on the free energies of the ligtudpor, solid-vapor, and soliet
liquid interfaces s = yiv + vsv — vsu)-

(28) Dann, J. RJ. Colloid Interface Scil97Q 32, 302.

(29) Colorado, R., Jr.; Lee, T. Rangmuir2003 19, 3288.

(30) Berg, J. CWettability, Marcel Dekker: New York, 1993.

(31) Good, R. J.; Girifalco, L. AJ. Phys. Chem196Q 64, 561.

(32) Fowkes, F. MJ. Phys. Chem1963 67, 2538.

(see Table 3§3-3° The data in Table 3 indicate that the Zisman
plot underestimates the dispersive component of the fluorinated
surfaces. In contrast, the solid surface tensions estimated by
plotting co®,vsy vy ~Y2 known as a the GGF plot, gave numbers
comparable to those calculated using the GGF approximation;
however, the GGF plot method could not be applied to most of
the partially fluorinated polymers because of nonlinearities arising
perhaps from nonideal interactions between fluorocarbons and
hydrocarbong?®

Dispersie InteractionsWe calculated the dispersive com-
ponent of the work of adhesiorV\@L) using eq 2. As noted

(33) Lee, L.-H.Langmuir1996 12, 1681.

(34) Hollander, A.J. Colloid Interface Sci1995 169, 493.

(35) Knight, P. A.; Takisaki, W. D. U.S. Patent 6854491, 2005.

(36) Becker, K.Microb. Ecol.1996 32, 23.

(37) vanKrevelen, D. W.; Hoftyzer, P.Broperties of Polymers: Correlations
with Chemical StructureElsevier: New York, 1972.

(38) Zisman, W. A.AAdv. Chem. Ser1964 43, 1.

(39) Perepelkin, K. EFibre Chem.2004 36, 43.
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Table 4. Values ofy", Cited from the Literature and Estimated Values of y?,, from Measurements of6, and
ygv for Fully Fluorinated Surfaces Using the GGF Equation (mJ n1?)

literature valuesy?,, or yL experimental values,,

contacting liquids Vv Fowke$ van Os8 T.R. Le€ PTFE FEP PFA avg.
water 72.40 211 21.8 165 15.1 18.6 16.7 16.8
formamide 58.00 28.0 39.0 d 26.3 30.5 29.8 28.9
glycerol 64.00 d 34.0 e 29.2 334 33.3 32.0
ethylene glycol 48.00 d 29.0 d 26.9 29.3 29.0 28.4
DMF 36.80 30.2 d 25.0 25.0 26.5 26.7 26.0
nitrobenzene 43.80 38.7 41.0 30.8 40.6 42.0 40.1 40.9
DMSO 44.00 29.0 36.0 26°3 26.9 29.7 29.0 28.6
acetonitrile 27.00 19.4 d 16.9 17.5 18.6 18.6 18.2
a-bromonaphthalene 44.40 d 44.4 d 40.6 43.1 41.2 41.6
methylene iodide 50.80 50.8 50.8 d 44.8 44.6 42.6 44.0
bromoform 41.50 d d d 355 38.7 37.9 37.4
pyridine 38.00 38.0 d d 32.2 35.1 335 33.6
1,4-dioxane 33.50 335 d d 32.2 29.4 29.4 30.3

2 Reference 20° Reference 40: Reference 29 For certain contacting liquids, values;zf_(, andy(y were not available from the indicated source.
¢Inreference 29, values @f\, were calculated from a series of terminally perfluorinated SAMs on 9@9#13.8 mJ m?) usingcis-perfluorodecalin
as the purely dispersive liquid.

above, the calculation M@L requires the dispersive component has the smoothest surface among the fully fluorinated polymers.
of the surface energy of fluorinated surfacg%v( Table 3) and Therefore, FEP appears to be the truest purely dispersive surface
the dispersive surface tension of the contacting quuj»(ﬂ§)(A examined here. As such, the remainder of our analysis and
past study demonstrated the calculation jdf, for polar discussion is based on this assumption.

contacting liquids through the interaction of the liquids with Using the values Of’ﬁv calculated above for the contacting
squalené®Theyy,, values determined by this method, however, - liquids andy,, for FEP in Table 3, we calculated the dispersive

might lead to errors in the calculations for fluorinated interfaces \yqrk of adhesion\(\@L) according to eq 2 and plotted the values
because the dispersive forces of polar contacting liquids possibly ¢ W;L for the respective fluorinated surfaces. Figure 4 shows

;Pjg:iitg] dasTJ?Pa:ggg uznrtf;:g;géhia?éﬁ:::gf f?(;(;efhgf the that\/\/%L increases in the following order with roughly the same
TR : = ; STl . magnitude, regardless of the nature of the contacting liquid: FEP
gﬁ;}g‘fgg?g&‘gfﬁgﬁ’zgU;Tée%gg‘terac“onsW'thf”"yf'uor'”atEd < PFA < PTFE < ETFE < PVDF < ECTFE. We note that
Using the GGF averagg?, v;sllues of the fully fluorinated Va'”‘?s OfW, (and of W, below) for PVF were not reliably
polymers listed in Table 3 and well-known literature values of obtained due to the enhanced wettability (reflected by contact
20 d L angles of less than 2@or many of the probe liquids) observed
yLv,2°we calculateg, for the polar contacting liquids for three : .
nonpolar fluoropolymers from eq 4. The results are given in on this surface. Among the fully fluorinated polymers, values
of W2, were lower for FEP than for PTFE and PFA. As noted

Table 4 along with published values from the literatefé?4° : . N _ . .
While the average values Qfd obtained here are largely above, this behavior can be rationalized on the basis of dispersive
LV interactions in which interfacial methylene groups are more

consistent with those reported in the literature, the val f . .
P Luéf@ wettable than interfacial methyl groups (as a result of enhanced

obtained for water on PTFE (15.1 mJ #nis markedly lower
( il y van der Waals contact per unit aréagimilarly, since hydrogen

than the commonly reported value (ca-22 mJ n1?); itis also ) AN . -
lower than the value reported recently by Lee and co-workers IS smaller than fluorine, it is reasonable that partially fluorinated

in studies of fluorinated self-assembled monolayers (SAMs) on ETFE (more densely packed) gives higher value$\§f than
gold (16.5 mJ m?),2° which is itself lower than the commonly  the fully fluorinated polymers. By analogy, one might propose
reported value. The origin of the latter discrepancy lies in the that ECTFE would exhibit a IowewgL than ETFE, given the
use of hydrocarbon interfac€4? rather than fluorocarbon  diminished molecular packing of ECTFE. This proposal, however,
interfaced’to derive the energies of interaction. Simply put, the is contrary to our observations. While it is possible that the
dispersive component of any common probe liquid is typically enhanced\/\/‘\i,L for ECTFE arises from intercalation of the
stronger when contacting a hydrocarbon interface than whencontacting probe liquids (vide supra) or because Cl is more
contacting a fluorocarbon interface. We and others refer to this polarizable than F, we can offer no similar rationalization(s) for
phenomenon as “nonideal” behaviSrAn unfortunate conse- e enhanceng for PVDF. Perhaps, however, the molecular
quence of nonideal wettability is that valuesj actually vary packing density of PVDF is somehow greater than that of ETFE.
with the nature of the substrate (i.e., hydrocarbon vs fluorocarbon). N . . . o . .
on-Dispersie InteractionsThe wettability studies described

a Nggfsmt]glises';:gr%/;tfsf’f\’lotx’ta'gfﬁafosr \gs(t:earugg E:iices above found, for example, that ECTFE was more wettable than
pp y » P P PVDF toward nonpolar liquids (see decalin and squalene in Figure

contamination or surface heterogeneity for this polymer (sup- .
ported by the XPS data and surface roughness data in Table 13a), while P.V[?F was more wettable than ECTFE toward most
ther polar liquids (see Figures-38d). The contrasting behavior

. . 0
as well as the contact angle hysteresis data in Table 2). We note_.” ~ . . . .
gle 1y ) ehlghllghted here suggests the existence of complex nondispersive

also that the presence of G groups on the surface of PFA | . , | terf A dab ECTFE
suggests that the interactions involving this polymer might not Nteractions atfluoropolymerinterfaces. As noted above, EC

be entirely dispersive in nature. In contrast, FEP contains no POSSESSes multiple surface dipoles as well as chemical hetero-

heteroatoms other than fluorine, is the least contaminated, andd€neity, while PVDF possesses strong surface dipoles and high
surface acidity. To rationalize the relative contributions of

(40) Wu, W.; Giese, R. F., Jr.; van Oss, CLangmuir1995 11, 379. nondispersive phenomena in fluorinated polymer surfaces as a
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. . PTF,E FEP  PRA E,TFE ECTF,E PV,DF, Figure 5. Polar works of adhesion of various liquids on the surface
Figure 4. Dispersive works of adhesion of various liquids on the  of fluoropolymers. (a) Polar protic liquids: water (filled squares),
surface of fluoropolymers. (a) Polar protic liquids: water (filled  formamide (filled diamonds), glycerol (filled circles), ethylene glycol
squares), formamide (filled diamonds), glycerol (filled circles), (open squares), squalene (open diamonds). (b) Bifunctional liquids:
ethylene glycol (open squares), squalene (open diamonds). (b)DMF (filled squares), nitrobenzene (filled diamonds), DMSO (filled
Bifunctional liquids: DMF (filled squares), nitrobenzene (filled circles), acetonitrile (open squares), squalene (open diamonds). (c)
diamonds), DMSO (filled circles), acetonitrile (open squares), \onofunctional liquids: a-bromonaphthalene (filled squares),
squalene (open diamonds). (¢) Monofunctional liquidsbro- methylene iodide (filled diamonds), bromoform (filled circles),
monaphthalene (filled squares), methylene iodide (filled diamonds), pyridine (open squares), 1,4-dioxane (open diamonds), squalene
bromoform (filled circles), pyridine (open squares), 1,4-dioxane (open (open circles). Average values pgv for FEP were used (obtained
diamonds), squa_lene (open cwclt(ajs). Average valuag\gfor_FE_P from 6, andyfv for nonpolar aprotic liquids according to the GGF
were used (obtained frok andyy, for nonpolar aprotic liquids quation). Squalene was included as a standard for all types of liquids.
according to the GGF equation). Squalene was included asastandarﬁlote the absence of data for PVF for which no purely dispersive

for all types of liquids. Note the absence of data for PVF for which standard is available. Also, most of the polar aprotic liquids wet the
no purely dispersive standard is available. Also, most of the polar g face of PVF.

aprotic liquids wet the surface of PVF.
whole, we now consider dipole interactions (Keesom and Debye V\/éL. In contrast, the nonzero values W&, for the partially
forces) and acigtbase interactions (including hydrogen bonding) fluorinated polymer surfaces suggest the existence of interactions
separately. other than those that are truly dispersive. As described above,
1. Dipole Contributions. We estimated the contribution of the we estimate that the strength of the surface dipoles of the
nondispersive interactions to the works of adhesion by calculating fluorinated polymers increases in the following order: PTHE
WE, according to eq 3 on the fluoropolymer surfaces. Figure 5 FEP < PFA< ETFE < ECTFE< PVDF < PVF. Given that
shows that the polar works of adhesion for the fully fluorinated these surface dipoles can interact with the contacting liquids to
polymers are zero within the error rangede? mJ n12 (except enhanceWy,, we would predict, in the absence of other
for PTFE, which is contaminated/heterogeneous; vide supra), conflicting nonpolar interactions, that values W&, would
suggesting that the total work of adhesion for these materials correlate with the strength of the surface dipoles in the
arises exclusively from the dispersive interactions that comprise fluoropolymers. To this end, Figure 5 shows that the values of
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WE, for the fluoropolymers increase in the following order: bonding of the typ@olymerC—F+**H—Niquia), and thus give rise
PTFE, FEP, PFA< ETFE < ECTFE< PVDF, which is in good toan enhanceng relative to that for dimethylformamide. This
agreement with the predicted trend in surface dipole strengthsline of reasoning suffers, however, from the necessary deduction
(recall that PVF is missing from the latter series because we werethat hydrogen bonding of the tyggymerC—F*+*H—X iquia) OCcurs
unable to calculate reliable values W;L and Wg, for this only for the partially fluorinated polymers, given that values of
substrate; vide supra). Itis important to note that this correlation W, are~0 for the fully fluorinated polymers.
holds on all three partially fluorinated surfaces for all of the Considering as a whole the nondispersive interactions that
polar contacting liquids, save for methylene iodide (virtually give rise tov\/;L, we can reasonably argue that dipole interactions
nonpolar) on PVDF. We therefore conclude that the contribution appear to be the dominant attractive forces acting across the
of polar interactions to the total works of adhesion is strongly interface of the partially fluorinated polyme¥s2°Furthermore,
dependent on the surface dipoles of the polymers. these interactions appear to be complemented by hydrogen
2. Acid—Base Contributions. For the polymers and probe bonding of the typ@olymerC—H***Xiquia). Although additional
liquids considered here, no formal proton transfer occurs when enhancement ofAg, is observed when using polar protic
the liquids are placed in intimate contact with the polymers. contacting liquids, the exact origin of this enhancementis obscure.
Consequently, itis inappropriate to consider the interfaciatacid 2b. VCG Method. In an effort to clarify the phenomena
base interactions from a Brgnsted (proton donor/acceptor) highlighted above, we employed the van Oss, Chaudhury, and
perspective. Given, however, the presence of lone pairs in bothGood (VCG) method to evaluate the magnitude of the -acid
the polymers and the polar liquids, it is reasonable to consider base contributions to the polar works of adhesi#im the late
these interactions from a more general Lewis (lone-pair donor/ 1980s, van Oss, Chaudhury, and Good proposed a revision of
acceptor) perspective. Specifically, these interactions might bestFowkes'’s surface tensidtby grouping the various contributions
be described as hydrogen bonds, as illustrated by the following into only two components: Lifshitzvan der Waals (LW) forces
two examples, where X heteroatom O or N:polymesC—H-* and acid-base (AB) interaction® In this approach, the acie
- Xiquidy for certain polar liquids angholymenC—F**H—Xiquid) base component of the free energy of interaction across a-solid
for polar protic liquids. While a distinction between the hydrogen liquid interface AF%’) is given by the relation shown in eq 5:
bonds illustrated here and the dipole interactions discussed in
the preceding section might seem arbitrary, the data in Figure , g W Lw
5 argue that polar forces beyond those attributable to dipoles 2Fst = ~Viv(1 €080y +2ys™ v~ =
must be operative here. In particular, the valueS\gf for the - _2\/),; vl — 2\/;/; v )
partially fluorinated substrates are uniformly higher when using
polar protic liquids (Figure 5a) than when using polar aprotic
liquids (Figure 5b), and there are no obvious correlations with

the dipole strength or the dielectric constant of the contacting donor (basic) surface tension. Note thﬂféﬁ is numerically

liquids. ) i ) equivalent but has the opposite sign of the polar work of adhesion
2a. Hydrogen B.Of‘d'”@?’ F{eggro}mg the polymer]csubstrgtes, (W2)) defined by eq 3. Empirically, the VCG method has been
the presence of acidic moieties is limited to the partially fluorinated shown to suffer from an overestimation of the Lewis basicity,

polymers, and the acidity order is expected to increase in the even for surfaces that are characteristicallv aceii® "
. . y a Addition-
following order: PTFE~ FEP~ PFA< ECTFE < ETFE < ally, there is no simple way to compare the characteristic

IF') VDdF (V'dﬁ supra)..dAs su%ha.monofunctut))nal ba5|5[: %OtntaCtr'pg.tparameterw andy~ with other independent measurements of
Iquids such as pyridine and dioxane can be expected o exnibit g i grface acidity and basici#j:4 Despite these limitations,

polar works of adhesion that increase in the same order. Figurethe VCG method can often lend insight by helping to define the

5¢ Ec')rrl]ifllzmlls this trend,hsave fo][ a m'”orlde‘.’c';'f‘“g” for ]Pyndlned specific nature (i.e., electron donor vs acceptor) of the interfacial
on . In contrast, the monofunctional acidic bromoformand _ "2 25

theh_\g_rtuag)_/ffapolar me:jhylenre] ‘Od‘d? zlilndff)romonaghthlalene To employ the VCG method, it is convenient to use a virtually
e>;] ' Itt?\ : elrent trin ?néhe partia yEé’_?EEate PO ymersgl nonpolar liquid and two polar liquids having known values of
where the poiar works ot adnesion on are compara eyf and y_.#>#3 For each of the polymer substrates examined

to th n PVDF. i . .
0 hose o here, we first determined the valuesjdf" using the contact

b.fFigl:'re SH.Sh%W? }Ihat ttt?e pOIartWOBkS ?;] adhesi(f)n f(:.r th? angles of the methylene iodide (arbromonaphthalene) as the
functionatliquids toflowthe same trend as the monotunctiona virtually nonpolar liquid (i.e., assuming that bqtﬁ andy_ =

owcve, Shahdy hgner for e bitanciionl s pisugily O We then estimated the values,gfandys using the contact
reflectin ’ thg rgategr basicity of the latter. Fi qre Sé gho S t?]/at angles of both water and glycerol. We also calculated the surface
the salmge tren% also holdls Ifgr the polar p;rolt?culiquids bl:\; with tension components of the fluorinated polymers using the actual
an even further enhancement in the magnitude/t Not,ably (n(k))nzero) v:;luhesl r?{ggsand yg for methﬁ?ne ior(]jide andf
this enhancementis particularly evident for water, which possessesa_ romon+ap t alene. As shown in Ta ‘e .5’ the use o
arelatively small dipole moment = 1.84)4! Further evidence " O"#€TOL andfory, values for methylene _|od|de f"‘"?d_bro'
of the enhancement is perhaps illustrated by a direct comparisonmOnaphthalene gave values;/@fa thatwere slightly diminished

of dimethylformamide with formamide on PVDF, wheig, = (42) van Oss, C. J.; Chaudhury, M. K.: Good, RCBem. Re. 1988 88, 927.
18 and 23 mJ %, respectively. While the dipole strengths of (43) van Oss, C. J.; Giese, R. F., Jr.; Good, R.ahgmuir199Q 6, 1711.
both quuids are similarp( =13.86 and 3.37, respectivel%and (g;l) van Oss, C. J.; Wu, W.; Docoslis, A.; Giese, RCBlloids Surf., B2001,

both liquids can undergo hydrogen bonding of the {yggherC— (45) van Oss, C. J.; Good, R. J.; Chaudhury, MLEngmuir 1988 4, 884.
H---Xiquiay, formamide can additionally undergo hydrogen (46) Tretinnikov, O. N.J. Colloid Interface Sci200Q 229, 644.

(47) Janczuk, B.; Bialopiotrowicz, T.; Zdziennicka, A. Colloid Interface
Sci. 1999 211, 96.

(41) Lowry, T. H.; Richardson, K. S. IMechanism and Theory in Organic (48) Janczuk, B.; Wojcik, W.; Zdziennicka, A. Colloid Interface Scil993
Chemistry 3rd ed.; Harper & Row: New York, 1987; p 177. 157, 384.

whereyW is the Lifshitz-van der Waals component/ is the
electron-acceptor (acidic) surface tension, and the electron-
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Table 5. Lifshitz—van der Waals Components and Acid-Base Parameters of Fluoropolymers from the Contact Angles and Surface

Tension Data for the Indicated Set of Test Liquid$

polymer vs" Vs ve ¥s ys'
Methylene lodide-Water-GlyceroP
PTFE 15.37(15.72) 0.14(0.12) 0.04(0.03) 0.13(0.13) 15.51(15.84)
FEP 14.96(15.24) 0.18(0.17) 0.09(0.08) 0.09(0.09) 15.14(15.41)
PFA 14.96(15.48) 0.47(0.42) 0.19(0.15) 0.29(0.30) 15.43(15.90)
ETFE 17.48(16.51) 0.54(0.71) 0.08(0.13) 0.91(0.96) 18.02(17.22)
ECTFE 29.73(28.90) 0.47(0.56) 0.14(0.19) 0.39(0.41) 30.20(29.46)
PVDF 28.58(24.39) 1.76(3.75) 0.07(0.30) 11.1(11.7) 30.34(28.14)
PVF 40.61(36.20) 2.02(3.58) 0.12(0.36) 8.46(8.90) 42.63(39.78)
o-BromonaphthaleneWater-Glycerof

PTFE 17.59(17.80) 0.00(0.00) 0.00(0.00) 0.17(0.17) 17.59(17.80)
FEP 17.12(17.23) 0.08(0.07) 0.01(0.01) 0.12(0.12) 17.20(17.30)
PFA 17.12(17.27) 0.29(0.28) 0.06(0.05) 0.35(0.36) 17.41(17.55)
ETFE 20.00(19.45) 0.13(0.21) 0.10(0.01) 0.80(0.82) 20.02(19.66)
ECTFE 34.01(33.52) 0.01(0.15) 0.01(0.02) 0.30(0.31) 34.13(33.67)
PVDF 32.70(30.41) 0.04(0.92) 0.00(0.02) 10.6(10.88) 32.74(31.33)
PVF 46.46(44.06) 0.15(0.88) 0.00(0.02) 7.93(8.14) 46.61(44.94)

a All surface tension units are in mJ7 The surface tension components were calculated from the advancing contact angles based on the reference
values for water:y, ™ = y = 25.5% Values less than 0.01 were considered as 0.8@lues in parentheses calculated using the nonzero value
of y[’ = 0.72 for methylene iodid®. °¢Values in parentheses calculated using the assumed valuggéj' ef 0.39 andy_ = 0.48 for
o-bromonaphthalent.

for the fully fluorinated polymers but slightly elevated for the °
partially fluorinated polymers. In other words, neglect of the 404 : EE';E:E
liquid acidity/basicity leads to an underestimatioryg? for the £ e PVDF |#
partially fluorinated surfaces. & 25

Regardless of whether nonzero valueg/pfandy, values =

were used for the virtually nonpolar liquids, the data in Table E 20+
5 indicate that PVDF and PVF are characterized by a prepon- g
derantly strongys monopole among the fluoropolymers ex- 3
amined® Given thatys monopolar polymer surfaces can =
interact strongly withy,  bifunctional liquids anoj{r mono-
functional liquids, this result is consistent with our observation

of the enhanced wettability of these two polymer surfaces toward

all of the bifunctional probe liquids (Figure 3b) and polar protic
liquids (Figure 3d) employed. Surprisingly, however, the
wettability trend for PVDF in Figure 3c holds for the
monofunctional bases (pyridine and 1,4-dioxane) but noyfhe
monofunctional acid (bromoform) and the virtually nonpolar Figure 6. Plot of the polar works of adhesiow\g, ) determined
liquids (methylene iodide angtbromonaphthalene). As an aeid versus the dipole moments of the contacting liquids on the partially

base interaction, we anticipated that figmonopolar nature of fluorinated surfa(_:es: I_ETFE (filled squares), ECTFE (filled dia-
PVDE would have interscted more strongﬁy with th@ monds), PVDF (filled circles). The data for water€ 1.84) were

- : . ) excluded inthe linear regression because of their significant deviation
monofunctional acids than thg monofunctional bases. Per-

from linearity.
haps this discrepancy reflects the important but largely igrféred
role of dipole-dipole interactions in dictating the wettability of  that ECTFE is more polar than ETFE but the least acidic among
polar interfaced®29.50 these partially fluorinated polymers, this latter observation might
To explore this issue further, we plotted the polar works of be interpreted to indicate that aeilase interactions also
adhesion\(\&, ) determined on ETFE, ECTFE, and PVDF versus contribute to the polar works of adhesion.
the dipole moments of the contacting liquids (see Figuré 6). In Figure 6, we note that waten & 1.84) exhibits a marked
Examination of the plot reveals that the polar works of adhesion deviation from the noted trend for all three surfaces; the magnitude
on ETFE increase with increasing dipole moment of the probe of the deviation increases in the following order: ECTRE
liquids, save for an invariance or slight decreasg at 3.75, ETFE < PVDF, which correlates with our estimated order of
which corresponds to the range of dipole moments for bifunctional acidity for the polymers. These results are consistent with a
contacting liquids. While PVDF exhibits a similar (albeit more model in which the deviation of polar works of adhesion for
erratic) trend, the polar works of adhesion on ECTFE are relatively water arises from acigbase (i.e., hydrogen-bonding) interactions.
independent of the dipole moments of the probe liquids. Given Moreover, Figure 6 shows that the polar works of adhesion for
bifunctional liquids such as DMF, DMSO, and nitrobenzeme (
> 3.75) are generally smaller than those for polar protic liquids
such as glycerol and formamide € 3.0 and 3.7, respectively).
Chem. Soc1999 121, 3222. Given that the latter liquids possess slightly smaller dipoles but
(51) In Figure 6, the data for 1,4-dioxane € 0) were excluded because of  gre capable of hydrogen bonding while the former liquids possess
their marked deviation from the noted trend; it appears that this liquid experiences slightly larger dipoles but are incapable of hydrogen bonding,

unusually strong Debye forces (i.e., dipole-induced dipole forces) when contacting ’ . M ;
polar surfaces. these observations can also be interpreted to indicate that acid
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(49) For example, see ref 36 and Fowkes, F. MPhysicochemical Aspects
of Polymer Surfacedittal, K. L., Ed.; Plenum: New York, 1983; Vol. 2, p 583.
(50) Graupe, M.; Takenaga, M.; Kaini, T.; Colorado, R., Jr.; Lee, T.Rm.
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base/hydrogen-bonding interactions contribute (along with purely were greater in magnitude than the dipolar interaction energies,

dipolar interactions) to the polar works of adhesion. which were themselves greater in magnitude than the-dzade
) interaction energies. The relative magnitudes of the dipolar
Conclusions energies were readily predicted on the basis of the chemical

The interfacial wettabilities of various fluoropolymers were structure of the polymer backbones. Moreover, the wettabilities
evaluated using a series of nonpolar, polar aprotic, and polarof a wide range of contacting liquids were observed to correlate
protic contacting liquids. The trends in advancing contact angles with the predicted relative dipole strengths. The results presented
of the fluoropolymers were observed to decrease as follows: (1) here highlight the important role that surface dipoles play in the
for nonpolar aprotic liquids, FEP PFA> PTFE> ETFE > wettability of solid interfaces.

PVDF > ECTFE> PVF; (2) for polar aprotic liquids, PTFE
FEP~ PFA > ETFE > ECTFE= PVDF > PVF; and (3) for
polar protic liquids, PTFE~ FEP~ PFA > ETFE > ECTFE

> PVDF> PVF. The fully fluorinated polymers exhibited nearly
ideal dispersive interactions across the interface with the
contacting liquids, while the partially fluorinated polymers
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