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ABSTRACT: The wetting properties of seven new, well-characterized, linear polymers and copolymers of 3,3,3-trifluoro- 
propene, 3,3,4,4,5,5,5-heptafluoropentene, and tetrafluoroethylene have been investigated. Using homologous series of the 
pure n-alkane liquids and the open-chain polydimethylsiloxanes, well-defined reproducible contact angles ( e )  were measured. 
From plots of cos 6’ cs. the mole per cent of tetrafluoroethylene in each polymer or copolymer, highly indicative results were 
obtained. These plots are also in interesting contrast with the related but simpler plots of the behavior of analogous copolymers 
of ethylene with tetrafluoroethylene. The full interpretations of all these results will require solving for very hindered polymers 
the general problem of computing, by a minimum-energy principle, the correct equilibrium solid surface conformation of the 
polymer, the dipolar contributions of each monomer, and their relation to the observed critical surface tension of wetting. 

he first publications demonstrating the reproducible, T reversible, and orderly changes in the contact angles of 
liquids with solid surface constitution were by Zisman and 
coworkers. z-6 These concerned smooth, clean, high-energy 
solid surfaces coated with any one of a variety of organic 
polar-nonpolar monolayers ; the results have been sum- 
marized. 4--6 Subsequent investigations’-9 concerned the wet- 
ting of planar, smooth, clean, glossy surfaces of structurally 
analogous linear, unbranched, organic polymers. The overall 
experimental results were interpreted in terms of a critical 
surface tension of wetting (yo). That the values of yc of 
these low-energy solids were determined only by the surface 
molecular constitution and molecular packing and that these 
were in good agreement with the conclusions derived from 
the prior work on the wettability of adsorbed monolayers 
were shown by Zisman in 1957.6 Later investigations con- 
cerned (a) the mechanisms determining the contact angles and 
spreading of a large variety of pure liquids on  high-energy 
surfaces,lofll (b) the relation of wetting by freshly purified 
methylene iodide to adsorbed monolayer constitution, (c) 
wetting (and yo) of solid polymers by aqueous solutions of 
pure surface-active agents,13 and (d) the effect on wetting 
and yc of the progressive fluorination of adsorbed mono- 
layers of fatty acids.14,lj The values of yo obtained from 
these and other investigations were systematically related to 

surface constitution by Shafrin and Zisman.I6 Results of the 
entire program and their relation to past research on  wetting 
were given by Zisman in the Kendall Award review” of 
1963. 

More recent investigations by Bernett and Zisman con- 
cerned the contact angles and yo of solid copolymers of tetra- 
fluoroethylene and hexafluoropropene,18 polyhexafluoro- 
propylene,lg and several acrylic and methacrylic polymers 
containing fluorinated side chainsz0 which had been syn- 
thesized earlier by Husted, et a1.21 Subsequent valuable 
publications by Pittman and c o ~ o r k e r s ~ ~ - ~ ~  concerned the 
synthesis and values of yc of a group of highly fluorinated 
polymers derived from the fluoroketones. 

Recently a new group of interesting, highly fluorinated 
polymers and copolymers have been synthesized by Wall, 
Brown, and L o ~ r y ~ 5 - ~ 9  using different proportions of tetra- 
fluoroethylene and either 3,3,3-trifluoropropene or 3,3,4,4,- 
5,5,5-heptafluoropentene-l. As pure specimens of these 
polymers were kindly made available to us by Dr. Wall, we 
report here their wettability properties, critical surface ten- 
sions, and their relation to polymer constitution. 

Experimental Materials and Techniques 
The seven fluoropolymers investigated containing various pro- 

portions of -CH, -CH2, and CF, groups had been prepared under 
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TABLE I 
CHARACTERISTICS OF NBS POLYMERS INVESTIGATED 

- 

- 

- 

- 

~ ~ 

Intrinsic 
NBS viscosity, 
no. Polymer and composition, mol dl/g 

45 

60 

- 
- 7 5  

90 

105 

I -CHz-CH(CFa)- 1.10 
I1 [-CHz-CH(CF,)-Im + [-CFZ-CFZ-I~Z 5.00 
I11 [-CHz-CH(CF3)-139 + [-CFz-CFz-lel 2.10 
IV -CHz-CH(CFzCFzCF& 0.63 
V [-CH~-CH(CF~ICFZCF~)-]~Q + [-CFZ-CFZ-]ZI 0.74 
VI [-CHZ-CH(CF~'CFZCF~)-]~Z + [-CFz-CFz-148 1 163 
VI1 [-CHZ-CH(CF~CF~CF~)-]Z~ + [-CFz-CFz-]75 1 .30 

- 

- 

- 

- 

- 

pressure using a W o  radiation source as initiator, and each had 
been characterized by 'Wall and c o w ~ r k e r s ~ ~ - ~ g  at. the National 
Bureau of Standards. Table I lists data obtained from Wall on 
the structural formulas, compositions, and intrinsic viscosities of 
these polymers. 

About 0.05 g of each of these fluoropolymers was dissolved in 25 
ml of purified hexafluorobenzene obtained from the Whittaker 
Corp., San Diego, Calif. The supplier's data on this liquid listed a 
mp of 3.7-4.1" and a bp of 80.2-80.3'. After we had percolated 
this solvent through a long adsorption column packed with acti- 
vated Florisil to remove any traces of adsorbable impurities, the 
melting point was 4.7-58.5". The polymer films used in our work 
were cast by pouring on a smooth flat plate measured quantities of 
the polymer dissolved in this solvent. A hot nitric acid solution 
was used to clean Fischer soda-lime microscope slides which then 
were soaked with grease-free distilled water and finally dried in a 
clean oven at 105". Subsequently, slow and controlled evaporation 
of the solvent occurred at room temperature followed by a final 
exposure for 12 hr in a clean vacuum oven at 40". The resulting 
polymer films were glossy and nonporous, transpprent and essen- 
tially planar. Each specimen adhered well to its glass substrate. 

All traces of polar impurities in each of the many liquids used for 
sessile drops in the contact angle measurements were removed just 
prior to each experiment by slow percolation through an adsorbent 
column packed with activated Florisil. Surface tensions at 25 O 

and 50% relative humi'dity of the resulting liquid specimens were 
measured by means of a National Instrument Co. Cassel surface 
tensiometer which is a convenient maximum bubble pressure type 
of device. It was calitxated as described by Jarvis and Z i ~ m a n . ~ ~  
Agreement with the previously reported values was within 0.2 dyn/ 
cm. The Dow-Corning DC 200 fluids (polydimethylsiloxanes) 
used had viscosities at 25" of approximately 3.0, 2.0, and 1.5 cS; at 
25". The slowly advancing contact angle observed on each fluoro- 
polymer was determined with a previously described goniometer 
telesc0pe.~,7 Each contact angle reported in Table I1 was the 
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Figure 1. Cos 0 us. YLV for homopolymer I. 

(30) N. L. Jarvis and W. A. Zisman, "The Stability and Surface 
Tension of Teflon Dispersions in Water," N R L  Report No. 5306, 
Naval Research Laboratory, Washington, D. C., May 6,1959. 
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Figure 2. Cos 0 us. YLV for cop6lymer 111. 

result of at least three measurements on different sessile drops. 
Receding contact angles were, as usual with 'such smooth surfaces, 
equal to the advancing angles'7 and so are not recorded here. All 
contact angle observations were made at 25" and 50% relative 
humidity. Table I1 lists the resulting 25" surface tension (yLy) and 
observed average contact angle (e) for each liquid on the polymeric 
sheets. 

Res u 1 t s 

Plots of cos 0 us. ~ L V  for these liquids on  each polymer sur- 
face studied are exemplified in Figures 1-5. Note that the 
homologous family of open-chain polydimethylsiloxane fluids 
produced the same ye values as did the family of n-alkanes. 
Deviations from straight lines, however, were observed with 
the hydrogen-bonding or polar liquids tricresyl phosphate, 
methylene iodide, and formamide, whose surface tensions 
ranged from 40.8 to  58 dyn/cm at 25". This is in agreement 
with the results exemplified in publications by Ellison and 
ZismanB and Bernett and Zisman*O in their studies of halo- 
genated organic solid surfaces. Table 111 lists the values of 
yE obtained for all seven polymers and copolymers investi- 
gated and listed in Table I by extrapolating graphically to  the 
value of ~ L V  at  which cos 0 = 1 in the cos 0 us. yLv charts. 
An interesting chart t o  be discussed later is a graph of yo 
for each polymer plotted against the mole per cent of tetra- 
fluoroethylene in the copolymer. This is shown in Figure 6. 
Also included are data from an early paper by Fox and Zis- 
man31 on a n  investigation of the wettability of copolymers of 
tetrafluoroethylene and ethylene. 
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Figure 3. Cos 0 us. YLV for homopolymer IV. 
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TABLE I1 
CONTACT ANGLES (DEG) OF LIQUIDS ON FLUOROPOLYMERS 

~ ~~ 

y ~ ~ ,  dyn/crn ----- Polymer n0.a---------- 
Liquids (25") I I1 I11 IV V VI VI1 

n-Alkanes 
Hexadecane 27.8 50.7 51.3 62.9 
Tridecane 26.0 45.1 42.4 55.8 
Undecane 24.6 35.9 34.9 49.5 
Decane 23.6 28.8 29.3 47.0 

Dow-Corning 200 fluids 
(polydimethylsiloxanes) 

3 .w 19.4 
2.03 18.9 
1.5* 18.1 

Others 
Tricresyl phosphate 40.8 68.8 71.6 84.6 

Formamide 58.1 84.0 87.0 102.5 

a Polymer structures corresponding to these numbers are given in Table I. * cSt at 25 '. 

Methylene iodide 51.1 79.2 79.5 93.7 

TABLE I11 
Yc VALUES OF THE FLUOROPOLYMER FILMS INVESTIGATED 

NBS no. 

I 
I1 
111 
IV 
V 
VI 
VI1 

Tg, "C 

27 
19 
9 

58 
45 
29 
21 

Y c  (25 "1 
21.5 
21.1 
18.0 
15.5 
16.2 
16.5 
16.5 

Discussion 

Comparison of yo Values of Homopolymers. Table I11 
indicates that insertion of two -CF,- groups to a side chain 
of trifluoropropene forming polyheptafluoropentene lowered 
yo from 21.5 to 15.5 dyn/cm. If this side chain is directed 
away from the solid into the liquid, the presence of an  uncom- 
pensated electrostatic dipole in the >CH(CF2),F group, 
which is closer t o  the interface when x = 1 than when x = 3, 
will lower the contact angle with the wetting liquid. On this 
basis, Shafrin and Z i ~ m a n ~ ~ ~ l b  had explained the greater 
wettability of trifluorinated o carbon atoms of vertically 
oriented, close packed, long-chain fatty acids than was 
evidenced by perfluorinated fatty acids. Measurements of 
electrical and mechanical properties of insoluble monolayers 
on water by Bernett and Z i ~ m a n ~ ~  supported their view also. 
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Figure 4. Cos 0 us. YLV for copolymer V. 

67.1 
60.9 
55.5 
50.9 

43.3 
40.6 
36.5 

87.0 
98.2 

110.5 

64.5 
59.3 
54.4 
50.9 

43.8 
39.7 
35.9 

84.3 
96.6 

102.7 

61.2 59.3 
55.1 53.0 
48.1 48.2 
45.1 44.2 

31.5 37.3 
32.6 32.6 
28.2 29.3 

32.2 81.3 
93.3 93.9 
99.9 98.0 

The magnitude of this lowering of yo corresponds to about 
3.0 dyn/cm as each -CF2- unit is introduced into the side 
chain. Shafrin and Zisman,'; in their study of the effect 
of progressive fluorination of adsorbed homologous fatty 
acid monolayers on the critical surface tension, obtained a 
regular decrease of 2.2 dyn/cm per -CF2- unit when 3 5 x < 7, 
indicating an  extrapolated yc  value of 22.4 dyn/cm when x 
= 0, in good agreement with published values of 22-24 dyn/ 
cm for stearic acid. This is much smaller than our value re- 
ported here. There are two reasons for this result. First, 
Shafrin and Zisman had shown that the effect on wetting of 
an uncompensated dipole becomes insignificant only when 
x 2 7. Also, the >CH(CF2),F unit being a stronger dipolar 
linkage their -CH2(CF2),F unit is therefore more compensated 
as x increases. Secondly, the perfluoromethyl side chain in 
our case is connected to an  ethylenic hydrocarbon backbone. 
Apparently, the perfluoroalkyl groups do not pack as effec- 
tively for perfluoroalkylalkenes as do  perfluoroalkylhepta- 
decanoic acids owing to restriction by the ethylenic backbone. 
As more monomer units of the ethylenic type group together, 
progressively larger intramolecular rotations and bending are 
required to  accommodate the end groups. This results in 
exposure of the -CF,- atomic grouping in an  outermost sur- 
face of randomly oriented perfluoroethyl groups. Such a 
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Figure 5. Cos 0 us. yLv for copolymer VII. 
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MOLE IPERCENT TETRAFLUOROETHYLE 
IN POLYMER 

Figure 6. Critical surface tension us. mole per cent tetrafluoroethyl- 
ene in polymer. 

surface should resemble in its wetting characteristics those 
surfaces which are rich in both -CF2- and -CFB groups. An 
example of this is -CHz(CF&F, where random tilting of 
fluorocarbon groups leads to  an  abrupt reversal of the effect 
of homology in the series of progressively fluorinated fatty 
acids. It is interesting to note also that our value reported 
for polyheptafluoropentene of 15.5  dyn/cm is in closer agree- 
ment with their value of 16.0 dyn/cm for -CH2(CF&F fatty 
acids than with their va.lue of 16.8 dyn/cm for -CH2(CF&F. 

Effect of Substitution of Hydrogen and Fluorine on yc. 
Shafrin and ZismanL6 studied the effect of progressive fluorine 
substitution on wettability of the poly(ha1ogenated ethylene) 
plastic surfaces and obtained a straight-line relationship in 
their plot of yc against the atom per cent replacement of 
hydrogen by fluorine in the ethylene monomer. Pittman, 
Sharp, and L ~ g w i g ~ ~  attributed the lower ye value of poly- 
(heptafluoroisopropyl acrylate) than poly( 1H,1 H-heptafluoro- 
butyl acrylate) to  its higher overall fluorine content. They 
also mentioned incorporation of more fluorine atoms in the 
lower energy -CF3 groups as a possible reason. Table I11 
shows that the yc value of 1 5 . 5  for polyheptafluoropentene 
is almost identical with the value of 15.2 for poly(heptafluor0- 
butyl acrylate), both having the same side chain -CF2CF2CF3 
but, of course, having major differences in the overall fluorine 
content. This is in accord with the conclusion of Pittman, 
Sharp, and Ludwig that in a particular fluorinated polymer, 
yo is not necessarily deipendent on the total fluorine content. 

Effect of -CF2CF2- Groups on ye Values of Trifluoropropene 
and Heptafluoropentenie Copolymers. Critical surface tension 
results obtained on low-energy surfaces in numerous well- 
controlled experimenis17 led to the generalization that the 
wettability of low-energy organic surfaces is determined 
essentially by the nature and packing of the exposed surface 
atoms of the solid and is otherwise independent of the nature 
and arrangement of the underlying atoms and molecules. 
The arrangement of the surface atoms, of course, must repre- 
sent the lowest free energy configuration for a given set of 
restraining conditions such as the nature, size of the under- 
lying atoms, length of the chain, etc. ; in particular, for poly- 
meric materials it depends on definition of the smallest 
unit whose oscillatioris affect surface lattice equilibrium. 

W u n d e r I i ~ h ~ ~ ~ ~ ~  considers the molecular unit which fits the 

“hole theory” of Hirai and as a “bead” of the 
polymer chain. H e  deduced the “rule of constant heat 
capacity increment” and showed that the change in heat 
capacity at  the glass-transition temperature (T,) per hypo- 
thetical backbone bead commonly has a value in the range 
of 2.7 f 0.5 cal/(deg mol). Brown and Wal12j determined 
MACp values of 17 fluoropolymers, and only four of them are 
thought to  be significantly outside this range. Values for 
both of the homopolymers trifluoropropene and heptafluoro- 
pentene and for the copolymer of perfluorostyrene and tetra- 
fluoroethylene are within this range. Thus, it appears that 
heptafluoropentene, trifluoropropene, and tetrafluoroethylene 
in general contribute two carbon atoms to the backbone chain. 

In Figure 6 the three graphs show the comparative case 
of predicting the effect on yc of copolymerization of tetra- 
fluoroethylene with ethylene (upper curve), and the greater 
difficulty (middle graph) of predicting the effect on ye of 
copolymerization with trifluoropropene and the intermediate 
effect with heptafluoropentene (bottom curve). It should be 
evident that we are dealing with several effects of adding 
fluorinated carbon atoms, (i) those due to  London dispersion 
force changes (upper graph) and (ii) those combining electro- 
static effects and steric hindrance effects (lower two graphs). 

The General Problem of Relating yo to Surface Conforma- 
tion. The problem of determining the probable arrangement 
of the atoms and substituents of the first layer of the solid 
surface of a polymer or copolymer needs to  be solved before 
we can relate the observed value of yo to the most probable 
surface composition of the polymeric solid. In the past the 
probable surface conformation of the molecules studied 
could be rationalized through study of the Stuart-Briegleb 
ball model arranged in possible conformations on a flat table. 
Often such consideration of the possible arrangements were 
simple or self-evident, as in the case of PE or PTFE. Such 
is not the case.with polyperfluorpentene, polyperfluorheptene, 
or the copolymers with variable proportions of tetrafluoro- 
ethylene comonomer. Steric hindrances exist to some con- 
formations and must be considered. 

As regards the effects of the contributory dipoles present in 
the molecule, the axial arrangement of dipoles around the 
principle axis of polyethylene would be such that a net dipolar 
contribution of zero would result; the effect of distance of 
contributory dipoles in a surface monolayer would be great 
enough for some systems to  lead to  zero contribution, as was 

in the work on the adsorbed progressively fluori- 
nated monolayers of fatty acids. But in the system of interest 
here, it is not obvious that dipolar contributions from the 
monomers or side chains can be neglected. 

Therefore, we must face the more difficult problem of ra- 
tionalizing how, from the possible molecular conformations 
and dipolar contributions of the surface layer of molecules, 
one can compute the correct one by using a minimum-energy 
principle. The so-determined conformation should then be 
used to  relate chemical constitution, dipolar contributions, 
and bond angles to  the observed value of yE and the known 
polymer composition. 
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