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Synopsis 

Polypentafluorostyrene (PPFS), polymethylacrylate (PMA), and poly(pentduorostyrene- 
co-methylacrylate), poly(PFS-co-MA) were prepared and the wetting characteristics of polymer 
blends of PPFS and PMA were compared with that of poly(PFS-co-MA) via contact angle 
measurements. The critical surface tension of polypentafiuorostyrene was found to be 22.6 
dyne/cm, which is comparable to the.value reported for polytrifluoroethylene (22 dyne/cm). The 
critical surface tension of poly(PFS-co-MA) is not linearly related to its composition. The polymer 
blends of PPFS and PMA exhibit significant surface enrichment of the fluoropolymer. The 
harmonic-mean method' was employed to determine surface tensions of these polymers and many 
known polymers. It is found that the method produces useful surface tension data provided the 
contact angle values are derived from testing liquids of dissimilar polarity. 

INTRODUCTION 

The structural and chemical nature of solid surfaces as well as morphology 
are important in determining many physical properties such as adhesion,2 
polymer weary3 wetting,'~~ and ~atalysis.~ Polymeric films with a desirable 
nonspreading or poor wetting characteristic usually are materials of low 
surface energy such as siloxane polymers6 and fluoropolymers.6 The former 
class of materials, except for the cross-linked ones, usually have a low glass 
transition temperature' and normally exist in the form of liquid at  room 
temperature. They are not easily employed for surface modification. The 
commercial fluoropolymers (e.g., polytetrafluoroethylene) typically are not 
solvent soluble, therefore, they are not readily available for solution coating to 
modify the wetting characteristics of different substrates. 

In an attempt to modify surface properties of a substrate, we have engaged 
in studying the wetting phenomenon of a solvent-soluble fluoropolymer sys- 
tem namely, poly(2,3,4,5,6-pentafluorostyrene) (PPFS). Copolymers of 
2,3,4,5,6-pentafluorostyrene (PFS) and methylacrylate (MA) with varying 
monomer composition and polymer blends of polypentafluorostyrene and 
polymethylacrylate were prepared and their wetting properties were ex- 
amined. In this paper we would like to report the results of wetting studies of 
these materials. 

EXPERIMENTAL 

Homopolymers and copolymers of 2,3,4,5,6-pentafluorostyrene and methyl 
acrylate were synthesized by solution polymerization with a free radical 
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initiator and purified by precipitation. The detailed synthesis and characteri- 
zations of these materials will be reported else~here.~ Polystyrene equivalent 
molecular weights of these polymers were obtained by gel permeation chro- 
matography (GPC) analysis using a series of p-styragel columns and tetrahy- 
drofuran (THF) eluent (1.0 mL/min flow rate). The polymer compositions 
were derived from the elemental analysis data. 

The poly(dimethy1 siloxane) was General Electric SE-33 containing 0.2 mole 
% of methyl vinylsiloxane which was used without further purification. 

The samples for contact angle measurements were prepared on clean glass 
substrates by spin-coating at 1500 rpm from 10 mg/mL solutions in tetrahy- 
drofuran except the poly(dimethy1 siloxane) which was 15 mg/mL in toluene. 
The coated samples were first air dried and then dried under vacuum at 50 O C 
for 2.5 h. Methylene iodide, formamide, and a series of hydric liquids (includ- 
ing water, n-butanol, 1-octanol, polyglycol P-1200, polyglycol 15-200, and 
ethylene glycol) were employed in the contact angle measurements. 

Contact angle measurements were made by the sessile drop method using 
an apparatus manufactured by Rame-Hart Inc. (Model No. A-100). The 
measurements of advancing angle were made at  24.5 & 1.5"C with the sample 
chamber saturated with the vapor of a test liquid to avoid any possible error 
due to liquid evaporation. For each polymer sample, at  least four equilibrium 
contact angles were recorded and averaged to obtain a final value which was 
employed in the surface tension calculation. 

Critical surface tensions were calculated by Zisman's method8 using stan- 
dard linear regression. The harmonic-mead calculations were carried out on a 
microcomputer with a program written in BASIC. 

RESULTS AND DISCUSSION 

The average molecular weights and compositions of the polymers and 
copolymers used in this study are shown in Table 1. 

TABLE I 
Molecular Weight" and Composition Data of Various Polymers and Copolymers 

Composition' 
- 

Polymer Mw W N  MWD P F S I  MA% 

Poly(pen tafluorostyrene)b 5.2 X 10' 2.7 X lo5 1.9 100 0 
Poly(methylacrylate)b 1.1 x lo6 3.5 x lo5 3.2 0 100 
Poly(pentafluorostyrene- 

Poly(pentaflu0rwtyrene- 

Poly(pentafluorostyrene- 

Poly(pentafluorost yrene- 

co-methylacrylate) 1.0 x lo6 3.5 x lo5 2.8 8.9 91.1 

co-methylacrylate) 9.4 x lo5 2.6 x lo6 3.6 25.8 74.2 

co-methy lacry late) 4.2 x lo5 2.2 x lo5 1.9 58.0 42.0 

co-methylacr ylate) 3.0 x lo5 1.3 x lo5 2.3 67.8 32.2 

BMolecular weight is polystyrene equivalent molecular weight determined by GPC. 
bThe polymers were prepared by AIBN initiator and used in the polymer blend study. 
'Mole percentages were calculated from elemental analysis data. 
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TABLE I1 
Critical Surface Tauxion Data Obtained by the &an's Method 

659 

W F MI E P/15-200 P/P-1200 1-Oct. n-But. CST 

1) Poly(methy1- 73.0 51.2 47.4 49.1 
acrylate) 0.292 0.627 0.677 0.655 

8.9% PFS 0.168 0.365 0.581 0.476 

25.8% PFS 0.070 0.317 0.514 0.407 

58.0% PFS -0.033 0.247 0.452 0.306 

2) Poly(PFS-C0-MA) 80.3 68.6 54.5 61.6 

3) POly(PFS-cO-MA) 86.0 71.5 59.1 66.0 

4) Poly(PFS-cO-MA) 91.9 75.7 63.1 72.2 

5) Poly(PFS-C0-MA) 94.2 78.1 66.0 75.2 
67.8% PFS -0.073 0.206 0.407 0.255 

6) Poly(Pentafluor0- 99.1 82.0 70.1 76.1 

7) 1.1 mole% PPFS 97.5 71.1 62.4 70.8 

8) 5.0moleX PPFS 96.5 81.2 68.1 75.9 

9) 10.1 mole% PPFS 97.9 81.6 70.0 75.1 

10) Poly(dimethy1- 105.5 98.5 79.1 92.8 

styrene) -0.158 0.139 0.340 0.240 

in PMA -0.131 0.324 0.463 0.329 

in PMA -0.113 0.153 0.373 0.244 

in PMA -0.137 0.146 0.342- 0.357 

siloxane)a - 0.267 - 0.148 0.189 - 0.049 

22.4 

36.6 

42.6 

48.0 

50.3 

53.3 

44.0 

52.8 

53.0 

70.3 

0.925 

0.803 

0.736 

0.669 

0.639 

0.598 

0.719 

0.605 

0.602 

0.337 

16.1 

26.4 

36.5 

42.1 

45.1 

46.3 

43.1 

45.6 

45.5 

57.4 

0.961 

0.896 

0.804 

0.742 

0.706 

0.691 

0.730 

0.700 

0.701 

0.539 

5.75 
0.995 

0.952 

0.925 

0.899 

0.854 

0.937 

0.902 

0.867 

0.772 

17.9 

22.3 

26.0 

31.3 

20.4 

25.6 

29.9 

39.5 

31.0 

28.0 

25.7 

24.8 

24.1 

0.995 22*6 

25.3 

- 6.0 

23.9 

22.9 

":;92 21.2 

a Contains 0.2M% methylvinylsiloxane (GE-SE-33) 
W = water ( y = 72.8 dyne/cm) 
F = formamide ( y = 58.2 dyne/cm) 
MI = methylene iodide ( y = 50.8 dyne/cm) 
E = ethylene glycol (y = 47.7 dyne/cm) 
P/15-200 = polyglycol 15-200 (y = 36.5 dyne/cm) 
P/P-1200 = polyglycol P-1200 (y = 31.8 dyne/cm) 
1-Oct. = I-Octanol (y = 27.8 dyne/cm) 
n-but. =I n'-Butanol (y = 24.2 dyne/@ 
CST = Critical surface tension (4 pts(dyne/cm)) 

These polymers and copolymers are believed to be atatic due to the nature 
of free radical polymerization. The polymer films of homopolymers and 
copolymen prepared by the spin-casting method have fairly smooth surfaces 
and are void of volatile impurities which may influence contact angle measure- 
ments. Critical surface tensions of all the polymers, copolymers, and polymer 
blend samples were obtained by Zisman's methods using a linear regression 
method. The critical surface tension of each polymer sample was calculated 
based on largest cos8 values recorded by four testing liquids of low surface 
tension. The results are shown in Table 11. 

The critical surface tensions of polypentafluorostyrene and polymethyl- 
acrylate were found to be 22.6 dyne/cm and 30.4 dyne/cm, respectively. The 
critical surface tension of polypentafluorostyrene is comparable to the data 
reported for polytrifluoroethylene (22 dyne/cm)8d and polydimethylsiloxane 
21.2-24 dyne/cm'O but is significantly lower than the value of polystyrene 
(30-35 dyne/cm). As expected, substitution of aromatic hydrogen atoms of 
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Fig. 1. The plot of 

MOLE % PFS IN POLYMER 

critical surface tension vs. polymer’s composition (mole%): (a) 
-~ly(PFS-co-lh)  and (b) ----polymer blends of PPFS and PMA. 

polystyrene with fluorine atoms greatly decreases the wettability of the 
polymer’s surface. 

For the copolymers of pentafluorostyrene and methylacrylate the critical 
surface tension decreases as the monomer content of pentafluorostyrene in the 
copolymers increases. The data agree with the general expectation that 
incorporation of the low surface energy component, pentafluorostyrene, in the 
copolymers decreases the polymer’s wettability. A plot of critical surface 
tension as a function of copolymer composition of poly(pentafluorostyrene- 
co-methylacrylate) produces a nonlinear curve (Fig. 1). All the data are 
situated below the straight line connecting the critical surface tensions of two 
homopolymers. For an ideal situation where wettability of a polymer surface 
is determined solely by the chemical constituents and area of coverage on the 
outermost surface, the critical surface tension ( y,) of a random copolymer may 
be estimated by adding the products of mole fraction of each component and 
the surface tension of its homopolymer (i.e., y, = y A M A  + yBMB)ll provided 
that surface and bulk compositions are the same and there are no preferred 
surface orientation and neighboring group effect as well as no coverage area 
difference between two monomers on the polymer’s surface. In this ideal case, 
the critical surface tension of a random copolymer is probably linearly related 
to the molar composition of each component. However, a nonlinear relation- 
ship between the critical surface tension of a copolymer and its composition 
normally exists because factors such as molecular orientation, sequence distri- 
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bution of monomer units, surface morphology, surface area, and phase transi- 
tion usually influence y,. The ideal linear relationship has been reported for a 
certain range (0-59 mole% of propylene oxide) of random copolymers of 
ethylene oxide and propylene oxide.I2 However, if one considers the entire 
range of copolymer composition (0-100 mole% of propylene oxide), a nonlinear 
curve is obtained when the surface tension of the random copolymer is plotted 
against the mole% of propylene oxide in the copolymer. A nonlinear relation- 
ship between yc and composition was also reported by Toyama et al. for the 
copolymer system of styrene and methyl metha~ry1ate.l~ 

Nuclear magnetic resonance (NMR) study of the copolymers of PPFS and 
PMA suggests that most of the copolymers are random. However, the ex- 
istence of a very small amount of block-like copolymers cannot be completely 
ruled out. In the copolymerization of pentafluorostyrene and methylacrylate, 
it is possible that two monomer units with different reactivity are not ideally 
distributed in the polymer chain in a random fashion. Due to possible 
reactivity ratio difference pentafluorostyrene may form block copolymers 
toward the end of polymerization especially when a reactive monomer’s 
concentration is depleted and the polymer’s yield is high. This may lead to a 
preferred molecular sequence in the polymer chain, some phase separation, 
and possible orientation of low surface energy pentafluorostyrene units on the 
polymer surface. Thus, the calculated y, data are somewhat lower than 
the values expected for an ideal random copolymer system. However, in the 
composition range of 25-100 mole% of pentafluorostyrene, the copolymer’s 
critical surface tension (y,) appears to be somewhat linearly related to its 
molar composition (Fig. 1). 

For the polymer blends of PPFS and PMA large differences in critical 
surface tension was observed suggesting a significant surface enrichment. A 
polymer blend of 1.1% of PPFS in PMA gives a critical surface tension of 25.3 
dyne/cm, which is substantially lower than the value (30.4 dyne/cm) ob- 
tained for PMA. Critical surface tensions of polymer blends containing 5% and 
10% of PPFS in PMA are 23.9 and 23.1 dyne/cm, respectively, and approach 
y, of pure PPFS (22.6 dyne/cm). Apparently, the low surface energy PPFS can 
easily separate from PMA during the casting process and diffuses to the 
polymer surface resulting in a reduced wettability. The results clearly indicate 
that these two polymers are incompatible. Differential scanning calorimetry 
(DSC) measurementg of a polymer blend sample containing 10% PPFS in 
PMA showed two distinct glass transition temperatures attributed to phase- 
separated PPFS and PMA. Formation of low surface energy PPFS domains in 
the PMA matrix was also observed at the surface by transmission electron 
microscopy (TEM). 

Although critical surface tensions ( y , )  obtained by Zisman’s method have 
been widely reported in the literature,6 the data obtained by Zisman’s plot 
(cos 8 vs. yI) is often influenced by the types of liquids used in the measure- 
ments. A wide range14.15 of y, values can be obtained for a given solid if a 
large difference in polarity exists between the testing liquids and the solid.’ 
Furthermore, the equilibrium spreading pressure, T,, also varies with the 
nature of testing liquids and can be fairly large when the measured contact 
angle on a solid is small. Generally, the critical surface tension (y , )  of a 
polymer is smaller than the surface tension (y , )  by an amount of ySl and T,; 
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that is y, = y, - (ySl  + wc) where ySl is the surface tension between a solid and 
a liquid and we is the equilibrium spreading pressure., 

The abnormality of yc can be avoided in characterizing the wettability of a 
polymer surface by using the harmonic-mean method proposed by Wu.16 

where y = y d  + y p  (dispersion and polar components of surface tension) and 
subscripts s, 1 and 2 refer to the solid and the testing liquids 1 and 2, 
respectively. 8, and 8, are contact angles measured by liquids 1 and 2, 
respectively. This method considers both the polar and the dispersive (non- 
polar) interactions between a solid and a testing liquid and produces data in 
good agreement with the values derived from polymer melt method,',l6 liquid 
homolog and the equation of state rnethod.l*l6 

We have used Wu's harmonic-mean method to calculate surface tension 
data of our polymers, copolymers, and polymer blends and the results are 
listed in Table 111. It is noted that the total surface tension values (y,') 
derived from the liquid pairs, water/methylene iodide and formamide/meth- 
ylene iodide, agree very well. However, these values deviate significantly from 
the data derived from the liquid pair, water/formamide, which consists of two 
liquids of similar polarity. The latter liquid pair probably heavily weights the 
contribution from the polar term without proper consideration of the disper- 
sive term. Based on these results it is concluded that the harmonic-mean 
surface tension data derived from solvents of similar polarity (please see the 
data within heavy line in Table 111) are typically less accurate than those 
obtained from solvents of very different polarity. Dalal" recently has 
mathematically analyzed this discrepancy and may have shown that the 
pair-wise solution of testing liquids with similar polarity is ill conditioned and 
intrinsically produces poor results. 

In order to demonstrate the generality of our conclusion we have carried 
out harmonic-mean surface tension calculations on a wide variety of com- 
mercial polymers including poly(chlorotrifluoroethylene), poly(ethy1ene 
terephthalate), polystyrene, polyvinylchloride, polyvinylfluoride, polymethyl- 
methacrylate, paraffin wax, poly(tetrduoroethylene), and poly(hexamethy- 
lene adipamide). Again, the calculated surface tension results obtained from 
solvents of different polarity (please see the data outside the heavy line in 
Table IV) are more consistent than the data derived from solvent pairs of 
similar polarity. The calculated surface tension data of these commercial 
polymers are shown in Table IV. The results are in good agreement with our 
earlier conclusion and the data compare favorably with the literature values 
obtained by the polymer melt method'*16.'8 (Table V). The data clearly 
indicate that the harmonic-mean method can be properly employed to obtain 
very useful surface tension data for many polymers. 
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TABLE V 
Surface Tension Data of Polymers Determined by Different Methods 

~ ~~ 

Harmonic-meann Harmonic-meanb 
method method Polymer melt' 
W/MI average value method 

Polymer dyne/cm dyne/cm dyne/cm 

Polystyrene 
Poly(chlorotrifluoro- 

ethylene) 
Poly(ethy1ene terphthalate) 
Poly(viny1chloride) 
Poly(hexsmethy1ene adipamide) 
Poly(viny1fluoride) 
Poly(methy1 methacrylate) 
Poly(tetrafluoroethy1ene) 
Poly(pentafluorastyrene) 

42.6 
30.1 

42.1 
41.9 
42.1 
38.4 
41.2 
22.6 
25.9 

42.6 
32.0 

41.7 
42.3 
45.8 
39.4 
41.3 
20.4 
25.8 

40.1 
30.9 

44.6 

46.5 

41.1 

- 

- 

- 
- 

nData from Ref. 1; W/MI = water/methylene iodide pair. 
bData of different liquid pairs are used in the calculation of average surface tensions. (This 

work, please see Table IV for details.) 

MOLE % PFS IN POLYMER 

Fig. 2. The plot of average surface tension calculated by the Harmonic-Mean method using 
the data of various testing liquid pairs vs. polymer's composition (mole%): (a) --poly(PFS-co- 
MA) and @) ----polymer blends of PPFS and PMA. 
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Fig. 2. The plot of average surface tension calculated by the Harmonic-Mean method using 
the data of various testing liquid pairs vs. polymer's composition (mole%): (a) --poly(PFS-co- 

MOLE % PFS IN POLYMER 

MA) and @) ----polymer blends of PPFS and PMA. 
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Table I11 shows that the calculated average surface tension of PMA is 40.9 
dyne/cm, which is in excellent agreement with the surface tension data 
obtained directly by the polymer melt method ( y  = 41.0 dyne/cm).lS Simi- 
larly, the calculated surface tension of the poly(dimethyMoxane) is 21.6 
dyne/- which compares favorably with the data ( y  = 19.8-19.9 dyne/cm) 
obtained directly by the polymer melt rnethod.l6*l9 A nonlinear curve (Fig. 2) 
is also ohsewed when y i ,  the surface tension obtained from the harmonic-mean 
method, instead of yc, the critical surface tension, is plotted against mole% of 
pentafluorostyrene in the copolymer. However, the average surface tension 
data points in Figure 2 seem to give a better curve fit than the critical surface 
tension data shown in Figure 1. The plot of y$ data versus polymer blend 
composition also indicates a significant surface enrichment of the low surface 
energy component, PPFS, due to a phase-separation phenomenon in the 
coating process. Mixing 1 mole% of PPFS with 99 mole% of PMA causes a 
significant phase separation and the observed surface tension of the polymer 
blend is dominated by the minor component of low surface energy polymer 
(y$ = 25.8 dyne/cm for PPFS w. y$ = 40.9 dyne/cm for PMA). The occur- 
rence of the phase separation is clearly due to incompatibility of PPFS in 
PMA. The results of this study also suggest that the soluble PPFS can be used 
either alone or together with PMA or other soluble polymers in solution 
coating to produce a nonspreading low surface tension surface. 
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