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Synopsis 

Critical surface tensions (ye) for blends of thermosetting fluorochemical methacrylates and 
thermosetting acrylate polymers are measured in their cured thermoset condition. Values of ye 
depend on (1) the nature of the fluorochemical side chain and (2) the ratio of fluorochemical con- 
taining polymer to hydrocarbon polymer. The minimum value for yc is found to occur a t  a fluo- 
rocarbon to hydrocarbon polymer ratio of 0.10 to 0.001. At higher and lower ratios 00 .1  and 
<0.001), the value for ye increased. Thus, certain blends of fluorochemical methacrylate copoly- 
mer with hydrocarbon acrylate copolymer give lower -ye than either the hydrocarbon acrylate or 
the fluorochemical methacrylate copolymer. 

INTRODUCTION 

Commercial acceptance of fluorochemical polymers in protective coating 
application has been based on several factors, among them are (a) their chem- 
ical inertness to solvent swelling and (b) their oleophobic nature. These at- 
tributes are based in part on the fact' that these polymers have low critical 
surface tension and are not wetted by common organic solvents. Typical of 
these materials is Teflon, the homopolymer of tetrafluoroethylene. The 
value of yc for this polymeric material has been determined to be 18 d/cm.l 
Commercial use of this polymeric system in the coatings industry is limited 
because of its insolubility in polar solvents,2 although powder sintering is one 
commercial mode of appli~ation.~ 

Our approach to preparing a fluorochemical coating surface was through 
use of blends containing thermosetting fluorochemical acrylates. Since the 
fluorine containing copolymers are expensive, the goal was to produce less ex- 
pensive mixtures that contain the advantages of the fluorine containing poly- 
mers alone. 

The critical surface tension of a solid surface, which is indicative of the 
oleophobic and low staining characteristics of the surface, was used to mea- 
sure the improvement. 

The relationship between the contact angle of a sessile drop and surface 
tensions at the liquid-solid-vapor interfaces was recognized by Young4 to be 
related as follows: 

Ysvo - YSL - YLVO cos e 

where the subscripts SVO and LVo refer respectively to the solid and liquid in 
equilibrium with the saturated vapor. 
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Fox and Z i ~ m a n l , ~ * ~  in a series of studies established an empirical relation- 
ship between the cosine of the contact angle, cos 8, and the surface tension of 
the liquid, y ~ v ,  for a series of homologous liquids. They defined the critical 
surface tension for wetting as the intercept of the cos 8 = 1 line with the ex- 
trapolated plot of cos 8 versus ~ L V .  

We have used this empirical procedure to determine the yc for a series of 
thermoset fluorochemical acrylatelhydrocarbon acrylate blends. We also 
used Chan's graphical method for determining yc.7 According to Chan, 

From a plot of l h y ~ ( 1  + cos 8 d 2  versus y ~ ,  the value of [ y ~ ( 1  + cos.8d2]/4 at  
the intercept of the diagonal, where 8L = 0, is defined as the critical surface 
tension. The details are discussed in the experimental section. 

We first prepared a low molecular weight fluorochemical containing N- 
methylolacrylamide reactive thermosetting copolymer soluble in n- butanol. 
Very high levels of n-dodecyl mercaptan were used as chain-transfer agent. 
When high levels of mercaptan were not used, the polymer phase separated 
from the n- butanol solvent. We assumed that each molecule of copolymer 
will have one mercaptan fraction. The elemental sulfur analysis of a vac- 
uum-dried, noncrosslinked sample was used to calculate the molecular weight 
of the fluorochemical containing copolymer. 

EXPERIMENTAL 

Procedure 

A typical thermosetting hydrocarbon acrylate polymer was prepared by a 
method detailed by Christenson and Hart.8 It was used as the base hydro- 
carbon acrylate polymer. This is detailed in Example 1. A series of thermo- 
setting fluorochemical acrylates was prepared by a procedure detailed in Ex- 
ample 2 using perfluorocyclohexyl carbinol acrylate. 

TABLE I 
Comparison of Data for Determination of 'yc Fluorochemical Copolymer OMA/A. 

Concentration of Fluorochemical Copolymer 87.9% 

Contact angle 

Hydrocarbon of test solid interface 
test solvent solvents, d/cm 6, degrees cos B a  4 

Surface tension, of liquid- y~(1 + cos 6)lb 

Cl.5 27.4 68 .374 12.94 
C1.l 26.4 67 .390 12.77 
c,, 25.1 63 .454 $3.27 
Cl, 23.7 59 .515 13.60 
c* 21.7 49 .656 14.88 
c, 19.3 35 .819 15.96 
C6 18.2 30 .866 15.84 

a Method of Zisman. 
b Method of Chan. 
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TABLE I1 
Tabulation of Critical Surface Tension 

Versus Concentration of Fluorochemical Copolymer 
~~ ~ 

Mixture 1 Mixture 2 Mixture 3 Mixture 4 

copolymer copolymer copolymer copolymer 
CMA containing OMA containing w H-C,MA containing 6FKMA containing 

% re, d/cm % yC, d/cm % yc, d/cm % ycr d/cm 

100. 
88 
19 

8.8 
0.94 
0.20 
0.073 
0.050 
0.0068 
0 

~~~ ~ 

19 100 
18.5 87.9 
16.8 14.1 
16.8 2.92 
16.8 1.57 
16.8 0.436 
16.8 0.101 
17.5 0.0061 
22.6 

> 28 0 

17 
16.4 
14.8 
14.5 
14.5 
14.5 
14.5 
23.0 

> 28 

100 
91.9 
45.5 
25.4 

5.83 
4.14 
0.61 
0.26 
0.044 
0 

23.8 100 
23.4 82.9 
23.0 46.9 
21.0 11.9 
18.8 3.24 
18.8 1.72 
18.3 0.428 
21.0 0.093 
24.5 0.0024 

> 28 0 

21.0 
20.0 
18.5 
17.8 
17.8 
17.8 
18.0 
19.0 
22.2 

> 28 

Fluorochemical acrylate and hydrocarbon acrylate polymers were blended 
and coated on clean glass slides and cured in a forced-draft oven at  15OOC for 
15 min. Contact angles were measured for a homologous series of linear satu- 
rated hydrocarbons running from c16 to c6 in length. Hydrocarbon test liq- 
uids were purified according to a method detailed by Chan.7 The + y ~  for 
these hydrocarbon liquids are noted in Table I. Contact angle measurements 
were obtained with an optical goniometer manufactured by Rame’-hart, Inc., 
Mountain Lakes, New Jersey. Contact angle measurements were made on at  
least two drops of liquid advanced to constant angle readings on the left and 
right interface of the drop. 

Graphical determinations of yc were made using Zisman and Chan proce- 
d u r e ~ . ~ , ~ ~ ~ ? ~  In the former method values for cos B versus y~ were plotted to 
the intercept of the cos B = 1. The Chan graphical procedure is discussed 
above. 

Materials 

All commercial monomers and chemicals were used as received: 
1. Ethyl acrylate, Rohm and Haas Chemical Company, 15 ppm MEHQ 

2. Styrene, Polysciences. 
3. Acrylamide, Polysciences, 97% active. 
4. n-Butanol, J. T. Baker, “Baker” grade. 
5. n-Dodecyl mercaptan, Phillips Petroleum Company (Sulfole B-12). 
6. Cumene Hydroperoxide, Hercules Chemical Company, 50% active. 
7. Butyl Formcel, Celanese Chemical Company, 40% formaldehyde in n- 

butanol. 
The following fluorochemical methacrylates were synthesized from the 

parent fluoroalcohols by an esterification of the alcohol with methacrylyl 
chloride in the presence of triethylamine: 

added. 
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I (CMA) 1,2,2,3,3,4,4,5,5,6,6-undecafluorocyclohehyl carbinol methacrylate 

I1 (OMA) 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorooctyl methacrylate 

CH,=$ 

Nk\ 
0 OCH2-(CF2),-H 

I11 (w H-C,MA) 2,2,3,3,4,4,5,5-octafluoropentyl methacrylate 

I 
JC\ r 

0 0-C-H 
I 
kF3 

IV (6FKMA) 2,2,2,3,3,3-hexafluoroisopropyl methacrylate 

The monomer IV was purchased from Allied Chemical. Trival abbrevia- 
tions shown in parentheses are used below. 

Example 1-Preparation of Thermosetting Hydrocarbon Acrylate 
Polymer 

The following materials were placed in a 2-liter, three-neck round-bottom 
flask equipped with a mechanical stirrer, reflux condenser, and thermometer: 
ethyl acrylate, 225 g; styrene, 200 g; acrylamide, 75 g; n-butanol, 500 g; and 
n-dodecyl mercaptan 12 ml. The mixture was heated with an oil-bath to re- 
flux condition (117OC). While stirring the heated mixture, a 50% solution of 
cumene hydroperoxide was added incrementally. The conversion of mono- 
mers to copolymer was followed and tabulated as follows: 

Time, hours 0 1.5 3.0 4.5 6 7.5 
Cumene hydroperoxided added, ml 2 2 2 2 2 0 
Conversion, % 0 46.2 59.2 67.6 81.3 90.1 
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Fig. 1. Determination of critical surface tension by the method of Zisman and Chan. Per- 
formed for a mixture based on 87.9 &-% of copolymer I1 with 12.1 &-% of the thermosetting hy- 
drocarbon acry!ate copolymer. Method of Zisman, by a plot of cos OL vs. y ~ ;  method of Chan, by 
a plot of % y ~ ( l  + cos O)2eL,o vs. YL.  

After 9 hr, the mixture was cooled to 90°C and the following material was 
added to the mixture: maleic anhydride, 0.75 g; butyl Formcel, 225 ml. The 
mixture was heated to 105OC for 3 hr. At the end of that time, 200 ml n-bu- 
tanol and 25 ml water were collected in a Dean-Stark trap. The material was 
then cooled. The material weighed 1077 g and had a polymer total solids 
content of 50.2%. 
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Example 2-Preparation of Thermosetting Fluorochemical 
Methacrylate Polymers. Copolymer of CMA and Acrylamide 

The following materials were added to a 250-ml three-necked round-bot- 
tom flask equipped with a mechanical stirrer, reflux condenser, and ther- 
mometer: CMA, 42.5 g; acrylamide, 7.5 g; and n-butanol, 100.0 g. The mix- 
ture was heated to reflux, and n-dodecyl mercaptan and cumene hydroperox- 
ide were added to the reaction mixture according to the following time sched- 
ule: 

Time, hours 0 1 2 3 4 5 
n-Dodecyl mercaptan, ml 5 2 2 0 0 0 
Cumene hydroperoxide, ml 1 1 1 1 1 0 

After 6 hr, the total solids on the reaction mixture reached a polymer total 
solids of 31.3%. 

The material was then cooled to 90°C and the following methylolating in- 
gredients were added to the reaction mixture: maleic anhydride, 0.20 g; and 
butyl formcel, 20 ml. The mixture was heated to 105OC for 1 hr. Twenty 
milliliters organic solvent and 2.0 ml water were collected in a Dean-Stark 
trap. 

The material was cooled to 25OC. All the polymeric material remained sol- 
uble in n- butanol. 

In similar manner, the 85/15 copolymers of three fluorochemical methacry- 
lates (11, 111, IV) with acrylamide were prepared. Elemental analyses are 
summarized below. Molecular weights are estimated from sulfur analyses. 

Elemental changes 

F S 
- - - - 

N 
- 

H 
- 

Copolymer Component MW C 

I CMA acrylamide 1200 45.5 4.7 4.0 30.7 2.6 
I1 OMA-acrylamide 900 46.0 5.4 3.9 32.3 3.6 

I11 wHC,MA-acrylamide 1400 44.8 5.5 2.8 23.1 2.2 
IV 6FKMA-acrylamide 650 51.5 6.5 3.6 18.8 4.4 

- 0 ~ ~ ~ ~ 3  -cH,--(cF,),-H 
CF, 

--OCH,---(CF,),-F OCH,-C,F, 

I1 I I11 IV 
14.5 16.8 17.8 18.8 

RESULTS AND DISCUSSION 

Contact angle data for the four thermoset fluorochemical methacrylate 
blends are noted in Table 11. Critical surface tension (yc) for these blends 
were determined by graphical methods of Z i ~ m a n l * ~ , ~  or Chan7 Both require 
graphical extrapolation. Both approaches offer similar results as shown in 
Figure 1. 

Figure 2 is a plot of yc versus the concentration of fluorochemical methac- 
rylate copolymer in the hydrocarbon matrix for the four systems. In general, 
these four blends display the same general shape with the following common 
features: 
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1. The undiluted fluorochemical containing copolymers have a yc which, 
depending on the nature of the fluorochemical side chain, varies from 17 to 
23.8 dhm. 

2. The addition of small amounts of a hydrocarbon acrylate copolymer to 
the fluorocarbon containing copolymer reduces the yc of the overall mixture. 
The minimum value of yc for these mixtures occurs over the range of 10% to 

' 0.1% fluorocarbon copolymer in the mixture. 
3. As the level of fluorocarbon containing copolymer in mixture is reduced 

below 0.1%, the yc of the mixture increases. 
The decrease in yc from the initial value at 100% fluorochemical methacry- 

late to the minimum value seen in all four cases probably reflects an increase 
in packing of fluorochemical side chains and concurrent submergence of the 
hydrocarbon backbone chain portions. 

TABLE I11 
Minimal 7 Value for Fluorochemical Methacrylate Copolymer Blends 

Fluorochemical Structure of fluoro- Range of 
monomer chemical side chain rC, dlcm minimum value 

CMA O--CH,--C,F, 1 16.8 10% to .l% 
OMA O--CH,-(CF,),F 14.5 10% to .l% 
w HC,MA OCH,( CF,),-H 18.8 5% to .6% 

6FKMA 17.8 10% to 1% 
'CF, 
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The minimum values of ye achieved for these four systems are noted in 
Table 111. These values of yc reflect the structure of the fluorochemical side 
chain. Both Chan7 and Zismang have reported a value of 10.6 d/cm for yc for 
the homopolymer of OMA. As a copolymer diluted in a hydrocarbon acry- 
late matrix, we achieved a value of 14.5 d/cm. Copolymers based on CMA di- 
luted in a hydrocarbon acrylate matrix have a minimum value for yc of 16.8 
d/cm, which is similar to literature value of 16.2 d / ~ m . ~  

Differences in minimum values of yc in fluoro copolymers and their blends 
follow fluorochemical structural differences noted by Shafrin and Zismanlo 
and others. Minimum yc achieved are in systems of close packed -CFs 
groups. In the four systems studied here, the order of increasing yc is as fol- 
lows: 
The relative low value of yc for the fork tailed structure in system I11 can be 
attributed to the packing of the relatively short CF3 tail. The high value of 
yc for the structure IV is due to the hydrogen in the w position. ZismadO 
noted that an omega hydrogen in the terminal position of a fluorochemical 
side chain increases yc by approximately twofold. 

CONCLUSIONS 
Mixtures of nonfluorine-containing polymers with small amounts of fluo- 

rine-containing polymers can be prepared which are as effective as the more 
effective fluorine containing copolymers in the production of nonwettable 
and low-staining surfaces.ll By blending 0.1% to 1.0% of certain fluoropo- 
lymer materials with hydrocarbon acrylate polymers, it is possible to produce 
a mixture having a yc value of 18.8 to 14.5 d/cm as compared to the yc value 
of 18 d/cm for a fluorochemical copolymer Teflon. 

The authors wish to acknowledge valued suggestions and comments of Dr. R K. S. Chan and 
assistance of Mr. S. A. Stocker for synthesis of these materials and Mr. C. H. Worman for per- 
forming contact angle measurements. 

This work has been reported in a recently issued U.S. Patent assigned to Air Products and 
Chemicals." 
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