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PREFACE 

This symposium is in honor of the 1963 recipient of the Kendall 
Award, W. A . Zisman, Naval Research Laboratory. 

Dr . Zisman has an unusual combination of talents; he is by training 
a physicist, is an active scientific investigator, and an efficient admin
istrator of the Naval Research LaboratoryTs Chemistry Division, but 
most of all he is a surface chemist and a very outstanding one. Although 
his doctoral and postdoctoral research with the late P. W. Bridgeman 
was devoted to the physics of high pressure phenomena in minerals, and 
though his career at Harvard would have led him to a professorship in 
geophysics, Dr . Zisman was so infatuated with the exciting developments 
in surface chemistry pioneered by Langmuir, Rideal, and Harkins that 
he abandoned geophysics in order to work in surface chemistry. Dur
ing the depression of the 1930Ts, Dr . Zisman sought vainly for oppor
tunities fora career in surface chemistry as he worked in a Washington 
social service headquarters. In 1938 the urge to do surface chemistry 
became so great that he left his job and financed himself for a year of 
study in the laboratory of Dr . Goranson at the Carnegie Geophysical 
Laboratory. Finally, in 1939 Dr . Zisman persuaded a research direc
tor that a research program in surface chemistry would be of value, 
and he was hired by the Naval Research Laboratory. 

Dr . ZismanTs earliest contribution in surface chemistry was the 
development of a vibrating condenser method of measuring contact po
tential (done as a master's thesis at MIT). This method has been 
widely used ever since. At the Naval Research Laboratory, his prewar 
work on the spreading of oils on water resulted in three publications, 
which have become a worthwhile and lasting addition to this subject. 
During the war, his research led him into a thorough investigation of 
lubricants and lubrication. Under his guidance, many new synthetic 
lubricants were developed. He is regarded as one of the world's ex
perts in lubrication, friction, and the use of surface active additives in 
lubricants. His studies with adsorbed oleophobic monolayers on metals 
led to his major interest in low energy surfaces, contact angles, and 
wettability. His studies in this field, aided by his group of very capable 
chemists and physicists, have produced an enormous body of literature 
which is best described by the title of this Kendall Award Symposium. 
This work has led a large collection of excellent data on wettability, and 
to a new understanding of the relationship of surface tensions in wetta
bility, and has promoted considerable interest in low energy solids and 
liquids such as the silicones, the fluorocarbons, and fluorochemicals. 

Coupled with this research program has been a continuing effort to 
apply the results of his research to practical problems. The practical 
applications have been very successful and led to the highest standards 
of lubrication and the protection of weapons and vessels from the very 
wide range of temperatures, weather, and corrosive conditions en
countered by the Navy. One interesting example occurred recently when 
an aircraft carrier nearing completion in the Brooklyn Naval Yard 
caught fire and in the process of putting out the fire all of the expensive 
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and delicate electronic equipment was damaged by smoke, oil, and sea 
water. Dr . ZismanTs group was called in, and thanks to their background 
of practical applications in surface chemistry, they devised a cleaning 
solution which displaced contamination from the electrical apparatus, 
leaving it in as good condition as new. This one application saved the 
Navy millions of dollars. 

The literature in surface chemistry is greatly enriched by the 95 
publications by Dr . Zisman. There are also 22 patents in his name, 
mainly on lubricants and protective treatments for surfaces. 

Dr. Zisman was nominated for the Kendall Award because of his 
contributions in the whole field of surface chemistry. While some of us 
had hoped that this symposium could cover all the fields in which he had 
worked, it soon became obvious that five full days would be needed, 
whereas we were allotted only two. Consequently, we had to narrow the 
scope of the symposium to just one part of his work. Several surface 
chemists (including Professor LaMer) were disappointed that their 
particular field in surface chemistry was excluded from this sympos
ium, because they wished to honor Dr . Zisman by participation in the 
program. Seldom has a chairman had such an enthusiastic response to 
requests for papers for a symposium. Many of those who have not con
tributed have written letters expressing their appreciation of Dr . Zisman. 

Sprague Electric Co. 
North Adams, Mass. 

Frederick M . Fowkes 
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1 
Relation of the Equilibrium Contact Angle to 

Liquid and Solid Constitution 

W. A. ZISMAN 

U. S. Naval Research Laboratory 
Washington 25, D. C. 

A review of the author's investigations of the 
equilibrium contact angles of pure liquids on 
low- and high-energy solid surfaces, both 
bare and covered with a condensed monomo
lecular adsorbed film, includes the critical 
surface tension of wetting and the effect of 
homology on spreading by pure liquids, the 
causes of nonspreading on high-energy sur
faces, and the existence and properties of 
autophobic liquids and oleophobic monolayers. 
Constitutive relationships are summarized 
in a table of critical surface tensions of wet
ting. The theory and application of the re 
traction method of preparing adsorbed mono
layers from solution and the conditions for 
mixed films are presented. Studies of the 
wetting behavior of solutions of various sur
factants and the resultant explanation of the 
function of a wetting agent are generalized to 
include nonaqueous systems. Following esti
mates of the reversible work of adhesion of 
liquids to solids, the part played by wetting 
in obtaining optimum adhesion by adhesives 
is outlined, and a fundamental explanation is 
given of constitutive effects in the develop
ment of strong adhesive joints. Future areas 
of research on wetting and adhesion are indi
cated. 

In his classic investigation of capillarity, Laplace [76] explained 
the adhesion of liquids to solids in terms of central fields of force be
tween the volume elements of a continuous medium. This approach was 
illuminating about the origin of surface tension and energy and their 
relation to the internal pressure, and it resulted in the fundamental 
differential equation of capillarity which has been the basis of all 
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2 ADVANCES IN CHEMISTRY SERIES 

methods of measuring liquid surface tension. For nearly a century this 
essentially mechanical treatment was elaborated by Gauss, Neumann, 
Poisson, Kelvin, Rayleigh, van der Waals, and many others; Bakker [3] 
has summarized their results. 

Eventually, the Laplace treatment was abandoned because: in the 
resulting differential and integral relations among the surface tension, 
internal pressure of the liquid, the density, and its gradient, the param
eters defining the interparticle field of force were not experimentally 
obtainable; the theory was unsuccessful in explaining common phenom
ena, some of which are the concern of this symposium; and as the mo
lecular structure of liquids and solids became better understood, the 
central field of force approach became recognized as an oversimplifi
cation which had to be replaced by an electromagnetic and wave me
chanics description of intermolecular fields of force. Even today 
knowledge of the force field in the vicinity of the molecules of a liquid 
is not precise enough for such calculations—except possibly in the case 
of the liquefied rare gases. The status of the statistical mechanical 
treatment of the subject and the mathematic problem to be solved is 
well indicated in the review of Hirshfelder, Curtiss, and Bird [60]. 

Over 150 years ago Thomas Young [104] proposed treating the con
tact angle of a liquid as the result of the mechanical equilibrium of a 
drop resting on a plane solid surface under the action of three surface 
tensions (Figure 1)—yL V at the interface of the liquid and vapor phases, 
y S L at the interface of the solid and the liquid, and at the interface 
of the solid and vapor. Hence, 

~ YSL = ^ L V C 0 S θ ί 1 ) 

Figure 1. Contact angle of a sessile drop 

The concept of the contact angle and its equilibrium was valuable 
because it gave a definition to the notion of wettability and indicated the 
surface parameters needing measurement. Today when we say that a 
liquid is nonspreading, we simply mean that 0 ^ 0 ° ; and when the liquid 
wets the solid completely and spreads freely over the surface at a rate 
depending on the liquid viscosity and solid surface roughness, we say 
that 0 = 0° . A host of early experiments revealed that every liquid 
wets every solid to some extent—that is, θ * 180°. Another way to 
express this point is that there is always some adhesion of any liquid 
to any solid. On a homogeneous solid surface, angle θ is independent 
of the volume of the liquid drop. Obviously, since the tendency for the 
liquid to spread increases as θ decreases, the contact angle is a useful 
inverse measure of spreadability or wettability. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
00

1

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



7 . ZISMAN Equilibrium Contact Angle 3 

Young1 s equation is deceptively simple; actually, there are present 
conceptual and experimental difficulties; and Equation 1 has been the 
source of many arguments. In the definition of y S L and y s v , neither of 
which we can conveniently and reliably measure, there is the difficulty 
that any tensile stresses existing in the surface of a solid would rarely 
be a system in equilibrium. Solids are rare whose surfaces are free 
of stresses which have penetrated from below the surface layer. 
Lester [77] has recently given a sophisticated treatment of Young1 s 
equation and has shown that it is correct so long as the drop of liquid 
rests on a solid which is not too deformable. 

Another approach avoids specifying the field of intermolecular 
force between solid and liquid and instead resorts to thermodynamics. 
The first application of thermodynamics to capillarity appears to have 
been made by Thompson [101,102]; later came the classic and general 
treatment by J . Willard Gibbs [50]. Nearly 60 years had elapsed after 
Young ?s treatment before Dupré [31] introduced the reversible work of 
adhesion of liquid and solid, W A , and its relation to y ^ and y ^ : 

W A = ysv + 7LV " ^ S L (2) 

This equation is simply the thermodynamic expression of the fact that 
the reversible work of separating the liquid and solid phases must be 
equal to the change in the free energy of the system. Therefore, a cor
rect derivation implies that the three terms on the right of Equation 2 
are the nature of free energies per unit surface area of the solid-vapor, 
liquid-vapor, and solid-liquid interfaces, respectively. 

As Sumner showed 25 years ago [99], the Young equation can also 
be derived thermodynamically for the ideal plane solid surface of F i g 
ure 1, provided that the system is treated as one in thermal and me
chanical equilibrium and the quantities y S L , y ^ , and y L V are defined 
as follows: 

6F 
7 s L " l 9 A s j T , M i 

3F 

3F 

(3) 

* L V " [dALy)T, μ·χ 

where F is the Helmholtz free energy (or the work function) of the sys
tem, A s v is the area of the solid-vapor interface, etc., Τ is the tem
perature, and μ £ is the chemical potential of each component in the 
phases present. Implicit in this treatment, and also in Young's deriva
tion, is the assumption that the contact angle is independent of the vol 
ume of the drop and depends only on the temperature and the nature of 
the liquid, solid, and vapor phases in contact. Later investigators have 
given more general thermodynamic derivations of the Young and Dupre / 

equations, most noteworthy being those by Shuttleworth and Bailey [98] 
and Johnson [64]. 

It was not until 1937 that Bangham and Razouk [4,5] called atten
tion to the importance of not neglecting the adsorption of vapor on the 
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4 ADVANCES IN CHEMISTRY SERIES 

surface of the solid phase in deriving the equilibrium relations con
cerning the contact angle; and they were the first to derive the follow
ing widely used forms of the Young and Dupre equations. Here the 
more precise system of subscripts due to Boyd and Livingston [25] is 
used in order to distinguish between the solid-vacuum and solid-liquid 
interfaces. Thus, γ& is the free energy at the solid-vacuum interface, 
y s v o the corresponding term for the interface of the solid with the sat
urated vapor, and y L V o that for the interface of the liquid with the sat
urated vapor. 

Vsv° " ^ S L = ^ L V 0 C O S Θ ( 4 A ) 

W A = rs° + ^ L V ° - rsh (4b) 

and hence, 

W A = ( ^ S ° " ^ S V ° ) + > L V ° + C 0 S Θ ) ( 4 C ) 

Most textbooks neglect the first term on the right side of Equation 4c. 
Obviously, the quantity 

W A * — r L V ° i1 + c o s °) (4d) 

is the reversible work of adhesion of the liquid to the solid when coated 
with an adsorbed film of the saturated vapor. The first parenthetical 
term in Equation 4c is simply the free energy decrease on immersion 
of the solid in the saturated vapor phase; for it Bangham and Razouk 
derived the following expression when the vapor obeys the ideal gas law: 

y s o - y s v o = RT f P° rd(lnp) (5) 
J ο 

where p o is the pressure of the saturated vapor, R the gas constant, Τ 
the absolute temperature, and Γ the Gibbs absorption excess per unit 
area of the vapor on the solid. 

Two investigators of the spreading of insecticides on leaves, Cooper 
and Nuttall [29], were the originators of the well-known condition for 
the spreading of a liquid substance, b, on a solid or liquid substance, a: 

For spreading S > 0 

For nonspreading S ^ 0 

where 

s = ? » - ( ? a b
+ y b ) <6> 

or using the subscripts just introduced, 

(7) 
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7 . ZISMAN Equilibrium Contact Angle 5 

Harkins soon afterwards [55-58] developed fully the usefulness of their 
concept, named S the "initial spreading coefficient," and from it de
rived the two relations 

Here W c is the reversible work of cohesion of the liquid; from the 
Dupre equation for a liquid-liquid interface it is simple to show that 
W c is twice the liquid surface tension. Equations 8 and 9 are especially 
suggestive about the physical cause of spreading; however, like Equa
tion 1, they are deceptively simple. As Harkins pointed out, an "initial 
value" of the spreading coefficient exists for the condition that spread
ing can initiate; a "final coefficient" exists for the conditions that once 
spreading has occurred the liquid can remain spread. It turns out that 
much experimental information is needed to determine the final spread
ing coefficient. 

Assuming that no surface electrification is involved, the above 
group of equations are the basic thermodynamic relations for describ
ing the equilibrium contact angle and wetting phenomena. In so far as 
details of molecular structure of the substances and surfaces play an 
important part, these purely thermodynamic equations would not be 
expected to suffice to permit us to describe the wetting, spreading, and 
adhesion of liquids on solids. 

Despite many attempts, little was learned about the constitutive 
aspects of the wetting and spreading of liquids on solids until the past 
two decades. Practically every investigator was engulfed in the diffi
culties of obtaining reproducible and significant contact angles. The 
oldest experimental difficulty, and the source of many controversies, 
was the occurrence of large differences between the contact angle, 0 A , 
observed in advancing the liquid boundary over a dry clean surface and 
the value, 0 R , observed in receding the liquid boundary over the pre
viously wetted surface. There was much concern until very recently 
about which contact angle was more significant, and if both were sig
nificant, what function of the two was useful. 

Some clarification of this problem resulted after Wenzel [103] de
veloped a relation between the macroscopic roughness of a solid sur
face and the contact angle. Wenzel discussed the roughness factor, r 
(defined as the ratio of the true area of the solid to the apparent area 
or envelope), and its relation to the apparent or measured contact angle, 
0 T , between the liquid and the envelope to the surface of the solid and to 
the true contact angle, Θ, between the liquid and the surface at the a ir -
liquid-solid contact boundary. He derived the well known relation 

S w A - w c 
(8) 

and 

(9) 

r = 
cos Θ1 

COS θ 
(10) 

from the Young equation and from the definition of r; hence, Equation 10 
is essentially a thermodynamic requirement. This relation is important, 
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6 ADVANCES IN CHEMISTRY SERIES 

because surfaces having r = 1.00 rarely are encountered; perhaps the 
nearest to such a smooth surface is that of freshly fire-polished glass 
or freshly cleaved mica; usually r is significantly greater than 1.0. 
Wenzel's equation has been derived more generally and applied to woven 
and other regular structures by Cassie and Baxter [28] and by Shuttle-
worth and Bailey [98]. 

Several general consequences of WenzePs equation should influ
ence all research on contact angles. First , when 0 < 90°, Equation 10 
indicates 0 T < 0 . But most organic liquids exhibit contact angles of 
less than 90° on clean polished metals; hence, the effect of roughening 
the metals is to make the apparent contact angle, 0 f , between the drop 
and the envelope to the metal surface less than the true contact angle, 
0 . In other words, each liquid will appear to spread more when the 
metal is roughened. Secondly, when 0 > 90°, Equation 10 indicates 
0 Τ > 0 . Since pure water makes a contact angle of 105° to 110° with 
a smooth paraffin surface, the effect of roughening the surface tends to 
make 0 T greater than 110°; 0 1 values of 140° have been observed. 
Thirdly, the experimental problem of accurately measuring the true 
contact angle is made difficult by the surface roughness, and Wenzel 1 s 
equation makes it possible to estimate the resulting error. When 
0 = 10°, the difference, 0 - 0 T , between the real and apparent angles 
will be 5° if r = 1.02. When 0 = 45°, the same 5° difference between 0 
and 0 r will occur when r = 1.1. When 0 = 80°, the 5° difference in 0 
and 0 1 will occur when r = 2.0. This means that, in order to measure 
small contact angles accurately, the surface used must be much 
smoother than when large contact angles are measured. Unfortunately, 
this requirement has rarely been given sufficient attention. 

Langmuirfs Observations 

Langmuir's investigations [71] had a profound influence on all re 
search concerned with surface properties of solids and liquids. In his 
research prior to 1916 on the adsorption of gases and solids under high 
vacuum conditions, he had found good evidence that the major changes 
in the surface properties of solids had occurred with the adsorption of 
a monomolecular layer. He also had reasoned from the early x-ray 
findings about the structure of solids that the forces causing adsorption 
originated from the uncompensated field emanating from the atoms in 
the surface and that usually this adsorptive field of force was the re 
sidual electrical field of the valence electrons belonging to the surface 
atoms. In view of these conclusions and the fact, well known to chem
ists, that the fields of force giving rise to secondary valences in a com
pound are so localized that, for reaction to occur, the contact of atoms 
was necessary, he stated in 1916 [72] that: (i) such short-range force 
fields are responsible for nearly all types of adsorption, and (ii) a solid 
or liquid surface should have its adsorbing properties completely altered 
when covered by one layer of foreign atoms or molecules. 

Langmuir fs conclusion that the forces between molecules and the 
adsorbing surface come into play only at the immediate area of contact 
made predicting surface interactions much simpler than trying to com
pute quantities of interest through a precise knowledge of the central 
field of force between all of the molecules in the solid or liquid. In ef
fect, he had discovered a convenient approximate method for investigating 
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7. ZISMAN Equilibrium Contact Angle 7 

the constitutional aspects of adsorption as well as other surface prop
erties. Langmuir later concluded that the adsorptive properties of the 
surface were determined essentially by the nature and packing of the 
atoms or groups of atoms in the surface of a solid or liquid, and he 
often referred to this concept as "the principle of independent surface 
action." Many years later, because he realized that its theoretical 
foundation might receive firmer support through use of the more recent 
scientific developments, he derived in a less widely known paper a 
limited justification for this principle [70], 

Langmuir reported [75] in his famous 1919 lecture to the Faraday 
Society that an adsorbed monolayer of an organic polar compound could 
radically change the frictional and wetting properties of solid surfaces. 
He also emphasized the need for developing experimental methods to 
study oil films of solids, especially their adhesion and the effects of 
the resulting oil film on the contact angle with water. A method was 
described for depositing a condensed monolayer of oleic acid from its 
position as a compressed film on the surface of water, so that it would 
adsorb on a clean glass solid as it was withdrawn edgewise through the 
floating fi lm. Such a monolayer always made glass and many other 
clean solids act hydrophobic and also lowered the coefficient of friction 
to only 0.1. Smooth clean surfaces of stearic acid, paraffin wax, 
myristyl alcohol, and cetyl palmitate exhibited large hydrophobic con
tact angles, the value for the last three substances being 110°. Lang
muir expressed some surprise because the contact angles with the 
various waxy surfaces were not independent of the nature of the under
lying solid; he had expected that they would depend only on the nature 
of the outermost hydrocarbon groups and so would be similar. 

In two later addresses [73,74] Langmuir added other highly signifi
cant observations about the effects of adsorbed films on the wettability 
of solids. A trimolecular stéarate film (prepared by the Langmuir-
Blodgett technique) exhibited a contact angle of 55.4° with a white min
eral oil, 51.7° with ethyl myristate, 48.7° with carbon tetrachloride, 
48° with benzene, 1.5° with n-hexane, and 50° with water. The contact 
angle of this oil with barium stéarate multilayers varied little with the 
number of monolayers in the film—e.g., it was 52° on a monolayer, 
55.4° on three layers, and 55.9° on seven layers. 

Langmuir offered the following highly suggestive explanation of 
why the mineral oil rolled off these monolayers: "The probable expla
nation is that the molecules are so tightly packed into an area of about 20 
sq. A . per molecule that only the C H 3 groups at the end of the molecules 
are exposed on the surface. The properties of C H 3 may well be so dif
ferent from C H 2 that a liquid consisting mostly of C H 2 does not wet a 
surface consisting entirely of C H 3 . " He also reported that as a drop of 
cetyl alcohol moved over the clean dry surface of glass, a monolayer 
of alcohol was left which the liquid could not wet. The following inter
esting observations were added later: "Stearic acid, however, when 
melted on the glass surface forms drops which show a large contact 
angle against the glass (oleic acid on glass gives a practically zero 
contact angle)," and also: "Molten stearic acid on chromium draws up 
into drops and leaves on the metal a monolayer which has a contact 
angle for water ( 0 > 90°) and about 30° for petrolatum." These were 
the earliest reliable observations of adsorbed films which were hydro
phobic and oleophobic. 
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8 ADVANCES IN CHEMISTRY SERIES 

Retraction Method and Wetting Properties of Resulting Films 

Following an observation in 1941 that dilute solutions of pure 
heptadecylamine in white mineral oil exhibited considerable contact 
angles on the glass walls of the containing flask, Pickett and I [23] found 
that a monolayer of heptadecylamine could be adsorbed from solution 
on a polished clean solid glass slide or flat metal surface and also that 
the resulting coated surface could be slowly removed with the plane held 
vertically (see Figure 2) so that the solution was not transported along 
with it; the same phenomenon resulted when the heptadecylamine was 
adsorbed from any of a variety of nonpolar solvents. Any of numerous 
types of paraffinic polar compounds could be adsorbed and isolated 
from solution in the same way as the heptadecylamine. 

Later using a multiple dip method, Bigelow, Pickett, and I [23] ad
sorbed οctadecylamine on a polished platinum foil dipper from a dilute 
solution in dicyclohexyl and proved that the average cross-sectional 
area per adsorbed molecule of the retracted film was 30 sq. A . and 
hence that the film was a condensed monolayer. In general, in order 
that such films could form, we found that the polar group had to be lo
cated at one extremity of the solute molecule with one or more methyl 
groups located at the opposite extremity and that the solute molecules 
must adsorb on the smooth solid surface with sufficient closeness of 
packing so that the outermost portion of the film is densely populated 
with methyl groups. A molecular configuration like a long rod or flat 
plate with a polar group attached to one end of the rod or the rim of the 
plate, and one or more methyl groups attached to the other end, satis
fied these requirements. At my suggestion during World War II, Brock-
way and Karle examined retracted monolayers by electron diffraction 
[27,67] and found that the paraffinic polar compounds, ο ctadecy lamine 
and stearic acid, were oriented essentially along the normal to the 
solid surface with a random tilt of several degrees in the principal 
axis. These findings were confirmed and studied further by Bigelow 
and Brockway [21] and also by Menter and Tabor [83]. Further analy
sis of the data led Epstein [38] to suggest that the adsorbed polar mole
cules were clustered into two-dimensional, micelle-like, brush heaps. 

^ M O N O L A Y E R 

Figure 2. Retraction method 
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7 . ZISMAN Equilibrium Contact Angle 9 

In a subsequent study of the effect of temperature on the retraction 
and wetting process with Bigelow and Glass [22], we found a method by 
which the energy of adsorption of the polar molecule could be estimated 
and obtained values of from 10 to 14 kcal. per mole for stearyl deriva
tives; these obviously corresponded to a physical adsorption process. 
Furthermore, the molar energy of adsorption increased linearly with 
the number of carbon atoms in the polar molecule, and the energy i n 
crement per carbon atom was in reasonable accord with estimates of 
the energy of intermolecular cohesion per C H 2 group in adlineated (or 
crystalline) paraffinic compounds. An unexpected observation was that 
a wide variety of such polar paraffinic compounds could be adsorbed on 
smooth clean glass and metals by retraction from the molten compound; 
this made available an experimental method for preparing by retraction 
adsorbed condensed monolayers of the pure compound. Since this tech
nique avoided any possibility that solvent molecules could remain trapped 
in the monolayer, it became a valuable method which was frequently used 
in subsequent comparisons of the properties of monolayers on solids. 

Measurements of the wetting properties of various polished sur
faces coated by retraction with condensed monolayers proved illuminat
ing. Like Langmuir Ts observations on barium stéarate monolayers and 
multilayers, these films were found to be both hydrophobic and oleo-
phobic. A variety of organic liquids besides water and mineral oil were 
found unable to spread on such uncoated surfaces, and the contact angles 
exhibited were highly reproducible and independent of the nature of the 
solid substrate upon which a monolayer had been coated during the re 
traction process. Our results on the surface properties of these mono
layers and the process by which they were produced obviously deserved 
attention because the retracted films were obtained under conditions of 
adsorption equilibrium at the solid-liquid interface; such films could 
and did occur in the arts and technology, whereas the Langmuir-
Blodgett multilayers [71] are produced only by their one method; they 
do not occur at the solid-solution interface, and so despite their inter
esting properties they appear to be artifacts. 

The large and reproducible contact angles observed on these re 
tracted monolayers stimulated us to investigate if similar films could 
be adsorbed and retracted from solutions of various polar-nonpolar 
compounds in water [93]. In these and later experiments a simple plat
inum foil chimney was used to prevent inadvertently picking up by the 
Langmuir-Blodgett process any undissolved floating film-forming sol 
ute or contaminate [2,84,92], It had been known for a long time that 
metals, glass, and minerals adsorbed a film when immersed in an 
aqueous solution of a polar adsorptive compound containing a hydro
phobic group or radical such that upon removing the solid the aqueous 
solution would roll off the surface exhibiting a large contact angle. Our 
experiments confirmed our suspicion that usually the films retracted 
from aqueous solution are monomolecular and, when the solute concen
tration is not too low or the pH not inappropriate, are in the condensed 
state. Since water has such a high surface tension, it was not unex
pected to find that by retraction from aqueous solutions one can isolate 
monolayers of hydrophobic polar compounds having the greatest variety 
in molecular structures [43,92]. 

Various experimental studies [2,78,92] revealed that the contact 
angle of any liquid on a condensed monolayer adsorbed on a polished 
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10 ADVANCES IN CHEMISTRY SERIES 

solid surface was generally independent of whether it had been re 
tracted from an aqueous or nonaqueous solution. For example, Table I 
summarizes the results obtained with Levine [78] on the wettability of 
a solid coated by using a variety of techniques to adsorb and retract a 
condensed monolayer of n-octadecylamine on platinum, stainless steel, 
and borosilicate glass. The identical packing of methyl groups in the 
condensed monolayer formed under each condition is demonstrated by 
the nearly constant value of the contact angle exhibited by methylene 
iodide (the maximum variation in the contact angle of 2° is the experi
mental uncertainty in our contact angle measurements). 

Table I. Effect of Method of F i l m Preparation on 
Wettability of Octadecylamine Monolayers 

_ , Ί Methylene Iodide Fi lms Prepared by C o n t a c t A n g l e > ο 

Retraction from molten amine 69 
Vapor phase adsorption 69 
Retraction from hexadecane soin. 70 
Retraction from dicyclohexyl soin. 68 
Retraction from nitromethane soin. 69 
Retraction from aqueous soin, of C

1 8
H

3 7
N H

3
C 1 6 9 

The interesting observation was made [2,92,93] on long-chain par
affinic films retracted from aqueous solution, that the contact angle of 
water on the resulting condensed film was 90° when the drop was ad
vancing or receding! When the same compound was retracted from a 
nonaqueous solution in a nonpolar liquid, the advancing contact angle 
was 101° and the receding contact angle was 90° (see Table II). Water 
is a nearly unique liquid, in that it readily permeates between the long, 
adlineated, hydrocarbon chains of a close-packed monolayer of a fatty 

Table II. Comparison of Hydrophobic Films of Amines 

Retracted Films Prepared from: 

Molten Compound Hexadecane 
Solution 

n-Alkylamine N a 

Thermal -
Gradient 
Method b 

Isothermal 
Method 0 

Water 
Solution 

Oleophobic ^ Ï Î ? 
Method 0 p h ° b l C Metnoa Method 

V ° * A = V ° 

Butylamine 4 55 48 55 51 — — 52 c 

Octylamine 8 81 67 74 69 73 68 69 c 

Dodecy lamine 12 90 83 89 83 89 83 85 c 

Tetradecylamine 14 91 84 92 87 90 86 86 c 

Hexadecylamine 16 96 87 96 89 96 89 89 c 

Octadecylamine 18 102 89 102 91 101 90 90 b 

a-Total number of carbon atoms per molecule. 
DMeasurements made at 20.0° ± 0.1°C. 
cMeasurements made at 25° ± 1°C. 
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7 . ZISMAN Equilibrium Contact Angle 11 

acid, alcohol, or primary amine. Therefore, when the film was ad
sorbed from aqueous solution, it was saturated with water; hence the 
drop of water was moving over a water-saturated surface regardless 
of whether it was advancing or receding, and therefore #A and θ had to 
be equal. On one hand, because the monolayer adsorbed from the non
aqueous liquid was devoid of solvent molecules (including water), the 
drop of water was advancing over an anhydrous film and so the advanc
ing contact angle had the higher value of 101°. On the other hand, the 
receding drop was moving over a surface which had become saturated 
with water abstracted by vapor transfer from the water drop during its 
prior advance, and it should have the same value as the water-soaked 
film retracted for the aqueous solution. The condition that the ad
vancing and receding contact angles are different on condensed organic 
monolayers is unusual, and it occurs with a water drop simply because 
of the great permeability of condensed monolayers to molecularly dis
persed water. When the liquid drop is not water, liquid molecules are 
usually too large to permeate into the condensed monolayer; hence 

Especially significant about these early results was the wealth of 
reliable experimental evidence revealing the condition when contact 
angles were reproducible and interprétable in terms of the structure 
and composition of the surface phases. Ample justification existed for 
broadening the range of solid surfaces studied by means of the equilib
rium contact angle. 

Wetting of Low-Energy Solid Surfaces 

In considering the wetting properties of solid surfaces, Fox and I 
found it helpful to coin a few convenient terms to identify the extremes 
of the specific surface free energies of solids [46]. As is well known, 
the specific surface free energies of liquids (excluding the liquid metals) 
are less than 100 ergs per sq. cm. at ordinary temperatures. But hard 
solids have surface free energies ranging from about 5000 to 500 ergs 
per sq. cm. , the value being higher the greater the hardness and the 
higher the melting point. Examples are the ordinary metals, metal 
oxides, nitrides, and sulfides, silica, glass, ruby, and diamond. Soft 
organic solids have much lower melting points and the specific surface 
free energies are generally under 100 ergs per sq. cm. Examples are 
waxes, solid organic polymers, and in fact, most solid organic com
pounds. Solids having high specific surface free energies may be said 
to have "high-energy surfaces," and solids having low specific surface 
free energies have "low-energy surfaces." This terminology has since 
been widely adopted. 

Because of the comparatively low specific surface free energies of 
organic and most inorganic liquids, one would expect them to spread 
freely on solids of high surface energy, since there would result a large 
decrease in the surface free energy of the system, and this is most 
often found to be true. But since the surface free energies of such 
liquids are comparable to those of low-energy solids, among these 
liquids should be found those exhibiting nonspreading on low-energy 
solids. 

Our previous work on the retraction of monolayers from organic 
liquids and their oleophobic properties led us to propose that when any 
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12 ADVANCES IN CHEMISTRY SERIES 

organic liquid would not spread on a high-energy surface, it did so be
cause it contained a dissolved polar-nonpolar compound from which an 
oleophobic film had adsorbed on the surface. However, measurements 
on organic liquids from which polar-nonpolar adsorbable impurities 
had been carefully removed demonstrated that pure liquids like t r i - o -
cresyl phosphate and benzyl phenylundecanoate would not spread on 
high-energy surfaces. Because of these unexpected and at the time 
inexplicable results, a temporary detour was made to seek the missing 
information by studying the spreading of pure liquids on well defined 
low-energy surfaces. 

Equilibrium contact angles of a variety of pure liquids were studied 
with Fox [46,47,48] and later Ellison [33,34] on surfaces of solid or
ganic polymers free of contaminants, monomer, or plasticizers—exam
ples are polytetrafluoroethylene, polyethylene, poly (vinyl chloride), 
poly (ethylene terephthalate), etc. Because of the large percentage er
ror in low contact angles resulting from the surface roughness, great 
care was exercised in preparing the surfaces of these polymers in ex
tremely clean and glossy-smooth condition. Each liquid used in ob
serving contact angles on such surfaces was percolated slowly through 
columns packed with adsorbents to remove adsorptive contaminants. 
Using such solids and liquids it was found, in disagreement with past 
reports on contact angle phenomena, that these systems behaved re -
producibly; furthermore, the advancing and receding contact angles 
were identical so long as the liquid drop was advancing or receding 
sufficiently slowly to be reasonably close to an equilibrium condition. 

A comparison was made between the results of measurements of 
the contact angles of various volatile liquids on polytetrafluoroethylene 
when measured in air saturated with the liquid vapor and when meas
ured in the open air . No significant differences were found in the con
tact angles of the n-alkanes until pentane or lower boiling homologs 
were used. Differences became significant in the series of dimethyl 
silicones only when homologs below the tetramer were used. This 
means that the adsorptivity of these vapors on polytetrafluoroethylene 
was so low at ordinary temperatures that the condensed vapor did not 
significantly affect the spreading of the liquid drop on the solid. There
fore, so long as attention was confined to measurements of the contact 
angles of the high boiling liquids on this and other low-energy surfaces, 
the measurements could be made in the open air rather than in a satu
rated atmosphere of the liquid vapor. 

In general, a rectilinear relation was established empirically be
tween the cosine of the contact angle, Θ, and the surface tension, y L V o , 

for each homologous series of organic liquids. Figure 3 illustrates the 
results with the n-alkanes on polytetrafluoroethylene [46]. The critical 
surface tension for wetting by each homologous series was defined by 
the intercept of the horizontal line cos θ = 1 with the extrapolated 
straight-line plot cos θ vs. y L v o , and it was denoted by y c . This in 
tercept was found more valuable than the slope of the rectilinear graph 
for correlations between wettability and constitution. Even when cos θ 
was plotted against y L y 0 for a variety of nonhomologous liquids, the 
graphical points fell close to a straight line or collected around it in a 
narrow rectilinear band (see Figures 4 and 5). Certain low-energy 
surfaces, such as on polytetrafluoroethylene (Figures 6 and 7), exhibit 
curvature of this band for values of y L V o above 50 dynes per cm. But 
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7 . ZISMAN Equilibrium Contact Angle 13 

18 20 22 24 26 28 
SURFACE TENSION AT 20° C. (DYNES/CM) 

Figure 3. Wettability of polytetra
fluoroethylene by the n-alkanes [46] 
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Figure 4. Wettability of poly ethylene [48] 

in those cases we found that the curvature results because weak hydro
gen bonds form between the molecules of liquid and those in the solid 
surface. This is most likely to happen with liquids of high surface ten
sion, because they are always hydrogen-bonding liquids. In general, 
the graph of cos θ vs. y L y 0 for any low-energy surface is always a 
straight line (or a narrow rectilinear band) as in Figure 4, unless the 
molecules in the solid surface form hydrogen bonds. 

When rectilinear bands are obtained in this type of graph, the in
tercept of the lower limb of the band at cos θ = 1 is chosen as the crit 
ical surface tension, y c , of the solid. Although this intercept is less 
precisely defined than the critical surface tension of a homologous 
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14 ADVANCES IN CHEMISTRY SERIES 

SURFACE TENSION (DYNES/CM AT 20·) 

Figure 5. Wettability by various liquids on surface of: 

A . Poly (vinyl chloride) 
B. Poly(vinylidene chloride) 
C. Close-packed monolayer of perchloropentadienoic acid [33] 

O 10 2 0 30 4 0 50 60 7 0 80 
SURFACE TENSION (20°C.) D Y N E S / C M . 

Figure 6. Wettability of polytetrafluoroethylene 
by various liquids [47] 

series of liquids, nevertheless it is an even more useful parameter be
cause it is a characteristic of the solid surface. It has proved to be a 
useful empirical parameter whose relative values act as one would 
expect of y so , the specific surface free energies of the solid. The 
widespread occurrence of the rectilinear relationship between cos Θ 
and y L V o in the rapidly growing body of reliable experimental data led 
us to use y c to characterize and compare the wettabilities of a variety 
of low-energy surfaces. 

By comparing values of y c of structurally "homologous" or "analo
gous" solids, such as unbranched polyethylene and its various chlorinated 
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7 . ZISMAN Equilibrium Contact Angle 15 

SURFACE TENSION (20*G) DYNES/CM. 

Figure 7. Wettability of copolymers 
of polytetrafluoroethylene and poly-
chlorotrifluoroethylene [47] 

or fluorinated analogs (see Table III) and by making the usually reason
able assumption that the surface composition of the solid polymer was 
the same as that of the horizontally oriented polymer molecule, it was 
possible to measure the effect of surface constitution on the wettability. 

In the upper curve of Figure 8, y c values for polyethylene, poly
v i n y l chloride), and poly(vinylidene chloride) are plotted against the 
atom per cent replacement of hydrogen by chlorine. Although the in
troduction of the first chlorine atom in the monomer causes y c to rise 
from 31 to 39 dynesper cm.,the addition of a second chlorine increases 
Yc only to 40 dynes per cm. On comparing the upper and lower curves, 
striking differences are evident in the effect on yc of chlorine or fluo
rine replacement of hydrogen, both as to the direction of the change 
and the effect of progressive halogenation. Although polytetrachloro-
ethylene does not exist, an organic coating with an outermost surface 
comprised of close-packed covalent chlorine atoms was prepared [33] 
by the retraction method to form a condensed, adsorbed, and oriented 
monolayer of perchloropentadienoic acid (CCI 2 = CCI-CCI = CC1-COOH) 
on the clean polished surface of glass or platinum. Not only is the 
graph of cos 0 vs. y L V o for such a surface similar to those of the 
above-mentioned chlorinated polyethylene s, but the corresponding 
value of y c (43 dynes per cm.) is shifted in the appropriate direction— 
i.e., to higher values of yc . Extrapolation of the line defined by the 
experimental points for the two chlorinated polymers in Figure 8 to the 
value of 7c for 100% hydrogen replacement indicates a value of 42 
dynes per cm. Thus, the hypothetical polytetrachloroethylene surface 
should have a critical surface tension of wetting of 42 dynes per cm. , 
which is only 1 dyne per cm. less than the experimental value found for 
the perchloropentadienoic acid monolayer. This shows how closely the 
wetting properties of the latter surface approximate those of a fully 
chlorinated polymeric solid surface. 

Since the same results were obtained regardless of the nature of 
the polished solid substrate on which the perchloropentadienoic acid 
monolayer was adsorbed, it was evident that the wettability of these 
monolayer coated surfaces is determined by the nature and packing of 
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Table ΙΠ. Critical Surface Tensions of Halogenated Polyethylenes [33] 

Polymer Structural Formula Critical Surface 
Tension, Dynes/Cm. 

H C l H C l H C l 
Poly(vinylidene chloride) - C - -C - C -

1 
-C 

1 
- C -

1 
-C 

1 
40 

H C l H C l H C l 

H C l H C l H C l 
Poly (vinyl chloride) - C -

1 
-c 

1 
- C -

1 
-c 

1 
- C -

1 
-c 

1 
39 

H H H H H H 

H H H H H H 
Polyethylene - C -

I 
-C 

1 
- C -

1 
-C 

1 
- C -

1 
-C 

1 
31 

Η H H H H H 

Η F H F H F 
Poly (vinyl fluoride) - C -

I 
-C 

1 
- C -

l 
-C 

l 
- C -

l 
-C 

1 
28 

Η H H H H H 

Η F H F H F 

Poly(vinylidene fluoride) - C -
I 

-C 
l 

- C -
l 

-C 
l 

- C 
1 

-C 
l 

25 

Η F H F H F 

F F F 
1 

F 
1 

F 
1 

F 
1 

Polytrifluoroethylene -Οι -C 
1 

- C -
1 

-C 
1 

- c 
1 

-C 
1 

22 

Η F H F H F 

F 
I 

F 
1 

F 
1 

F 
1 

F 
1 

F 
1 

Polytetrafluoroethylene (Teflon) -Ο
ι 

-C 
1 

- C 
1 

-C 
1 

- C -
1 

-C 
1 

18 

F F F F F F 

the outermost atom in exposed groups of atoms in the coating and not 
by the nature and arrangements of atoms in the solid substrate 10 to 
20A. below the surface layer. This will exemplify the extreme locali
zation of the fields of force of covalent bonded atoms responsible for 
the adhesion of liquids to organic solids. 

In the upper curve of Figure 9 is plotted cos Θ for each of the 
n-alkane liquids on a close-packed retracted monolayer of pr im-
octadecylamine on platinum or glass [94]. Comparable data for the 
surface of polyethylene cannot be shown here because the alkane liquids 
exhibit zero contact angles on this solid. In other words, the graph is 
so much above that of octadecylamine that it cannot be shown in this 
plot. The second curve gives the analogous results for polytetrafluoro
ethylene [46], By structural analogy, one can reason that since the 
surface of close-packed - C H 3 groups is much less wettable than one of 
- C H 2 - groups, a surface of - C F 3 groups should also be much less wet-
table than one of - C F 2 - groups. This simple argument led Schulman 
and me [91] to study the wettability of close-packed adsorbed films of 
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7 . ZISMAN Equilibrium Contact Angle 17 

- BY CHLORINE , ? 

BY FLUORINE 

1 1 1 

ATOM P E R C E N T OF HYDROGEN R E P L A C E D 

Figure 8. Effect of progressive halo
gen substitution on wettability of poly
ethylene-type surfaces [96] 

0.4 

0.2 

• OCTADECYLAMINE MONOLAYER 

' POLYTETRAFLUOROETHYLENE 

PERFLUOROLAURIC ACID 

24 28 32 36 40 

SURFACE TENSION (20°CJ DYNES/CM. 

Figure 9. Comparison of effects of -CH3, 
-CH2-, and -CF3 groups on wettability by n-
alkanes [105] 

perfluorodecanoic (or Φ-decanoic) acid. This acid had only recently 
been prepared by the Simon's process of electrochemical fluorination. 
Soon afterward a study was made with Shafrin and Hare [53] of the ho
mologous family of perfluoro fatty acids, and we then found that a con
densed monolayer of perfluorolauric acid, F 3 C (CF 2 ) 1 0 COOH, was the 
most nonwettable surface ever reported; on it every liquid we studied 
was unable to spread. Figure 10 shows that very large contact angles 
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18 ADVANCES IN CHEMISTRY SERIES 

N = TOTAL CARBON ATOMS/ACID MOLECULE 

Figure 10. Wettability of condensed mono
layers of perfluoroaikanoic acids by various 
liquids [53] 

are exhibited by common types of organic liquids upon retracted mono
layers of any of the perfluoroaikanoic acids. 

Since Berry [18] had succeeded in preparing the interesting and 
related ψ-alkanoic acids 

H F 2 C ( C F 2 ) n C O O H 

we investigated their behavior as condensed monolayers adsorbed by 
retraction on polished platinum foil [32]. As expected, such coated sur
faces also exhibited large contact angles with all liquids. Figure 11 

1.0 

.8 

* . 6 

.4 

18 2 2 2 6 30 
SURFACE TENSION (DYNES/CM. AT 2 0 · ) 

Figure 11. Effect of progressive 
fluorination of ω-CH3 group on wet
tability by n-alkanes [32] 
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7 . ZISMAN Equilibrium Contact Angle 19 

compares the cos Θ vs. y L V graphs for the n-alkanes on surfaces coated 
with close-packed - C F 3 , - C F 2 H , - C F 2 - , and - C H 3 groups. Just as the 
hydrogen-donating liquids—water, glycerol, glycol, and formamide—all 
formed weak hydrogen bonds with the fluorine atoms in the surface of 
polytetrafluoroethylene, the same effect occurred in wetting surfaces 
covered with monolayers having outermost - C F 3 and - C F 2 H groups 
[32,53,91]. 

Our results on the wettability of surfaces covered with highly 
fluorine-substituted alkyl groups stimulated several research labora
tories to apply these surface properties to polymeric coating materials 
for textile fibers and fabrics as a means of imparting to them nonstain-
ing, o i l - , and water-resistant properties. Such products are becoming 
very prominent today and the contact angle is used for product control 
and trade specifications [1]. 

Regularities in the cos Θ vs. y L V graphs of various fluorine-rich 
surfaces are illustrated in Figure 12. From the cos Θ = 1 intercepts 

SURFACE TENSION (20°C)DYNES/CM. 

Figure 12. Contact angles for n-alkanes on various 
fluorinated surfaces [17,96] 

on Figure 12, it is evident that yc has a value of about 18.5 dynes per 
cm. for the n-alkanes on the surface of Teflon. Values of about 17 and 
15 dynes per cm. are obtained from curves Β and C—i.e. , the introduc
tion of the perfluoromethyl group as a side chain in the polymer reduces 
yc, the reduction becoming greater the higher the surface concentra
tion of exposed - C F 3 groups. An adsorbed, close-packed monolayer 
of a perfluoro fatty acid (curves D, E , and F) is an example of such a 
surface. The values of yc for such surfaces are,therefore, much lower 
than for surfaces comprised only of - C F 2 - groups. The closer the 
packing of the aliphatic chains of the adsorbed molecules, the closer 
the packing of the exposed terminal - C F 3 groups, and hence the lower 
yc . Thus, the value for a condensed monolayer of perfluorolauric acid 
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20 ADVANCES IN CHEMISTRY SERIES 

(curve F) is only 6 dynes per cm. , and this is the lowest value yet en
countered; only the condensed inert gases could spread on such a sur
face. The value of 10.6 dynes per cm. for the polymethacrylic ester of 
perfluorooctanol (curve G) is the lowest encountered with any solid 
polymer [17]. 

Results to date of wettability studies on clean, smooth, plasticizer-
free, polymeric solids of general interest are summarized in Table IV. 
Included in this table is the value for poly (vinyl alcohol) (yc =37 dynes 
per cm.) reported by Ray, Anderson, and Scholz [88]; the same investi
gators also found a range in yc of 40 to 45 dynes per cm. for a series 

Table IV. Critical Surface Tensions of 
Various Polymeric Solids [106] 

Polymeric Solid y c • 
Dynes/Cm. at 20 C. Réf. 

Polymethacrylic ester of φ'-octanol 10.6 [17] 
Polyhexafluoropropylene 16.2 [16] 
Polytetrafluoroethylene 18.5 [46] 
Polytrifluoroethylene 22 [33] 
Poly(vinylidene fluoride) 25 [33] 
Poly(vinyl fluoride) 28 [33] 
Polyethylene QP [48] 
Polytrifluorochloroethylene ΊΪΙ [47] 
Polystyrene 33 [34] 
Poly(vinyl alcohol) 37 [88] 
Poly (methyl methacrylate) 39 [61] 
Poly(vinyl chloride) (3ÏÏ) [33] 
Poly(vinylidene chloride) 40 [33] 
Poly (ethylene terephthalate) 43 [34] 
Poly(hexamethylene adipamide) 46 [34] 

of hydroxyl-rich surfaces of the starch polymer type [90], These values 
of yc are reasonably close to that of 43 dynes per cm. reported for the 
oxygen-rich surface of poly (ethylene terephthalate). Among the early 
reliable studies of contact angle vs. surface tension for smooth sur
faces of various waxes, resins, and cellulose derivatives were those 
reported by Bartell and Zuidema [8]. If the cosines of their contact 
angles are plotted against y L V ° , good straight lines are obtained. The 
values of yc for their resin surfaces rich in exposed oxygen-containing 
groups fit in well with the data presented here on the relative wetta
bility of oxygen-rich surfaces. Nylon, with its many exposed amide 
groups, has the highest yc value of the common plastics we have re 
ported [34]. Since 7 c for all the polymers of Table IV are well below 
the surface ten&xun of water (72.8 dynes per cm.), all are hydrophobic. 

Effect of Constitution on Wetting of Low-Energy Surfaces 

The widespread occurrence of the rectilinear relationship between 
cos θ and y L V in the large body of experimental data and the fact that 
these straight lines diverge away from the cos θ = 1 axis have made it 
possible to use 7C to characterize the wettability of each low-energy 
surface. In Table V are presented the results of values of yc obtained 
from some comparative studies [96,105] of the wettability of a number 
of well-defined, low-energy, solid surfaces. In the first column is 
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Table V . Critical Surface Tensions of Low-Energy Surfaces [96] 

Surface Constitution _ L° ' , Ο Λ ο Réf. 
Dynes/Cm. at 20 

A . Fluorocarbon Surfaces 

- C F 3 6 [53] 
- C F 2 H 15 [32] 
- C F 3 and - C F 2 - 17 [15, 16] 
- C F 2 - 18 [46] 
-CHj - C F 3 20 [95] 

— 22 [33] 
25 [33] 
28 [33] 

B. Hydrocarbon Surfaces 

22 [48] 
- C H 3 (monolayer) 24 [94] 

31 [48] 
33 [43] 

— C H — (phenyl ring edge) 35 [43] 

C. Chlorocarbon Surfaces 

- C C I H - C H 2 - 39 [33] 
- C C 1 2 - C H 2 - 40 [33] 
= C C 1 2 43 [33] 

D. Nitrated Hydrocarbon Surfaces [45] 

- C H 2 ΟΝΟ 2 (crystal) [110] 40 [45] 
- C ( N 0 2 ) 3 (monolayer) 42 [45] 
- C H 2 N H N 0 2 (crystal) 44 [45] 

45 [45] 

given the constitution of the atoms or organic radicals in the solid sur
face arranged in the order of increasing values of 7c . Literature ref
erences are given in the third column. Data have been grouped under 
the subheadings emphasizing the surface chemical constitution—i.e., 
fluorocarbons,hydrocarbons, chlorocarbons,and nitrated hydrocarbons. 

Some important results included in Table V deserve a brief dis
cussion. The surface of lowest energy ever found (and hence having 
the lowest y c ) is that comprised of closest packed - C F 3 groups. The 
replacement of a single fluorine atom by a hydrogen atom in a terminal 
- C F 3 group more than doubles 7c . A parallel and regular increase in 
r c has been observed with progressive replacement of fluorine by hy
drogen atoms in the surfaces of bulk polymers. Data for polytetra
fluoroethylene ( - C F 2 - C F 2 - ) n , polytrifluoroethylene ( - C F 2 - C F H - ) n , 
poly(vinylidene fluoride) ( - C F 2 - C H 2 - ) n , and p o l y v i n y l fluoride) ( -CFH 
- C H 2 - ) n a r e listed in the order of increasing values of y c ; however, 
this is also the order of decreasing fluorine content. As pointed out 
earlier, a plot of yc against the atom per cent replacement of hydrogen 
in the monomer by fluorine results in a straight line (Figure 8). 
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Among the hydrocarbons the lowest values of yc are found in sur
faces comprising close-packed, oriented, methyl groups. The lowest 
value of 22 dynes per cm. results when the methyl groups are packed 
in the close-packed array found in the easiest cleavage plane of a single 
crystal of a higher paraffin such as n-hexatriacontane. The less closely 
packed arrangement found in a condensed adsorbed monolayer of a high 
molecular weight fatty acid is characterized by a yc value of about 24 
dynes per cm. The great sensitivity of the contact angle (and hence of 
yc ) to such subtle changes in the packing of the methyl groups com
prising the surface of the solid is remarkable, and it has much signifi
cance in technological aspects of wetting and adhesion. The transition 
from a surface comprised of - C H 3 groups to one of - C H 2 - groups re 
sults in an increase in yc of some 10 dynes per cm.; this is to be com
pared with the increase of 12 dynes per cm. observed in going from a 
surface o f - C F 3 to one of - C F 2 - groups. The presence of aromatic car
bon atoms in the hydrocarbon surface also increases yc . Thus, the in
troduction of a significant proportion of phenyl groups in the surface in 
going from polyethylene to polystyrene raises yc from 31 to 33 dynes per 
cm. A further increase to 35 dynes per cm. results when the surface is 
composed solely of phenyl groups, edge on, as in the cleavage surface 
of naphthalene. 

The results of many experiments summarized in Table V make it 
evident that the wettability of low-energy organic surfaces, or of high-
energy surfaces coated by organic films is determined essentially by 
the nature and packing of the exposed surface atoms of the solid and is 
otherwise independent of the nature and arrangements of the underlying 
atoms and molecules. These findings exemplify the extreme localiza
tion of the attractive field of force around the solid surfaces of covalent-
bonded atoms which are responsible for the adhesion of a great variety 
of liquids to solids; the field of force becomes unimportant at a distance 
of only a few atom diameters and hence there is little contribution to 
the adhesion by atoms not in the surface layers. However, when the 
constitution of the solid, or of the adsorbed monolayer, is such that 
either ions or large, uncompensated, permanent dipoles are located in 
the outermost portion of the surface monolayer, the residual field of 
force of the surface is much less localized. 

Recent examples will be found in the unexpectedly strong wetting 
behavior of a solid coated with an adsorbed terminally fluorinated 
monolayer of a fatty acid or amine [95]. The outermost group of atoms 
(the - C F 3 group) has a strong dipole whose electrostatic field is not 
compensated by adjacent dipoles within the same molecule; hence, the 
external field of force is effective over much greater distances than 
that of nonpolar substances, so that the principle of localized action no 
longer holds. A solid coated with such a film is much more wettable 
by all liquids than is a coating made up of the fully fluorinated acid in 
which there is internal compensation of local dipoles. Subsequent s im
ilar studies with Shafrin [97] of a series of progressively fluorinated 
fatty acids synthesized by Brace [26] showed that only after the seven 
outermost carbon atoms were fully fluorinated, did the contact angles 
of various liquids on the surface approach those of a perfluoro fatty 
acid monolayer. In summary, our studies of wetting demonstrate that 
although there are understandable exceptions to Langmuir's "principle 
of independent surface action'1 it is usually true. 
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7 . ZISMAN Equilibrium Contact Angle 23 

Wetting of High-Energy Surfaces 

Many years ago Harkins and Feldman [57], extrapolating from 
measurements of the spreading coefficients of liquids on water and 
mercury [56,58], concluded that practically all liquids should spread on 
clean metals and other inorganic high-melting solids. But the research 
already summarized here has shown that when the liquid in contact with 
a high-energy surface is made up in whole or in part of polar-nonpolar 
molecules of certain types, there will be produced through adsorption 
at the solid-liquid interface a low-energy surface on which the liquid 
will not spread. When the adsorbed film comprises long-chain, un-
branched, polar molecules, which are able to form a close-packed a r 
ray with terminal - C H 3 , - C F 2 H , or - C F 3 groups, the resulting sur
faces permit spreading only by liquids having low surface tensions. 
When the adsorbed molecules are branched or cyclic structures [43], 
the resulting surfaces permit spreading by all liquids except those 
having high surface tensions. 

It seemed possible to us by 1954 to explain the essential features 
of the wetting behavior of each organic liquid on high-energy surfaces, 
provided that information is available on the over-all configuration and 
packing of the adsorbed molecules of liquid. Therefore, the wetting 
behavior of over a hundred pure liquids comprising a great variety of 
organic and inorganic liquids was examined at 20°C. on surfaces of 
polished clean platinum, stainless steel, brass, fused silica, borosilicate 
glass, and synthetic sapphire ( α - Α 1 2 0 3 ) . Some of the results obtained 
with Fox and Hare are summarized [44] in a condensed form in Tables 
VI and VII. 

From a study of these data two problems were recognized, but 
their solution took several years of research. The first problem was 
defined by Hare and me [54] when we established that liquids such as 
1-octanol, 2-octanol, 2-ethyl-l-hexanol, trichlorodiphenyl, and t r i - o -
cresyl phosphate exhibited appreciable contact angles on all these 
high-energy surfaces, no matter what extremes of purification were 
used. Examples of the observed equilibrium contact angles are given 
in Table VII. Our further investigation revealed that each liquid was 
nonspreading because the molecules adsorbed on the solid to form a 
film whose critical surface tension of wetting was less than the surface 
tension of the liquid itself. In short, each liquid was unable to spread 
upon its own adsorbed oriented monolayer; hence, we named such sub
stances Mautophobic liquids.M 

It followed logically that liquids which are not autophobic should 
have surface tensions which are less than the critical surface tensions 
of wetting of their adsorbed monolayers, and the data on yc vs. consti
tution agreed with this conclusion. For example,the polymethylsiloxane 
liquids spread on all high-energy surfaces because the surface tensions 
of 19 to 20 dynes per cm. [42] are always less than the critical surface 
tensions of their own adsorbed films. This follows because an adsorbed 
close-packed monolayer of such silicone molecules has an outermost 
surface of methyl groups which are not quite as closely packed as those 
in a single crystal of a paraffin. Since y c of close-packed stearic acid 
or octadecylamine is about 24 dynes per cm. , the value of y c for the 
silicone monolayer must exceed 22; actually, it is 24 or more, depend
ent on packing [106]. Because y L Vo of this class of silicones is below 
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Table VI. Survey of Wettability by 

r T . . , Liquid Surface Tension, 
Class of Liquid Dynes/Cm. at 20°C. 

Open-chain aliphatic hydrocarbons 27 - 31 
Open-chain methyl silicones 19 - 20 
Open-chain aliphatic ethers 28 - 30 

Open-chain aliphatic monoesters 27 - 29 
Open-chain aliphatic diesters 28 - 34 

Cyclic , saturated hydrocarbons 26 - 35 
Aromatic-aliphatic hydrocarbons 28 - 38 

Cyclic esters (dumbbell) 36 - 42 
Cyclic esters (one ring) 30 - 35 

Cyclic ethers 33 - 44 

Phosphate esters (aromatic) 40 - 44 
Phosphate esters (chlorinated aromatic) 44 - 46 

Polychlorobiphenyls 42 - 46 

20 dynes per cm. , τ ι ν < Yc and hence these silicones cannot be auto-
phobic. A similar argument using the critical surface tension of poly
ethylene of 31 dynes per cm. and the fact that the surface tensions of 
liquid aliphatic hydrocarbons are always less than 30 dynes per cm. , 
leads us at once to understand why such hydrocarbons cannot be auto-
phobic. 

The second problem encountered was to explain why all pure liquid 
esters spread completely upon the metals studied, yet as Tables VI and 
VII indicate, some spread on glass, silica, and α - Α 1 2 0 3 and others did 
not. A careful investigation with Hare and Fox [44] finally revealed 
that the cause of these differences in spreadability is the hydrolysis of 
the ester immediately after the molecule has adsorbed upon hydrated 
surfaces such as those of glass, fused silica, and α - Α 1 2 0 3 . This is not 
surprising, since the polar group of the ester would be expected to ad
sorb on immediate contact with the solid surface unless prevented by 
steric hindrance, and since the surface molecules of the water of hy
dration and adsorption of the glass (being oriented) should be more ef
fective in causing hydrolysis than bulk water. Hence, as the result of 
surface hydrolysis, two fragments of the ester result. The fragment 
which has a greater average lifetime of adsorption is more likely to 
remain, and eventually this molecular species coats the surface with a 
close-packed monolayer. Rapidly the surface becomes blocked or 
MpoisonedM by the coating of the hydrolysis product and so the hydrol
ysis reaction ceases. Obviously, under these circumstances the vol
ume concentration of hydrolyzed ester is too small to be measured by 
ordinary analytical methods. When the resulting adsorbed monolayer 
has a critical surface tension of wetting less than the surface tension 
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Higher Boiling Liquids [44] 

Spreadability on 

Metals Fused S i 0 2 α - Α 1 2 0 3 

Spread Spread Spread 
Spread Spread Spread 
Spread Spread Spread 

Spread (No + yes) (No + yes) 
Spread No No 

Spread Spread Spread 
Spread (No + yes) (No + yes) 

No No No 
(No and yes) No No 

No (No and yes) (No and yes) 

No No No 
No No No 

No No No 

of the ester, nonspreading behavior is observed—i.e., the ester is un
able to spread upon the adsorbed film of its own hydrolysis product. 
Esters having a great variety of structures have been studied, and in 
every instance of nonspreading on glass, fused silica, and α - Α 1 2 0 3 , we 
have been able to give a similar explanation of the behavior. 

As an example, consider the ability of bis(2-ethylhexyl) sebacate 
to spread freely on metals and its inability to spread on fused silica, 
glass, or a - A 1 2 0 3 . On these hydrated nonmetallic surfaces the diester 
hydrolyzes to form 2-ethylhexanoic acid. The critical surface tension 

Table VII. Some Autophobic Liquids and Their Contact Angles 
on High-Energy Surfaces [54] 

0 at 20 C , 

L i q u i d a t ^ C 1 8 ' 8 Fused 
a t ^ U C ' stainless Platinum f.?ff e

a * - A 1 2 0 3 . -, silica steel 

1-Octanol 27.8 35 42 42 43 
2 -Octanol 26.7 14 29 30 26 
2-Ethyl-l-hexanol 26.7 <5 20 26 19 
2 -Butyl-l-pentanol 26.1 - 7 20 7 
n-Octanoic acid 29.2 34 42 32 43 
2-Ethylhexanoic acid 27.8 <5 11 17 12 
T r i - o - c r e s y l phosphate 40.9 - 7 14 18 
Tri-o-chlorophenyl phosphate 45.8 - 7 19 21 
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of wetting of a close-packed monolayer of 2-ethylhexanoic acid is about 
28 dynes per cm. [44], Since the surface tension of this diester is 31.1 
dynes per cm. at 20°C., 7 L V > yc , and the diester cannot spread on the 
film of its hydrolyzed product. When adsorbed on metals at ordinary 
conditions of relative humidity, the diester is not in contact with hy-
drated water and so cannot hydrolyze; nevertheless, following de Boer's 
ideas [30], the molecule should be adsorbed lying on the surface as flat 
as possible to allow contact of the greatest number of polarizable 
atoms. The resulting adsorbed monolayer, because of the presence of 
the ester groups, must have a critical surface tension of wetting greater 
than that of polyethylene; in other words, yc is considerably greater 
than 31 dynes per cm. Hence, yLV < yc , and the diester must spread 
freely over its own adsorbed film and over the metal surface. 

Once these two classes of nonspreading liquids were understood, it 
proved possible to explain the wetting and spreading properties of all 
of the many liquids investigated. To summarize the results of our in 
vestigations on the wetting of high-energy surfaces: Every liquid hav
ing a low specific surface free energy always spreads freely on specu
larly smooth, clean, high-energy surfaces at ordinary temperatures 
unless the film adsorbed by the solid converts it into a low-energy 
surface having a critical surface tension less than the surface tension 
of the liquid. Because of the highly localized nature of the forces be
tween each solid surface and the molecules of a liquid and also between 
the molecules of each liquid, a monolayer of adsorbed molecules is a l 
ways sufficient to give the high-energy surface the same wettability 
properties as the low-energy solid having the same surface constitution. 

Theory of Retraction Method and Some Related Topics 

After learning how to explain the spreading and wetting behavior 
of liquids upon high-energy solid surfaces, it soon was recognized 
[43,96,105] that the retraction method of preparing adsorbed mono
layers is a logical consequence of the above-mentioned constitutive law 
of wetting. In essence, the retraction method is a process by which a 
clean, high-energy, plane solid is brought in contact with a liquid con
taining adsorbable polar-nonpolar molecules; adsorption occurs at the 
solid-liquid interface, and the surface is covered with a film which 
converts it to a lower energy surface. When the coated solid is held 
approximately vertically during withdrawal from the bulk liquid phase, 
the adhering layer of liquid exhibits an appreciable contact angle and 
then peels back or retracts, leaving the withdrawn, solid, low-energy 
surface dry but still coated with the monolayer. The monolayer-coated 
surface can be removed from the liquid unwetted only when the contact 
angle, 0 , of the liquid with the solid is greater than zero; the permissi
ble rate of removal can be faster the greater the value of 0 . However, 
0 exceeds zero only for those liquids having surface tensions greater 
than the critical surface tension of the solid. Therefore, the necessary 
and sufficient condition for retraction is that y L V > yc . Adsorbed 
monolayers can thus be isolated from any liquid having a surface ten
sion, y L V , greater than the yc value of the low-energy surface created 
by the initial adsorption process. 

This explanation provides helpful guidance about the solvents one 
may use in the preparation of films by retraction from solution. The 
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7 . ZISMAN Equilibrium Contact Angle 27 

principal requirement is that y L V exceed y c ; the greater the difference 
between y L V and y c , the larger the contact angle (according to the 
cos Θ vs. y L V relation) and the easier it is to perform the retraction 
operation to isolate the adsorbed film on the solid. In order that the 
adsorbed monolayer should emerge from the solution unwetted, it is 
usually advantageous to choose a solvent with a surface tension suf
ficiently in excess of γ c of the adsorbed monolayer so that the solution 
exhibits a contact angle with the coated solid of 30° or more. 

The earliest experiments with the retraction method [23] led to the 
conclusion that retraction was not possible when the polar-nonpolar 
solute had one or more cis double bonds—for example, oleic acid could 
not be isolated by retraction. Evidently, our difficulty arose from the 
fact that y c for an adsorbed film of oleic acid must be greater than for 
stearic acid; hence the solvent used for retraction of oleic acid must 
have a surface tension higher than that used with stearic acid. As the 
hexadecane used as the solvent in the early unsuccessful experiments 
with oleic acid had y L v = 27.7 dynes per cm. , a solvent with a much 
higher surface tension is needed (a nonhydrocarbon would be prefer
able). It is now evident why on using liquids of high surface tensions 
such as water, ethylene glycol, and methylene iodide, it is possible to 
retract polar solutes as condensed monolayers having a wide variety of 
organic structures, including branched or cyclic types. Examples of 
cos Θ vs. y L V plots for such films [43] are given in Figure 13. 

SURFACE TENSION (DYNES/CM.) 

Figure 13. Wettability of various monolayers on 
platinum prepared by retraction from aqueous solu
tion [43] 

A method described earlier for preparing adsorbed monolayers on 
solids by retraction from the molten state of the pure compound [22] 
represents, in effect, an application of the autophobic property of the 
liquid; each of these compounds is autophobic or nonspreading at all 
temperatures in the portion of the liquidus range of the material in 
which the liquid surface tension exceeds y c of the adsorbed monolayer. 
A variant on the retraction technique [2] is the tilted plate method, in 
which the molten compound is placed along the inclined hotter edge. As 
the melt runs down the plane it cools and solidifies. A retracted mono
layer forms on the surface near the hot edge. This method has advan
tages over the vertical plate retraction method when the contact angle 
is small (but not zero). 
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A temperature, r , was found by us experimentally [22] above which 
it was no longer possible to use the retraction method to isolate the 
monolayer from the molten compound. The values of τ for each homol
ogous series of aliphatic compounds were a rectilinear increasing 
function of the number of carbon atoms per molecule. For most pure 
homologous liquids not too near the critical temperature, the surface 
tension vs. temperature relations can be represented by a series of 
straight lines of negative slope. In contrast, the effect of raising the 
temperature of an adsorbed film by a few degrees is to decrease the 
surface density and lower adhesion very little; hence, y c increases 
only slightly per degree of rise. At a sufficiently high temperature, the 
condition is reached at which y L V > y c and retraction is possible no 
longer. Hence, the temperature limit, r , corresponds to the condition 
when y L V of the molten compound equals y c of the adsorbed film. 

In the homologous series of fatty acids, only small variations were 
found in the value of y c characteristic of the acid monolayer at tem
perature τ. Whereas an increase in chain length in going from octanoic 
to octadecanoic acid resulted in a rise in τ from 23° to 106°, the cor
responding change in y c was only to decrease from 28 to 25 dynes per 
cm. Since these values do not greatly exceed the value of y c charac
teristic of hydrocarbon surfaces in closest packing, they indicate that 
the adsorbed film is wetted by the melt at temperatures at which the 
adsorbed films are still relatively intact. 

Formation of Mixed Films and Their Metastability 

If in retracting a monolayer of stearic acid or octadecylamine from 
a solution in hexadecane, a mixed film of solute and solvent molecules 
is produced, it is not possible to detect the presence of the solvent 
molecules in the film by means of contact angle measurements using 
an appropriate liquid drop such as water, methylene iodide, etc. This 
result is a consequence of the fact we had already established that the 
wettability of an adsorbed monolayer is determined by the nature and 
packing of the outermost surface atoms or organic radicals. Bartell 
and Ruch [9,10], using an optical interference spectrometer, proved 
that octadecylamine films adsorbed and retracted from hexadecane 
solutions on polished chromium can comprise mixtures of solute and 
solvent. Levine and I [79] found shortly afterwards that such mixed 
films could also be formed by retraction on fire-polished glass sur
faces and distinguished readily from films of solute by multiple-
traverse boundary friction measurements. The mixed films prepared 
from solution in hexadecane of either stearic acid or octadecylamine 
proved to be metastable, for they did not occur if sufficient immersion 
time was allowed before retraction to approximate adsorption equilib
rium. An immersion time of 24 hours was required for the adsorbed 
film to be free of hexadecane molecules. When the solvent used had a 
molecular structure such that it could not form adlineated films with 
the solute molecules, mixed films were not encountered. For example, 
either stearic acid or octadecylamine adsorbed and retracted from 
solutions in nitromethane, carbon tetrachloride, dicyclohexyl, or ben
zene showed no evidence of containing solvent molecules. 

Recently Bewig and I have successfully used changes in the contact 
potential difference between metals for studying the formation of mixed 
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films by retraction [20]. This method consists of measuring the change 
in the contact potential differences (between a clean metal electrode 
and a stabilized gold reference electrode) resulting from the adsorption 
of a condensed organic monolayer. The adsorbed monolayer studied 
was deposited on the clean metal electrode (platinum, nickel, or chro
mium) by retraction from a variety of pure solvents. Plots of contact 
potential difference, AV, vs. the length of time of immersion of the 
metal electrode in the solution readily distinguished between films free 
from or containing the solvent molecules. Our earlier results with the 
friction method [79] were verified. It was found that if the number of 
carbon atoms per molecule in the alkane solvent differed too much, 
mixed film formation became less prominent; it became insignificant 
when there was a difference of five carbon atoms per molecule. Sol
vents such as 1-phenyldodecane and methylene iodide did not form ad-
lineated films with octadecylamine under any condition. Aliphatic sol
vents having methyl- branches, such as pristane and squalane, although 
less able to adlineate than unbranched alkanes, still formed mixed films 
with octadecylamine. 

In summary, mixed films of solute and solvent can be prepared as 
retracted films; however, these are always transient or metastable 
systems, the probability of whose formation becomes greater the more 
fully does molecular adlineation of solute and solvent occur. If the 
concentration of polar solute is high enough, the film eventually be
comes free of solvent as adsorption equilibrium is approached, and the 
retracted film is then free of solvent molecules. Where the solute and 
solvent molecules are so different in shape or size that the intermolec-
ular cohesion between them through London dispersion forces becomes 
a minor factor, mixed films are never formed. Therefore, mixed films 
occur by the retraction process under special conditions; nonetheless, 
when they can be produced, a useful technique is available for studying 
the intermolecular interaction of solute and solvent molecules in the 
adsorbed state. 

A by-product of the study of mixed films is better guidance in the 
selection of liquids suitable for reliable measurements of the wetting 
properties of adsorbed films. Whenever a liquid drop is placed upon a 
film, there is always the possibility that molecules of the drop will 
permeate into the film to form a mixed film system and so create the 
condition that the contact angle observed is dependent on other factors 
than the surface composition and packing of the original film. As 
pointed out earlier [2,92,93], this is precisely one of the limitations in 
the use of water for contact angle measurements in studying mono
layers of paraffinic derivatives, and it gives rise to differences in the 
advancing and receding contact angles (see Table II). From the pre
ceding discussion, it is evident that hexadecane or any other n-alkane 
liquid may also be able to permeate into and adlineate with the polar 
molecules in films of paraffinic polar compounds. For these reasons 
Levine and I concluded that it is generally preferable to use a nonlinear 
large molecule having a high surface tension as the reference liquid for 
many contact angle studies on adsorbed films and even on surfaces of 
plastics [78,79]. Since methylene iodide has a surface tension of 50.8 
dynes per cm. at 2 0 ° C , and a boiling point of 180°C, it will exhibit 
large contact angles with most organic surfaces and will not evaporate 
too rapidly. Furthermore, since the molecule is roughly spherical, 
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it has little ability to adlineate to form mixed films. Its size is enough 
greater than that of the water molecule to limit greatly permeation into 
anything but loosely packed films. For these reasons we have used the 
equilibrium contact angle of methylene iodide very widely in our inves
tigations of the properties of adsorbed films and other low-energy 
surfaces. 

Wetting by Solutions - Aqueous and Nonaqueous 

Present theories about the wetting ability of surface-active agents 
in aqueous systems either state or imply that spreading results be
cause the wetting agent becomes selectively adsorbed on the surface so 
as to orient the hydrophilic group toward the aqueous solution [41,85]. 
Our studies on adsorption at solid-air and solid-liquid interfaces made 
it increasingly improbable that the major mechanism of wetting is the 
result of the ability of the nonpolar group of the wetting agent to adsorb 
by its hydrocarbon " t a i l " on the low-energy surfaces and so convert it 
into a high-energy surface. A more reasonable assumption is that 
spreading on low-energy surfaces is caused by the lowering of the sur
face tension of water. If the solute molecules do adsorb at the solid-
liquid interface, it is one of the results of wetting—not the cause. 
Hence, changes in y S L must play a minor role in the presence of solu
tions of wetting agents. Therefore, we assumed that the ability of the 
aqueous solution to spread on such low-energy surfaces is determined 
by the value of the critical surface tension, y c , of the solid to be wetted 
and the amount of the wetting agent which must be dissolved in the 
water to depress the surface tension of water below yc. 

These ideas were verified in experiments on two low-energy solids, 
polyethylene (y c - 31 dynes per cm.) and polytetrafluoroethylene (y c ~ 
18 dynes per cm.), using a variety of well-defined aqueous solutions 
[14]. Pure water ( y L V = 71.9 dynes per cm. at 25°C.) willnot spread on 
either of these two surfaces. Fischer and Gans [39] have pointed out 
that conventional surface-active agents (derived from aliphatic or aro
matic hydrocarbons) do not lower the surface of tension of water at 25° C. 
below between 26 and 27 dynes per cm. It follows from the definition 
of the critical surface tension that whenever any wetting agent lowers 
the liquid surface tension below 31 dynes per cm. , the solution will 
spread on the surface of smooth clean polyethylene. However, aqueous 
solutions containing conventional wetting agents should not spread on 
polytetrafluoroethylene, since a wetting agent capable of depressing the 
surface tension below 18 dynes per cm. would be needed. Wetting agents 
used in our experiments included all three classes—i.e., anionic, cati-
onic, and nonionic—and as many diversified hydrocarbon structures as 
feasible in order to show properties or general trends common to con
ventional surface-active agents. 

Figure 14 shows the knee-shaped curve of solution surface tension 
vs. concentration characteristic of aqueous surface-active agents; the 
steeper the curve, the more efficient the wetting agent. It is generally 
assumed that the bend of the curve coincides with the critical micelle 
concentration (c.m.c.) of the respective compound in the aqueous me
dium. Since the discontinuities in the slopes of the individual curves of 
Figure 14 occur in the region of the c.m.c. values reported by various 
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0.04 0.06 0.08 
CONCENTRATION (WT.-%) 

Figure 14. Surface tensions of conven
tional wetting agents in aqueous solu
tion [13] 

investigators, the above assumption can be made again for the agents 
discussed here. 

Curves of surface tension vs. cos Θ, obtained for wetting agents on 
polyethylene, are given in Figure 15, A and B. Analogous results using 
smooth polytetrafluoroethylene surfaces are given in Figure 16, A and 
B. At the critical surface tension (cos 0 = 1) there is only a narrow 

— - O — SODIUM Dl -N-BUTYLSULFOSUCCINATE 
- - - · - - - SODIUM DI-N-OCTYLSULFOSUCCINATE 

Δ SODIUM Ρ-DECYLBENZENE SULFONATE 
A SODIUM DINONYLNAPHTHALENE SULFONATE 

— -a SODIUM LAURYL SULFATE 

70 80 10 
SURFACE TENSION (DYNES/CM AT 25°C) 

— CETYLTRIMETHYLAMMONIUM BROMIDE 
^ NONYLPHENOXYPOLYOXYETHYLENE-ETHANOL 
•a ETHANOL 

l-BUTANOL 
-O 1,4-DIOXANE 

I I I I I 
) 30 40 50 60 70 

SURFACE TENSION (DYNES/CM AT 25°C ) 

Figure 15. Wettability of polyethylene by aqueous solutions [l3] 

A . Anionic wetting agents 
B. Other wetting agents 
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Figure 16. Wettability of polytetrafluoroethylene 
by aqueous solutions [13] 

A . Anionic wetting agents 
B. Other wetting agents 

spread of the converging curves for each organic surface. From these 
intercepts one can estimate y c values for polytetrafluoroethylene as 
between 16.5 and 19.5 dynes per cm. and for polyethylene as between 
27.5 and 31.5 dynes per cm. These are in reasonable accord with the 
values reported in Table V , which are based on the wettability by pure 
organic liquids. Only solutions whose surface tensions were lower than 
30 dynes per cm. spread freely on polyethylene. No aqueous solution 
of a conventional hydrocarbon derivative wetting agent had a surface 
tension low enough to spread freely on polytetrafluoroethylene. Hence, 
our observations agreed with the assumption that aqueous solutions 
will spread on a low-energy surface when the surface tension is less 
than the y c value of the solid. 

Whereas the curves for the various wetting agents grouped in a 
narrow band intercepting the line cos θ = 1 at the value of yc , they did 
not converge to a point, as would be anticipated, at the value of γ L V = 
71.9 dynes per cm. for pure water but also exhibited a spread in θ of 
2° , which is well within the experimental error in measuring θ . An un
expected and new phenomenon, however, was the abrupt change in slope 
in the middle zone of each of the curves of Figures 15 and 16. The data 
in the first two columns of Table VIII (calculated from Figures 14, 15, 
and 16) revealed that the discontinuities in slope for polytetrafluoro
ethylene occurred at approximately equal concentrations for a given 
wetting agent. Hence, the discontinuities in slope are determined by 
the constitution of the wetting agent and not by that of the solid. When 
the surface tension corresponding to each such discontinutiy was re 
ferred to the curve of surface tension vs. concentration in Figure 14, it 
was found that it corresponded to the concentration in the region of 
greatest curvature. Therefore, there was a close relation between the 
concentration at which discontinuity in the slope occurs in each wetting 
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Table VIII. Concentrations at Discontinuities in Slope for 
Various Wetting Agents and Surfaces at 25°C. [13] 

Compound 

Na di-n-butyl 
sulfosuccinate 

Na di-n-octyl 
sulfosuccinate 

Na p-decyl benzene-
sulfonate 

Na lauryl sulfate 
Cetyltrimethyl-

ammonium bromide 

Concn., Moles /Liter 

Polyethylene Polytetra
fluoroethylene C.m.c. 

5.0 χ 10 - 2 4.2 χ 10 - 2 2 χ 10- 1 

6.8 χ ΙΟ" 4 4.5 χ 10 " 4 6.8 χ 10" 4 

1.2 χ 10 " 3 

3.0 χ 10 " 3 

4.3 χ 10" 4 

1.2 χ 10 " 3 

2.7 χ 10" 3 

3.8 χ ΙΟ" 4 

3 χ 10 ' 3 

at 50° 
8 χ ΙΟ" 3 

1 χ 10- 3 

at 60° 

curve of Figures 15 and 16 and the c.m.c. of the wetting agent in the 
same solution. The last column of Table VIII gives the best literature 
values of the c.m.c. of each of these wetting agents at or near the tem
perature used. There is a fair correlation between the concentration 
corresponding to the discontinuity in slope in the wetting curve and the 
reported c . m . c ; also it appears that the c.m.c. is always slightly 
higher. 

The correctness of the preceding interpretation of the slope dis
continuities in the curves of y L V vs. cos θ was supported by experiments 
on solutions of the following pure polar compounds which are not able 
to form micelles: ethanol, 1-butanol, 1,4-dioxane, propylene carbonate, 
diacetone alcohol, dipropylene glycol, 2-butanone, and tetrahydrofuran. 
Surface tensions for these compounds agreed well with the available 
literature values [87]. None of these polar solutes form micelles in 
water and, as can be seen in Figures 15, B, and 16, B, no discontinuities 
in the slopes of the curves of cos Θ vs. γ L V w e r e observed for either 
solid surface. It was concluded, therefore, that no discontinuities in 
slope occur without the formation of micelles. 

Each intercept at cos 0 = 1 fell within the expected range of yc 

values (Figure 16, B), with the exception of the intercept for the 

Table IX. Critical Surface Tensions by Aqueous Solutions 
of Non-Micelle-Forming Compounds at 25°C. [13] 

y L V y c , Dynes/Cm. 

Solute Dynes/Cm., Polytetra-
Pure Solute Polyethylene fi u o r oethylene 

Ethanol 21.4 27.5 18.5 
1- Butanol 23.7 27.5 18.5 
2- Butanone 24.4 27.5 
Tetrahydrofuran 27.4 29.5 
Diacetone alcohol 30.2 29.0 17.0 
1,4-Dioxane 32.4 31.5 22.5 
Dipropylene glycol 33.1 30.0 18.0 
Propylene carbonate 40.5 29.5 19.5 
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1,4-dioxane curve which occurred at the higher value of 22.5 dynes per 
cm. Wetting curves on polyethylene were almost coincident for 1,4-
dioxane and propylene carbonate, for diacetone alcohol and 2-butanone, 
and for dipropylene glycol and tetrahydrofuran, and were very similar 
for ethanol and 1-butanol (Figure 15, B). Table IX shows the intercepts 
at cos Θ = 1 for the compounds for polytetrafluoroethylene and poly
ethylene. It has been found in previous work [46,48] that the y c value 
of any one solid surface varies somewhat among the various homolo
gous series of liquids. 

Since discontinuities at the c.m.c. occur in curves of surface ten
sions vs. concentration and of either cos θ vs. concentration or cos θ 
vs. surface tension, the generalization is proposed that micelle-forming 
compounds will produce discontinuities in the slopes of other surface 
properties of surface active agents when plotted against either the con
centration or the surface tension of the solution. For example, it may 
be that such will occur in plots of the interfacial tension vs. the con
centration of the surface active solute in the aqueous phase. 

Because of their hydrophobic-hydrophilic structures, each of the 
most effective wetting agents adsorbs to form a thin film on the free 
surface of the aqueous solution. At sufficiently high solute concentra
tions, this film will make the aqueous liquid appear to be a hydrocarbon 
liquid whose surface is comprised of the oriented, packed, hydrophobic 
groups characteristic of the organic structure of the wetting agent. 
Our experiments lead to the conclusion that bringing the low-energy 
surface of polytetrafluoroethylene (or polyethylene) into contact with 
this film-coated water did not change the orientation or packing of the 
film adsorbed at the water-air interface. Fowkes and Harkins [41] had 
reached essentially the same conclusion about paraffin when they found 
that the force-area curves for films of butyl alcohol, butyric acid, and 
butylamine adsorbed at the paraffin-water interface were nearly the 
same as those for adsorption at the air-water interface. 

From these considerations one can predict that y S L will decrease 
as adsorption of the wetting agent increases. At high solute concentra
tions, y S L will become small because the interface will be between an 
organic low-energy solid and a hydrocarbon-like liquid. In other words, 
the much greater adhesion of the polar groups to the water and the 
much lower adhesion of the hydrocarbon groups to the low-energy solid 
surface will have caused the interface determining spreading and wet
ting to become the hydrocarbon-like outer surface of the film of ad
sorbed wetting agent. Hence, y a will decrease with increased solute 
concentration and will become nearly constant at high concentrations 
as the adsorbed film approaches closest packing. Thus, the value of 
7C will vary with the nature of the wetting agent only in so far as there 
are differences in the nature and packing of the hydrocarbon groups of 
the wetting agent in the adsorbed state at the water-air interface. One 
would expect y c to be least for n-alkane long-chain derivatives; it will 
be greater on each surface for branched hydrocarbon derivatives; and 
it will be largest for aromatic polar compounds. Solutes like 1,4-
dioxane or propylene carbonate (or the others in Table IX) adsorb a 
film at the water-air interface which has a higher free surface energy 
than one containing only hydrocarbon groups. Any discontinuity in the 
slope or first-order phase change of the force-area curve in the film 
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adsorbed at the water-air interface will be accompanied by a discon
tinuity in the slope of the cos Θ vs. y L V curve, in view of the conclusion 
that the contact angle is essentially that of a liquid having the same 
outermost hydrocarbon structure as the adsorbed solute. It is now 
evident why the discontinuity in the slope occurs at a concentration 
which is dependent only on the nature of the wetting agent and not on 
the nature of the solid surface. 

The same experimental approach and conclusions should apply to 
the wetting of poly (vinyl chloride), polystyrene, and other low-energy 
solid surfaces. In previous studies we had shown that even a single, 
close-packed, adsorbed monolayer is sufficient to convert the wetting 
properties of a high-energy surface into those of a low-energy surface. 
One cannot predict that the same rule will hold for the wettability of 
any such film-coated surface by an aqueous solution. In predicting the 
spreading properties on low-energy surfaces of aqueous solutions of 
wetting agents, one cannot neglect y S L at solute concentrations so low 
that the liquid surface phase consists essentially of water; but at con
centrations high enough for the surface of the water to approximate 
close packing of adsorbed solute molecules, y S L becomes constant and 
small in value, and the wetting behavior becomes predictable by the 
critical surface tension approach. 

One might rate the effectiveness of any hydrocarbon-type wetting 
agent by the minimum concentration necessary at 25°C.to cause the so
lution to spread on smooth polyethylene (y c = 31 dynes per cm.). A n 
other interesting measure of wetting efficiency is the minimum con
centration of the agent necessary to wet the smooth clean surface of 
polytetrafluoroethylene (y c =18 dynes per cm.); however, conventional 
wetting agents could not be so rated, since they do not decrease y L V 

below 26 to 27 dynes per cm. A sufficiently large depression of the 
surface tension of water necessitates use of a soluble surface-active 
agent whose hydrophobic group is an appropriately fluorinated hydro
carbon. Some of the properties of these rather "exotic" wetting agents 
have been reported by Scholberg, Guenthner, and Coon [89] and Klevens 
and Raison [68], The low surface energies of films of such compounds 
have been discussed by us [53]. Results of an investigation of aqueous 
solutions of such agents for wetting low-energy surfaces have been re 
ported with Bernett [14], A measure of wetting efficiency of interme
diate value is the minimum solute concentration necessary to spread an 
aqueous solution on the surface of a single crystal of hexatriacontane 
(yc = 22 dynes per cm.). Polystyrene (yc = 33 dynes per cm.) and 
p o l y v i n y l chloride) (yc = 34 dynes per cm.) might also be considered 
useful low-energy surfaces for relatively rating the wetting agents in
capable of lowering y L V below 30 dynes per cm. The value of such a 
scheme for rating aqueous wetting agents is that it is quantitative and 
objective, requires small amounts of solution, has fundamental signifi
cance, and need not be confused by other properties such as detergency, 
capillarity, and surface roughness. 

Of especial interest is that the same approach in defining wetting 
agents in aqueous solutions can also apply to nonaqueous solutions. In
creasing interest has been shown in the behavior of surface-active 
agents at organic liquid-air interfaces. Many of the earliest such 
studies were made on compounds previously found effective as surface-
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active agents in aqueous solutions. Thus,McBain and Perry [81] showed 
that low concentrations of laurylsulfonic acids lowered slightly the sur
face tensions of a group of hydrocarbons. Jones and Saunders [65] later 
measured the surface tensions of a series of η-aliphatic acids in nitro-
methane, and Kaminski [66] observed the adsorption of lauric acid and 
lauryl alcohol at the mineral oil—air interface using theMcBain micro
tome technique. In recent years it has been found that many silicones 
and fluorochemicals are remarkably surface active in organic liquids 
and so depress the surface tensions of organic liquids considerably. 
Banks [6,7] reported the formation of stable, insoluble films of poly-
dimethylsiloxanes on oleic acid, olive oil , triacetin, or ethylene glycol. 
Almost simultaneously Ellison and I [35,36] demonstrated with an a l l -
Teflon film balance the monomolecular nature of films of the linear 
polymethylsiloxanes and certain perfluorocarbon derivatives adsorbed 
as insoluble films on mineral oil , n-hexadecane, and tricresyl phos
phate. Other silicones as well as various polyacrylates, polyalkylene 
ethers, organosilanes, and zein were also surface active on certain 
organic substrates. Scholberg, Guenthner, and Coon [89] found that 
certain fluorocarbon derivatives which were surface-active agents in 
water were also very effective in lowering the surface tensions of or
ganic liquids. Blake, Ahlbrecht, and Bryce [24] reported the surface 
tension—reducing effects of a series of polyfluoroquaternaryammonium 
compounds in selected organic liquids. The preparation and physical 
properties of some partially fluorinated esters and ethers, which had 
been designed to have an organophobic-organophilic balance suitable 
for high surface activity, were described with Ο'Rear [107]; and with 
Ellison [37] and Jarvis [12,61,62,63} subsequent reports were made of 
a series of studies of the surface activity of these fluoro- compounds 
when dissolved in various organic liquids. 

Estimates of Reversible Work of Adhesion 

Bangham and Razouk's Equations 4c and 5 for the reversible work 
of adhesion and f ^ o were used by Boyd and Livingston [25] and by 
Harkins et al . [11,59,80] to calculate W A from experimental vapor ad
sorption isotherms for various liquids on a number of metallic and 
nonmetallic surfaces. Their results, summarized in Tables X and XI, 
show that in every instance f s v o is of the same magnitude as W A # and 
so cannot be neglected in the calculation of W A . Each of these solids is 
a highly adsorptive, finely divided material, and excluding graphite, 
each is a hydrophilic high-energy surface. 

Unfortunately, f has not yet been measured for any well-defined, 
smooth, low-energy, solid surface. But one should not assume from 
the results in these tables that in dealing with low-energy solids f s v o 
will also be an important correction term in Equation 4c. On the con
trary, there is good experimental evidence that whenever a liquid ex
hibits a large contact angle on a solid there is negligible adsorption of 
the vapor. Recent measurements with Bewig [19], using a special ref
erence electrode for studying adsorption by contact potential changes, 
have demonstrated that negligible adsorption of most vapors occurs at 
ordinary temperatures on smooth clean surfaces of polytetrafluoro
ethylene. Extensive room-temperature adsorption measurements over 
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Table X . Literature Values of f sv° for Nonmetallic 
High-Energy Surfaces a (Ergs/Sq. Cm. at 25°C.) 

Solid 

T i 0 2 

S i 0 2 

B a S 0 4 

F e 2 0 3 

Sn0 2 

Graphite 

Liquid 

Water 
1-Propanol 
Benzene 
n-Heptane 

Water 
1 -Propanol 
Acetone 
Benzene 
n-Heptane 

Water 
1-Propanol 
n-Heptane 

n-Heptane c 

Water 
1-Propanol 
Propyl acetate 0 

n-Heptane c 

Water 
1 -Propanol 
Benzene 
n-Heptane 

300 (19613) 
114 (108b) 

58 (46°) 

316 
134 
109 

81 
59 

318 
101 

58 

54 
292 (220b) 
104 (117b) 
104 

54 

64 
95 
76 
57C 

370 (340b) 
138 (154b) 
114 

78 (86b) 

388 
158 
133 
110 

79 

390 
125 
78 

94 

364 (364b) 
128 (163b) 
151 
94 

136 
118 
96 
97 c 

a Data from [25] unless otherwise indicated. 
b[80]. 
c [ l l ] . 

Table XI. Literature Values of f for Metallic 
High-Energy Surfaces a (Ergs/Sq. Cm. at 25°C.) 

Solid Liquid f s v o = y g p y s v o W A 

Mercury Water 101 174 
1-Propanol 108 132 
Acetone 86 110 
Benzene 119 148 
n-Octane 101 123 

Copper η-Heptane0 29 69 

Silver n-Heptane b 37 77 

Lead n-Heptane b 49 89 

Iron n-Heptane b 53 93 

Tin Water 0 168 312 
n-Heptane c 50 90 
1-Propanol 0 83 129 

a Data from [25] unless otherwise indicated. 
°[59]. 
c[80]. 
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the entire vapor pressure range of p / p D up to 1.0 by Martinet [82] and 
Graham [51] have also led to the conclusion that the vapor adsorption 
for the gaseous substances studied on this low-energy solid surface is 
but a small fraction of a monolayer. Hence, we have concluded [106] 
that f g y o is a small term in comparison with W A* for each liquid and 
solid whenever r L y 0 is greater than y c . The same conclusion should 
also apply to other low-energy solids at ordinary temperatures such as 
polyethylene, polystyrene, poly (vinyl chloride), etc. 

Therefore, it was proposed that as regards any low-energy solid 
surface: liquids having y L V o much greater than y c have W A essentially 
equal to W A * ; as y L y 0 closely approaches 7c but exceeds it, W A - W A # 

becomes more significant; and liquids having y L v o less than or equal 
to y c may have appreciable values of W A - W A # . The same conclusions 
about the negligible value of f g y o apply to any high-energy surface which 
has been converted to a low-energy surface by the adsorption of a suit
able condensed organic monolayer, with the one reservation that f 
may become more significant if the molecule of the liquid is small 
enough to be able to penetrate readily through the condensed monolayer 
and so adsorb on the high-energy surface beneath. 

In dealing with the adhesion of a liquid to a plane, nonporous, solid 
surface, according to Equation 4d, W A « is given by WA* = y L V o (1 + cos 
0 ) . However, experiments show that for any homologous series of liquid 
compounds and for all values of y L v o > y c , the contact angle is related 
to y L v o by the straight-line equation 

cos 0 = a - b y L V o (11) 

Since y L y 0 approaches y c as θ approaches zero, Equation 11 can be 
written 

cos θ = 1 +b(y c - y L v o ) (12) 

Upon eliminating cos 0 between Equations 5 and 12, there results [106]: 

W A„ = (2 + by c ) y L V o - b y L V o 2 (13) 

This is the equation of a parabola with the concave side toward the sur
face tension axis; it has a maximum value of WA* occurring at 

1 1 ΙΛΛ\ 

* l v = b + 2 y c ( 1 4 > 

and the maximum value is given by 

W A - = E + y c + T b r c 2 ( 1 5 ) 

For example, consider smooth polyethylene for which y c = 31 dynes 
per cm. and b = 0.026 [48]; the maximum of W A * occurs at y L V o = 54 
dynes per cm. and is about 76 ergs per sq. cm. 

It is of interest to compute the value of W A* for the many liquid-
solid combinations reported in the past. Figures 17 to 20 show how 
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Figure 17. Effect of liquid surface ten
sion on W A * for chlorinated polyethyl
ene [106] 

Figure 18. Effect of liquid surface ten-
sionon WA+ for fluorinated plastic s [l 06] 
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Figure 19. Effect of liquid surface 
tension on WA+ for some common 
plastics [106] 

Figure 20. Effect of liquid surface ten
sion on Wk+ for a solid coated with a con
densed monolayer [106] 

W A # varies as a function of y L y 0 . In every case there results a para
bolic curve with a maximum. However, in a few instances, such as in 
the case of polytrifluoroethylene (Figure 18), the decrease of W A l ) l after 
reaching the maximum value is greatly moderated by the effect of the 
hydrogen bonding action of the liquids of high surface tension—i.e., 
water, glycerol, and formamide, each of which is an effective hydrogen-
donating compound. Similar effects are seen in the curve of Figure 20 
for the close-packed monolayers terminated by - C F 2 H groups and - C F 3 

groups. In the latter case, if the data points for the hydrogen-donating 
liquids are excluded, the curve is seen to form a parabola with its 
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maximum occurring at about 40 dynes per cm. It is also seen that the 
maximum values of W A* for - C H 3 , - C F 2 H , a n d - C F 3 coated surfaces 
are approximately 70, 65, and 44 ergs per cm. sq., respectively. In
spection of Figures 17 to 20 also reveals that the extreme variation in 
W A* among all the low-energy solid surfaces reported is only about 
threefold. 

Relation of Wetting to Adhesives Art 

Only in this century has the art of using adhesives been based on 
the properties and applications of liquid adhesives other than old glue 
formulations from fish and animal products or cements made from in
organic slurries or solutions. The subject of adhesives assumed a new 
stature with the advent of synthetic polymers having readily controlled 
and understood properties. However,there are many unanswered ques
tions about the principles underlying the subject and accepted methods 
of application. 

Figure 21 is a simplified diagram of a typical adhesive joint com
prising two plane solid surfaces, identified usually as the "adherends," 
and a thin layer of liquid, the "adhesive." If the adhesive, while in the 

liquid state, has a zero contact angle, it will spread spontaneously over 
the solid to make intimate inter molecular contact with the surface of 
each adherend. Each adhesive is designed to increase in viscosity with 
the passage of time until it becomes solid; this may occur through 
freezing, evaporation of a volatile solvent, or polymerization. If the 
thermal expansion coefficients of adhesive and adherends are not too 
different, and if there is not too large a change in the density during 
solidification, internal stresses developed in the area during solidifi
cation of the adhesive will not be sufficient to shatter the joint or cause 
cracking. Obviously, a good joint must have sufficient strength to en
dure large externally applied stresses. 

Tabor [100] has pointed out that according to Equation 4c, W A for 
any system having 0=0 will be equal to or greater than twice the sur
face tension of the liquid; a simple calculation, assuming that the field 
of force emanating from the solid vanishes in about 3 Α., and that the 
surface tension of the adhesive is 30 dynes per cm. , results in an aver
age tensile strength of the adhesive joint of 2000 kg. per sq. cm. This 
value is much greater than the tensile strength of common adhesives, 
for Kraus and Manson [69] obtained for polyethylene a tensile strength 
of 183 kg. per sq. cm. Therefore, the joint must break by cohesive 

Figure 21. Idealized adhesive 
joint [106] 
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rather than adhesive failure. Since the correction term, f , in Equa
tion 4c makes the adhesional energy even greater than 2 y L v o , it is ap
parent that when 0 = 0 the theoretical adhesive strength will always be 
much more than the observed tensile or shear strength of the adhesive 
material. 

Real solid surfaces are neither flat nor free of pores and crevices, 
and no treatment of adhesion can disregard the realities of surface 
structure. Each adherend has a true surface area which is r times 
greater than the apparent or envelope area; hence the work of adhesion 
should be expected to be r times greater than that for the apparent sur
face area. However, the larger the contact angle the more difficult it 
becomes to make the liquid flow over the surface of each adherend to 
fill completely every crevice and pore in the surface. More often there 
are air pockets trapped in the hollows and crevices. Such difficulties 
with the formation of gas bubbles and pores are, of course, greatly 
amplified in dealing with viscous adhesives which solidify shortly after 
being applied to form the joint. Hence in practice the true value of W A , 
lies somewhere between the value obtained from Equation 4c by using 
the apparent contact angle and r times that value. Where there are ac
cessible pores, crevices, and capillaries in tlie surface of the adherend, 
the viscous liquid adhesive may penetrate to some extent and so in
crease adhesion, provided it does not harden too soon and an adequate 
supply of the liquid is available. However, in order to obtain the maxi
mum adhesion, the adhesive should obviously be able to penetrate into 
each capillary and fill it. 

An obvious approximation is to assume that the capillary rise 
equation 

k y L v o cos 0 
h = — (16) 

can be used (R is the equivalent radius of the capillary, k = 2/981, and 
ρ is the density of the liquid) and also that the liquid still wets the cap
illary wall according to the cos 0 vs. y L v o relation of Equation 11. 
Eliminating cos 0 from the two equations results in the equation for the 
parabola [106]: 

kv (bk) 
h = - ^ ( b . y c r L y 0 2 ( 1 7 ) 

where h has a maximum when 

' L V ° l ( r . * ï ) <18) 

For example, in smooth polyethylene the maximum capillary rise will 
occur when rLwo = 1/2 (31 + 38.4) = 34.7 dynes per cm.; this value is 
only 3.7 dynes per cm. more than y c . Despite the unrealistic assump
tion made,this analysis reveals again that W A # may go through a maxi
mum as y L v o increases, even when a porous interfacial surface is in
volved. 
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As the result of the intense localization of the residual field of 
force emanating from both the adherend and adhesive, when a liquid 
adhesive solidifies, the value of W A for the joint should remain close to 
the value computed for the adhesive in the liquid state if stress con
centrations do not develop in the process. Since the forces causing ad
hesion are effective to little more than the depth of one molecule in 
both surfaces, they will be unaffected by changes of state of the bulk 
phases so long as allowance is made for any resulting changes in the 
surface density or molecular orientation occurring at the joint inter
face [106], The former can be estimated from the change of density on 
solidification, but the latter may be difficult to compute, since reorien
tation effects could originate through any crystallization process start
ing at or near the interface. It is also usual for internal stresses and 
stress concentrations to develop when the adhesive solidifies, the most 
common cause being the difference in the thermal expansion coefficients 
of adhesive and adherend. In some applications, care is taken to match 
the thermal expansion coefficients of adhesive and adherend; however, 
in others this matching process is not critical. Hence, the actual 
strength of the adhesive joint is usually considerably less than the the
oretical (or thermodynamic) value because of the development of inter
nal stress concentrations. 

Mylonas [86] has shown that in a lap joint poor wetting of the ad
herend tends to produce a greater stress concentration at the free 
surface of the adhesive where failure is most likely to be initiated. As 
the contact angle, θ , becomes large, the maximum stress concentration 
increases and moves toward the edge where the adhesive makes con
tact with the adherend, the stress concentration factor increasing from 
about 1.2 when θ = 30°, to about 2.5 when Θ = 90° (Figure 22). Further
more, Griffith [52] has shown that failure of the adhesive may occur at 
a relatively small applied stress if there are air bubbles, solid inclu
sions, or surface defects; it occurs because stress concentrations re 
sult which are much higher than the mean stress applied across the 
specimen. His conclusion is very important, because the most prob
able effect of poor wetting is the development of air pockets or voids at 
the adhesive-adherend interface. Even when θ = 0, there may be gas 
pockets formed at the adhesive-adherend interface around which stress 
concentrations can build up, for if the adhesive is too viscous when 

Figure 22. Variation of stress concen
tration maxima in lap joint adhesive 
with angle of contact [86] 
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applied, it may never penetrate the accessible surface pores before 
polymerizing. Of course, this situation is the more aggravated the 
larger the contact angle or the rougher the surface. 

In adhesives technology it is common practice to roughen the sur
face of each adherend, or "give it tooth," and so obtain a stronger joint. 
This practice can be justified theoretically, with certain limitations, by 
the following considerations. If the gas pockets formed in the surface 
depressions of the adherend are all nearly in the same plane and are 
not far apart (as on the upper adherend of Figure 23) there may be 
crack propagation from one pocket to the next, and the joint may break 
as if it had a built-in "zipper. " Therefore, if roughness must be ac
cepted, the kind of roughness shown on the lower adherend would be 
preferable because crack propagation along a plane would be less 
probable. 

"Abhesives" are materials used in the form of films or coatings 
which are applied to one solid to prevent—or greatly decrease—the ad
hesion to another solid in intimate contact with it. Such materials are 
employed in molding, casting, or rolling operation; therefore, it is also 
common to refer to the film as the "parting," "mold-release," or 
"antistick" agent. Examples of materials commonly used for such pur
poses are the polymethylsiloxanes; the high molecular weight fatty 
acids, amines, amides, and alcohols; various types of highly fluorinated 
fatty acids and alcohols; and the fluorocarbon resins. Usually a con
densed monolayer or thin film of the agent is sufficient to cause the 
optimum parting effect. Table XII gives the y c values of each of these 
films. Each abhesive coating will convert the solid into a low-energy 
surface, and any liquid placed on such a coated surface will exhibit an 
equilibrium contact angle which will be larger as y L V o - y c increases. 
When θ is large enough, such poor adhesion results on solidification of 
the liquid that the application of a modest external stress suffices for 

Figure 23. Effect of surface roughness on 
coplanarity of gas bubbles [106] 

Table XII. Critical Surface Tensions of Wetting of 
Surfaces Coated with Abhesive Films [106] 

Coating Material y c , Dynes/Cm. at 20°C. 

Poly methyl s iloxane film 
Fatty acid monolayer 
Polytetrafluoroethylene film 
Ψ'-Fatty acid monolayer 
Polymethacrylic ester of Φ'-octanol 
Perfluorolauric acid monolayer 

24 
24 
18 
15 
10.6 
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parting or splitting of the joint along the adhesive-adherend interface. 
The excellent and easy parting action usually achieved is the result of 
the formation of a deliberately weakened joint; it should be explainable 
by any general theory of adhesives. 

It was pointed out earlier that W A exhibits a maximum variation 
among the various low-energy surfaces of about threefold in going from 
the least to the most adhesive liquids. Such a range is too small to ex
plain the effectiveness and easy parting action of a good abhesive. How
ever, this range of values of W A is for flat, nonporous, smooth, solid 
surfaces. The roughness factor, r , of the uncoated surface of the mold 
could raise W A by a factor of at least 1.5 to 3, and it could be much 
larger the less smooth the surface finish; however, if the material to 
be molded is (or becomes) viscous rapidly during mold injection or ap
plication of the liquid adhesive, poor wetting will cause voids or gas 
pockets to be produced at the interface between the material molded 
and the adhesive, and thereby the adhesion will be greatly decreased 
through stress concentrations by some unknown fraction, 1/g. F u r 
thermore, if 0 > 30°, the resulting stress concentration factor of from 
1.2 to 2.5 at the adhesive-plastic interface will contribute an additional 
decrease in the adhesion, and so the adhesional work per unit area of 
the apparent or envelope area at the molding interface will be (r/gs)W A . 
Therefore, for both reasons the greater the value of 0 , the greater the 
effectiveness of the release agent in weakening the joint formed. 

The large values of 0 encountered with the various types of organic 
liquids on such low-energy surfaces as those shown in Table XII are 
good evidence in favor of this explanation of abhesive action. As a gen
eral proposition, any low-energy surface will be more effective as a 
release agent (or abhesive) the lower its y c value [106], It can also be 
concluded that the smoother the finish of the outer coating of the mold 
and the lower the surface tension and viscosity of the material being 
molded (or the lower its contact angle with the adhesive), the greater 
will be the external stress required to cause the desired parting action. 
In conclusion, a good adhesive joint can be made on any low-energy 
surface, including any abhesive surface, if the surface is not too rough 
or if the adhesive has y L V < y c — i.e., if there is good wetting by the 
adhesive. 

There has been much discussion about the necessity for using ad
hesives capable of forming chemical bonds with the adherends. But the 
preceding considerations concerning the relation of wetting to adhesion 
have made it evident that the energy involved in the physical adsorption 
to the adherend of molecules of adhesive is more than sufficient to 
form joints which are stronger than the cohesive strength of existing 
adhesives. Of course, chemical bonding may offer advantages other 
than that of increasing the joint strength—for example, greater heat, 
water, or chemical resistance may result. Under some circumstances 
a few monolayers of water adsorbed on the adherend can be tolerated 
because they are readily displaced by the adhesive or absorbed in the 
adherend or adhesive; but usually bulk water cannot be tolerated be
cause of its low shear strength and its adverse effect on spreading of 
the adhesive. However, it is usually a great advantage, when selecting 
an adhesive for a given application, to be released from the very limit
ing requirement of finding a material capable of chemically bonding to 
the adherends. 
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In summary, for optimum or theoretical joint strength, it is essen
tial to keep the contact angle between the liquid adhesive and the ad
herends as small as possible in order to obtain good spreading and to 
minimize the buildup of stress concentrations. Obviously, the interface 
of each adherend must be kept as smooth and free as possible of low-
energy surface films and dust, in order to prevent forming voids, gas 
pockets, or occlusions. In applying liquid adhesives the viscosity should 
be as low as possible, in order to increase the extent of capillary flow 
into pores and crevices. Maximum spreading and capillarity will be 
obtained with adhesives having the highest surface tension compatible 
with obtaining a low contact angle. When conditions of complete wetting 
and freedom from the formation of gas pockets and occlusions prevail, 
the adhesion to either high-energy or low-energy surfaces will usually 
be ample, and generally failures of the joint will be in cohesion. If the 
surface of the adherend is to be roughened, it is better done in such a 
way as to keep any surface gas pockets formed from being coplanar or 
nearly so over a large region. When difficulties are encountered in 
finding a suitable adhesive for a specific application, or in seeking new 
adhesives, it should be helpful to try an adhesive having a y L V value 
(while in the liquid state), which is less than the 7C value of the ad
herend surface, and, of course, to apply it under conditions that will 
minimize the tendency to occlude gas bubbles in the surface. 

Future Research on Wetting and Adhesion 

An exciting beginning has been made in explaining the wetting, 
spreading, and adhesive behavior of liquids on solids. We have estab
lished that the observation of the equilibrium contact angles of liquids 
on solids, under appropriately controlled and now well understood con
ditions, is a powerful method of investigating the surface properties of 
either solid surfaces or adsorbed monolayers. From the diversity of 
new surface chemical phenomena revealed by our investigations, it 
should be apparent why many past investigations of wetting and adhe
sion have foundered or gone astray. It is hoped that a solid foundation 
has been laid for a more understanding experimental and theoretical 
treatment of many other properties of solid-liquid interfaces. For ex
ample, the calorimetric measurement of heats of wetting to charac
terize either wetting properties or solid surface states will be much 
more revealing now that we understand the major effects arising from 
adsorbed films on the surfaces or from trace impurities or additives 
in the liquids. 

Langmuir Ts "principle of independent surface action" has been 
found useful and often correct, and the conditions under which it should 
not be used are now more evident. Our experimental results on the 
effect of surface constitution on the spreading and adhesive properties 
of liquids on solid surfaces or on adsorbed films are convincing exam
ples of the wide occurrence in solids and liquids of extremely localized 
surface forces. Our Table V of critical surface tensions, although em
pirical and approximate in nature, has proved a powerful tool for de
scribing and predicting important properties of solid surfaces and ad
sorbed films; undoubtedly, future investigations and applications will 
be guided by such considerations. 
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With these new concepts we have been able to develop a simple 
general treatment of the wetting properties of solutions—both aqueous 
and nonaqueous. Undoubtedly, the principal function of a wetting agent 
is to lower the surface tension of the solution below the critical sur
face tension of wetting of the solid surface to be wetted. One of the 
most interesting by-products of our investigations has been the recog
nition of the major part played by incomplete wetting and by low-energy 
surfaces in the adhesives and related arts. When Griff iths important 
effect of stress concentrations around voids or gas pockets was coupled 
with our results on the effects of surface composition on wetting and 
spreading by the liquid adhesives, a general and useful theoretical 
treatment of adhesional joints and adhesives emerged. 

Many applications in research and industry have already been made 
of the results of the investigations reviewed here; undoubtedly many 
more will be made. These include: studies of other physical and chem
ical properties of adsorbed retracted monolayers, a full exploration of 
the nonspreading properties of watch, clock, and fuse oils; the a l l -
Teflon film balance for investigating the mechanical properties of sur
face films on organic liquids; the development of new and improved 
treatments for chemical-, o i l - and water-repellent finishes for cloth
ing, canvas, etc.; improved finishes for textile fibers and tire cords; 
an explanation and generalization of the many processes based on mold-
release agents or abhesives, which are important in the plastic and 
paper industries; an explanation of the spreading properties of printing 
inks and the key to developing better inks as well as those capable of 
writing on greasy surfaces; both improved and new adhesives; improved 
polishes and cleaners for plastic floor coverings and tile; and a long-
sought explanation of the relation of wetting properties of liquids to 
their effectiveness as lubricants. 

Despite these many advances, certain aspects of the subject of this 
paper have been neglected and further investigation is much needed. 
No reliable data are available on the effect of temperature on the equi
librium contact angles of any systems; all of the measurements r e 
ported here were made at 20°C. and 50% relative humidity. However, 
several general effects of variations in the temperature and humidity 
on the contact angle can be outlined. It is well known that the surface 
tensions, y L v o , of pure organic liquids decrease linearly with rising 
temperature until close to the critical temperatures. Hence, if the 
temperature is T, then 

y L V o = c 1 - c 2 T 

But we have shown that cos 6E = a - b y L v o , when the surface composi
tion of the solid is constant. Here Cl9 C 2 , a, and b are positive. There
fore, 

cos 0 E = (a - b C ^ + b C 2 T 

and cos 0 E must increase (or ΘΕ decrease) with increasing tempera
ture. In addition, the effect of raising the temperature will be to cause 
surface expansion and increased desorption of any physically adsorbed 
compounds. Temperature increase will therefore decrease the packing 
of such adsorbed films, and this will raise the critical surface tension 
of the system and thus cause Θ Ε to decrease with rising temperatures. 

A. C . S. E d i t o r i a l L i b r a r y 
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When the temperature becomes high, there may result chemical 
changes in the liquids, such as hydrolysis, oxidation, and pyrolysis, or 
there may develop surface-chemical changes in the solid due to oxida
tion, dehydration, or crystallographic rearrangement. The products of 
chemical reaction in the liquids may be highly adsorbable and may 
cause the formation of new low-energy surface films on which the l iq 
uids will not spread. This effect may overbalance the above-mentioned 
normal decrease in 0 E with rising temperature. The oxidation or de
hydration of these inorganic solid surfaces may greatly alter the wet
ting behavior of the liquids. But if the chemical reactivity or adsorptiv-
ity of the liquid is little changed thereby, no large change in wettability 
is to be expected. 

Decreasing the relative humidity at ordinary temperatures will 
have little effect on 0 E unless the atmosphere is made so dry as to de
hydrate the solid surface (as in silica and α-alumina). But usually long 
exposure to very dry air will be required to change the contact angles 
significantly. As the relative humidity approaches 100%, increased 
condensation of water on the surfaces of both metals and metallic ox
ides will invite the hydrolysis in situ of some adsorbed liquids, and so 
the wetting properties of these surfaces will become more like those of 
such highly hydrated surfaces as glass, silica, and alumina. 

Obviously, data are needed on the values of f g y o for a variety of 
low-energy solid surfaces; with these and the values of W A # given here, 
one would no longer have to estimate W A , and hence our knowledge of 
adhesion would become more precise. 

The empirical nature of y c is obvious, and it would be helpful to 
replace y c by parameters having a sound basis in thermodynamic or 
statistical mechanical considerations. Recent efforts by Fowkes [40] 
to relate y c to the dispersion forces between molecules at the inter
face have been especially promising in leading to tractable equations. 
An interesting direct correlation has been recently pointed out to us by 
Gardon [49] between the value of y c of a solid polymer and the Hilde-
brand solubility parameter, δ, which is defined as the square root of 
the molar energy density—i.e., δ = \fÊ/p T. A simple consideration of 
the Young equation and the definition of y c indicates that when cos 
0 = 1 , 

^SV° ~ ^ S L = Yc 

Unfortunately, the effect of constitution on either γ ^ ο or y S L is still 
unknown, and neither quantity can be studied until a satisfactory exper
imental method for measuring it has been found. However, neither 
quantity appears to be a simple function of the constitution of the solid 
and liquid phases. A more precise theory of wetting of low-energy 
surfaces should at least include y ^ . Probably the lateral spread in 
the data points of our graphs of cos 0 vs. y L V for a given solid surface 
is due to the variation of y S L among the liquids used. 

Finally, our investigations have been concerned with the wetting of 
a solid by one liquid, and nothing has been said about the classic prob
lem of the competitive wetting and adhesion of two immiscible liquids 
with respect to a given solid surface. However, it is obvious that the 
findings reported here for the simpler systems should prove helpful in 
learning more about the more complex. 
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2 
The Chemical Structure of Solid Surfaces 

as Deduced from Contact Angles 

Ν. K. ADAM 

Department of Chemistry, 
University of Southampton, 
Southampton, England 

The relation between equilibrium contact 
angles at a solid surface, and the adhesion 
between solid and liquid, is reviewed. The 
information deducible as to the chemical na
ture of the groups exposed at the surface is 
summarized. 

This brief review surveys our knowledge, and the methods by which 
it has been obtained, of the chemical composition of some solid sur
faces, mostly of the low-energy type, as learned from measurements 
of contact angles. 

The basic equations were known over 150 years ago, and can be 
found in Thomas YoungTs classical treatise, "On the Cohesion of Fluids" 
[18]. They were given in words rather than in algebraic form; for this 
reason some seem to have missed the fact that YoungTs exceptional 
insight enabled him to see that the contact angle gives the relation be
tween the adhesion of the liquid to the solid, and its cohesion to itself, 
as expressed in Equation 2. When the adhesion is less than the self-
cohesion of the liquid, there is a contact angle, the larger the smaller the 
adhesion. When the adhesion is equal to or greater than the cohesion, 
the angle is zero. The equations for finite angles are 

y s = y SL + y L cos Θ (l) 

and 
W S L = y L (1 + cosfl) (2) 

7SJ 7 L J 7SL a r e * n e free energies per square centimeter of the solid, 
liquid, and solid-liquid interfaces—i.e., their surface tensions; W S L is 
the work of adhesion—i.e., the work required to separate the liquid 
from the solid; and θ is the contact angle measured in the liquid. 

The name "Young 1 s equation" has been given to both Equations 1 and 
2, although it is more commonly given to 1, especially in America. 
But we would do more honor [1] to Thomas Young by giving his name to 
Equation 2, rather than to 1, since Equation 1 is obvious to anyone who 
regards surfaces as being in tension—the concept of surface tension 

52 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
00

2

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



2. ADAM Surface Structure from Contact Angles 53 

was generally accepted in YoungTs time, but the concept of free energy 
had not been introduced. Equation 2 is much less obvious. Moreover, 
2 is far more useful than 1, since it contains on the right-hand side 
only measurable quantities, whereas 1 contains two solid surface ten
sions, y s and y S L , which are almost impossible to measure. 

The term y s in Equation 1 needs clarification. As Bangham and 
Razouk [6] pointed out, the vapor of the liquid will be adsorbed on the 
solid surface, often considerably decreasing its surface free energy. 
In Equation 1, and also in DupreTs Equation 3, 

W S L = + ? L - ^ S L (3> 

which, when combined with 1 gives 2, we should write 

7 s = Ύ s - ŝv 

where π s v is the surface pressure of this adsorbed film of the vapor of 
the liquid, and y s is the free energy of a film-free solid surface. Since 
the part of the surface relevant for contact angle equilibrium is infin-
itesimally distant from the edge of the liquid, we can safely assume that 
this adsorbed film is in equilibrium with the saturated vapor pressure 
of the liquid. We rewrite Equations 1 and 3 thus: 

- 77 sv = ^ S L + 7L
 c o s 6 <la) 

w S L v = rs " ^ S V + 7L - rsL ( 3 a) 

but Young fs second equation (Equation 2) remains unchanged, provided 
that W S L in 2 is taken as the work of adhesion, W S L V , of the liquid to a 
solid surface covered by an adsorbed film. 

W S L V = r L (1 + c o s °) ( 2 a) 

The work of adhesion to the film-covered solid surface is of much 
greater practical importance than the work of adhesion, W S L 0 , to a 
film-free solid, and is the only work that can be directly measured. If 
W S L 0 is required, since W S L 0 = W S L V + π 8 ν , 7r s v must be determined. 
This is likely to be very difficult, but could conceivably be done [5] by 
measuring the amount, Γ, of vapor adsorbed at several pressures of 
the vapor, from near zero up to the saturated vapor pressure of the 
liquid, and using the integrated form of the Gibbs adsorption equation 

π s v = RT f Γ d In ρ 
0 

where p° is the saturated vapor pressure of the liquid. 
Equations 1 and 2 assume that thermodynamic equilibrium exists 

between the liquid and the solid surface. In practice, however, equi
librium is rather rarely attainable experimentally, and there is a dif
ference, sometimes considerable, between the larger angle given by a 
liquid advancing over a dry solid surface, and the smaller angle when 
the liquid is receding from a previously wetted surface. This is not 
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the place to attempt a complete discussion of the numerous causes which 
have been suggested for this difference, or "hysteresis" of the contact 
angle. My experience, however, is that one of the commonest causes— 
unaccountably omitted from some recent discussions of hysteresis, 
although it was recognized by all the earlier workers—is that the liquid 
soaks into the upper layers of the solid, increasing its attraction for the 
liquid. It is very easy to observe that the contact angle of most solids 
is lowered by being left in contact with the liquid for some time. On ex
tremely porous solids such as textile yarns, Cassie [6] has stated that 
the receding angle is unstable and not reproducible, since water soaks 
into the pores so quickly. Another cause may be surface films or other 
impurities on the solid, which can be easily removed by the liquid. It 
can be shown mathematically [16] that roughening a solid surface should 
increase hysteresis or even cause it to appear on a surface which, if 
smooth, would not show hysteresis. Any or all of these causes may con
tribute to hysteresis in a particular case. Among other causes sug
gested is friction between solid and liquid [4], but a permanent frictional 
force seems improbable because of the mobility of the liquid. Langmuir 
suggested that, in certain cases, the surface molecules overturn when 
in contact with water, so that their more polar ends point outwards 
[IS]. 

Many workers record only a single angle; in other cases, where 
both advancing and receding angles have been recorded, their mean may 
betaken as a fairly satisfactory approach to the equilibrium angle. This 
procedure receives some justification from the fact that the mean angle 
is more consistent than either the advancing or receding angle [3], and 
there is often good agreement between the mean angle and the single 
angle given by those who recorded only one angle. These are the angles 
given in what follows. 

Contact angles seem to vary very little with temperature. Studies 
on the temperature variation of contact angles are confined to ascer
taining that close temperature control is unnecessary in measuring the 
angles. Fowkes and Harkins [9] state, without any details, that the angle 
between water and graphite or paraffin wax increases by 0.06° per de
gree centigrade; Adam and Elliott [3] found no detectable variation for 
water and various solid hydrocarbons between 20° and 35°C. 

Rewriting Equation 2 

cos θ = W S L / y L - 1 

it appears that temperature affects the surface tension and the adhesion 
to the solid to very nearly the same proportionate extent. Increase in 
the thermal motions of the liquid is the cause of decrease in its surface 
tension, and therefore in its work of cohesion, 2y L , and the adhesion to 
the solid appears to be decreased in the same proportion. This suggests 
that the decrease in the adhesive field of force with rising temperature 
is much less in solids than in liquids, and is due principally or wholly 
to translatory motions. 

It has been known for a very long time that water forms a large 
angle on paraffinic surfaces. Angles from 105° to 114° have been re 
corded for paraffin wax, the higher angles with very carefully purified 
specimens. Probably 112° to 114° is the best value for really pure 
p a r a f f i n wax; Fox and Zisman [12] found 111° with crystalline 
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hexatriacontane; Ray and Bartell [15] obtained 112°, and Adam and 
Elliott [3] 114° for very carefully purified wax. 

Polyethylene, according to Fox and Zisman [12], gives 94°, a value 
confirmed by Adam and Elliott. The question naturally arises whether 
the large difference between paraffin wax and polyethylene is due to the 
wax exposing methyl groups almost exclusively, the polyethylene, with 
its much higher molecular weight, little but methylene groups. To ex
amine whether there is any difference between the adhesion of water to 
methyl and methylene groups, Adam and Elliott [3] measured the angle 
on several rare, fully saturated solid aliphatic hydrocarbons. Hexa-
methylethane, which has nothing but methyl groups to be exposed, gave 
115°, only a degree higher than the highest value found with paraffin 
wax. But three specimens of higher eyeloparaffins, with 15, 16, and 17 
- C H 2 - groups only, each gave 104.5°, indicating that methylene groups 
have a higher attraction for water than methyl groups, about 30% higher 
according to Equation 2. , 

Norcamphane, which contains five - C H 2 - and two tertiary - C H -
groups, gave 102°; and adamantane and tricyclodecane^ each with six 
- C H 2 - and four - C H - groups, gave 98°, indicating that - C H - groups ad
here to water more strongly than - C H 2 - groups. 

A possible reason for the difference in attraction forwater of C H 3 , 
- C H 2 - , and - O H - groups may be that the water molecules can approach 
closer to the carbon atoms when there are fewer hydrogens present, as 
if the hydrogens formed a partial screen to the major attractive forces. 

Although methylene groups have, by Equation 2, about 30% greater 
attraction for water than methyl groups, the difference is only half that 
required (60%) to account for the low angle obtained with polyethylene. 
We must conclude that probably even the best specimens of polyethylene 
have traces of polar, strongly water-attracting material present in or 
very near their surface. Similar trace amounts of polar material could 
account for the variation of angle between 105° and 114° found with dif
ferent specimens of paraffin wax; the lowest angles were obtained with 
ordinary commercial waxes. 

Fox and Zisman [10] showed that replacement of all the hydrogen 
by fluorine considerably increases the angle, water giving 108° with 
polytetrafluoroethylene; but replacement of only one of the four fluorines 
in this polymer by chlorine decreases the angle to 90°, even lower than 
for polyethylene. Probably a fully fluorinated, and very highly purified, 
"paraffin wax" would show an angle of about 120°, which seems likely 
to be the highest possible angle which could be given by water on a 
smooth surface. On a rough surface, or one regularly perforated with 
small holes [1, 8], much higher apparent angles can be obtained. These, 
however, do not depend on extra low adhesion of water to the solid, but 
are due to the surface in contact with water consisting partly of solid 
and partly of air, the water being unable to penetrate into the air-filled 
spaces except under rather high pressure. 

Long-chain acids and alcohols, when allowed to solidify naturally, 
give an angle of contact [4] with water nearly as high as that shown by 
commercial paraffin wax. If, however, a fresh surface is formed by 
cutting with a knife, the cut surface has areas with widely differing 
angles, varying from 50° to 105°. The explanation is that these sub
stances crystallize in parallel bimolecular sheets, each sheet consist
ing of two condensed monolayers with the polar groups sandwiched 
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between the long hydrocarbon chains. At a naturally solidified surface, 
or one cut by a knife traveling more or less parallel to these sheets, 
only methyl groups are exposed and the angle is high; but if the knife 
travels across the sheets, one polar group per molecule will be exposed 
and the angle is much lower. 

When hexadecyl alcohol was allowed to solidify in contact with water, 
in the hope of producing a surface with the molecules oriented so that 
only hydroxyl groups, closely packed, were exposed, again two kinds of 
surface were found, one with angle about 55°, other parts showing 105°. 
The lower angle indicates sheets more or less perpendicular to the sur
face; the higher angle indicates sheets parallel to the surface with 
methyl groups exposed. There was no sign of a surface with only hy
droxyl groups exposed; such a surface would be expected to show a very 
low angle, probably zero. Although, during solidification, the hydroxyl 
groups were no doubt oriented to the water, this outer layer would ad
here to the water much more strongly than it would adhere to the under
lying solid by its end methyl groups, and would be detached from the 
solid when this is removed from the water. 

Monolayers of long-chain substances with a polar group at one end, 
adsorbed on glass or other strongly water-attracting solids, give con
tact angles with water of the order of 90° if the chains are 12 carbon 
atoms long or more. That contact angles are unaffected, or at most 
very slightly affected, by attraction from groups more than a few atoms 
below the surface, is shown by the following observations. Wark and 
Cox [17] found that isoamyl xanthate produces angles up to 90° when 
adsorbed on various minerals; Levine and Zisman [14] found that the 
angle given by methylene iodide on an adsorbed monolayer of per-
f luoro-octanoic acid on glass was actually higher than that on polytetra
fluoroethylene. Evidently a hydrocarbon chain five to seven carbons 
long can act as a nearly complete screen to attractive forces arising 
from a highly polar surface below. 
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3 
The Status of Contact Angle as a 

Thermodynamic Property 

ARTHUR W. ADAMSON and IRENE LING 

Department of Chemistry, 
University of Southern California, 
Los Angeles 7, Calif. 

The Young and Dupré equation for the angle 
of contact of a liquid resting on a solid sur
face may be derived as a thermodynamic re 
lationship, but the testing of its validity for 
the real situation of a nonequilibrium and 
usually heterogeneous surface presents dif
ficulties. These are discussed first in terms 
of two simple molecular models and secondly 
in terms of thermodynamic relationships that 
should permit an independent verification of 
the contact angle relationship. 

The present remarks are directed primarily towards a considera
tion of the thermodynamic usefulness of the equation generally written 
for the situation illustrated in Figure 1—namely, that of a liquid resting 
on a solid surface. The equation is , for the case where the third phase 
is gaseous, 

y L V o COS θ = y s v o - y S L (1) 

Here, y L V o denotes the usual surface tension of the liquid (the super
script zero being a reminder that in principle the liquid is saturated 

c 

Figure 1. Sequence of isosteric shapes for 
gravity-free liquid drop 
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58 ADVANCES IN CHEMISTRY SERIES 

with the solid species), and the term y s v o - y S L denotes the free energy 
of exchanging unit geometric area of solid-vapor interface for solid-
liquid interface. The antecedents of this relationship are old and its 
naming has been a matter of occasional discussion [1]; we prefer the 
usage: Young and Dupre' [2, p. 265; 8]. 

The derivation of Equation 1 is often considered obvious, in that it 
follows directly from equating the horizontal components of surface 
tensional forces (indicated in Figure 1). The presence of some such 
forces is not to be denied; indeed, what should be the vertical compon
ent of y L v o has been observed in the pulling up of the surface of deform-
able solids such as soft silica gel [27] and thin mica sheets [32] along 
the line of three-phase contact. 

Equation 1 may also be derived in terms of the conformation of 
minimum free energy. The gravity-free case is straightforward. As 
illustrated in Figure 1, the sequence of possible drop shapes is that of 
truncated spheres and the condition of surface free energy minimization 
leads directly to Equation 1 [18]. The same result is shown below to be 
obtained by a similar analysis of the case of a very large drop, such 
that the surface becomes essentially horizontal in the middle. Gibbs 
also cites Equation 1 [16], and a detailed general thermodynamic proof 
has been offered by Johnson [24], Thus, despite occasional claims to 
the contrary [7, 30], the equation appears to be potentially sound ther-
modynamically. 

There remains the question of the physical-i .e. , operational [9] -
definition of the terms. It appears to the writers that the derivation as 
a force balance is merely intuitional, and, as a consequence, it leaves 
the quantities y ^ and y s y o undefined operationally. Thus, if these be 
viewed as forces parallel to the solid surface, one must ask with what 
property of the solid they are to be identified. Unlike the case with 
liquids, there is for solids a surface or stretching tension (the work 
per unit stretching of the surface [20, 25, 28]), in general nonisotropic. 
If this is what is involved, liquid drops on a crystalline surface of low 
symmetry should not be circular in cross section; this is apparently 
contrary to observation. From the thermodynamic derivation, however, 
we see that one is dealing with the work of exchanging one type of solid 
interface for another, and that surface free energies, not stretching 
tensions, are the proper quantities. 

Again, contact angles are known to depend on surface roughness 
[6]. It has been pointed out [18] that the equation [2, p. 275] 

cos θ r o u g h = r COS θ 
s m o o t h 

where r is the roughness factor, appears naturally and immediately 
from a free energy approach. Likewise in the case of heterogeneous 
surfaces, perhaps an extreme example of which would be a porous or 
sievelike surface, the surface free energy approach readily provides an 
analysis at least approximately confirmed by experiment [10], where a 
force balance treatment seems never to have been attempted. 

Such observations suggest that while the one can always be viewed 
as the mathematical construct of the other, surface free energy is a 
more rational quantity than surface force in the context of a contact 
angle situation. The former has also the merit of carrying some spe
cific implications. The Young and Dupré equation is obtained by setting 
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3. ADAMSON AND LING A Thermodynamic Property 59 

equal to zero the free energy change for a small displacement of the 
system from equilibrium-i.e., for a process involving a small exchange 
of amounts of the three interfaces. For such a process to have thermo
dynamic meaning, it would seem necessary that the surfaces involved 
in it be well defined thermodynamic ally. They should therefore uniquely 
be determined by the specification of the thermodynamic variables of 
composition, temperature, and pressure. 

The liquid phase must be expected to be in equilibrium with the ad
jacent solid-vapor interface. Harkins and Livingston [22] were cer
tainly justified in insisting on this requirement; if it does not hold, one 
can well ask just how the state of the solid-vapor interface is to be de
fined thermodynamically. A further significance of the thermodynamic 
derivation is that y s v o - need not be viewed as the difference of 
independent quantities. Given a certain solid and liquid, the one value 
should determine the other, if equilibrium prevails. One can further
more now defend this difference as having thermodynamic status with
out requiring that the solid surface per se be an equilibrium one. 

The point here is that the surfaces of solids actually dealt with 
usually cannot be considered to be equilibrium ones. Even if crystal
line, they will not usually display those faces demanded by the macro
scopic minimizing of surface free energy [23], Further, one expects 
for the equilibrium surface an optimization of the thermodynamic com
bination of entropy and energy, and hence a distribution of imperfections, 
surface waves and humps [33], etc. Most solids are incapable of adjust
ing to such equilibrium conformations and in practice their surface 
structure will be largely afrozen-in record of an arbitrary past history. 

Even though nonequilibrium in this larger sense, the solid surface 
can come to a local equilibrium with molecules of an adjacent phase, 
in terms of chemical and van der Waals interactions, exchange of ther
mal energy, etc. The difference y s v o - can thus be viewed as 
arising from the microscopic or local interactions between the mole
cules in the solid and vapor and the solid and liquid phases. On this 
basis, it is only indirectly and may be only incidentally related to the 
surface free energy of the pure solid. Indeed, it is different to define 
operationally the surface free energy of a nonequilibrium solid surface. 

The conclusion at this point is that it is futile to seek a general 
thermodynamic connection between contact angle and the surface free 
energy of the pure solid. Any success in relating~the two must come 
from theory based on specific molecular models. In this respect, then, 
the writers deny thermodynamic value to the Young and Dupré equation. 

A Model for Treating y s y o 

Although, thermodynamically, it appears that only the difference 
^sv0 ~ ^ S L n a s significance, the separate terms can be formulated when 
certain models for interfacial interactions are invoked. The following 
is a particularly simple one, adapted from the approach used by G i r i -
falco and Good [17]. 

We assume that we are dealing with molecules of about the same 
size, and that only nearest neighbor interactions are of importance. 
Let the free energy of each be denoted by ε ^ . Consider, then, two 
phases, of S and L type molecules, and that the packing in each is such 
that there are η χ molecules in the plane of a given molecule, and n 2 in 
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60 ADVANCES IN CHEMISTRY SERIES 

the planes immediately above and below, as nearest neighbors. For 
cubic close packing η χ and n 2 would be 6 and 3, respectively. Then for 
the surface free energy of phase L , per sq. cm., 

2 y L V 2 / 3 = (n, + 2 1 ^ ) e£L - (n, + n 2 ) e£L = „ 2 ( 3 ) 

where V i s the molecular volume, so defined that V 2 / 3 gives the molec
ular area. Equation 3 gives the free energy to bring an interior mole
cule to the surface, corrected for the area per molecule. The factor of 
2 enters, because on applying the above process to a collection of mole
cules each interaction enters twice. Similarly, the surface free energy 
of phase S is 

2 y s V 2 / 3 = n 2 e ° s (4) 

Consider now the process whereby an S - L interface is separated to 
give pure L and pure S surfaces; the free energy for this process, WSL , 
is then given by 

2 W S L V 2 / 3 = (nx + ) e£L + n 2 + (nx + n 2) e ° s + n 2 

- (nx +n 2 ) €£L - ( n i + n 2) e|s (5) 

= 2 n 2 e|L 

If the geometric mean rule—i.e., egL = Veg s € L L ~ ~ I S i n v o k e d , Equations 
3 and 4 may be combined to give 

2V 2 / 3 

: S L 

which in combination with the expression for and Equation 5 yields 

rsL = r s + - W S L = r s + V L - 2 ^ V S T L ( 7 ) 

The above relationship was obtained by Girifalco and Good as a first 
approximation. Actually, it is doubtful if any greater generality than 
that of replacing the coefficient 2 in Equation 7 by an empirical constant 
is justified. As an illustration of this point, Fowkes [13] suggests that 
if L denotes a substance capable only of dispersion-type interactions, 
€ S L probably involves only dispersion forces between S and Ltype mole
cules, even though the former may be hydrogen-bonded, etc. The con
sequence is that in Equation 7, the term N / y s y L is to be taken to involve 
hypothetical r s and y L values. 

If we now consider a contact angle situation, Equation 1 may be 
written in the form 

y L cos Θ = y s - π - (8) 

where π denotes the film pressure of adsorbed vapor, y s - y s v o , 
and we suppose the liquid-vapor interface to be that of pure liquid, for 
simplicity. We suppose further that the adsorbed layer of species L in 
equilibrium with its saturation vapor pressure, Ρ °, is less than a 
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3. ADAMSON AND LING A Thermodynamic Property 6 1 

monolayer, and that, as an approximation, the Langmuir adsorption 
isotherm applies. We then write 

1 bP / Λ Χ 

= rTbP ( 9 ) 

ο 
where Γ denotes molecules per sq. cm., and b = b' e N 2 £ sL/kT^ τ 1 ΐ θ ^ m 

pressure of the adsorbed layer may next be calculated by means of the 
Gibbs equation, 

P° 
π = kT / Γ d In Ρ (10) 

Insertion of Equation 9 into 10 and integration yield 

Equation 11 can be put in the form 

π = ys/j In [1 + β e n 2(e S L - e°L)ATj ( 1 2 ) 

where β is unity if the frequency and accommodation coefficients are 
the same as for the evaporation-condensation process of liquid L on 
itself-i .e. , if the entropy of condensation is the same for L on L as for 
L on S, apart from the assumption that the adsorbed film is localized 
[2, p. 470]. With dissimilar molecules, the accommodation coefficient 
for adsorption could well be less than for self-condensation, so that β 
might be much less than unity. 

On combining Equations 12, 3, 4, and 6, one obtains 

kT , 
y273 m 

1 + β exp. ( - ^ j t - {N/ys y L - y L j (13) 

On insertion of this result into Equation 8, a transcendental relationship 
is obtained for cos θ which, while difficult to verify as to form by fitting 
of data, leads to some limiting predictions which are of interest. Thus, 
taking β to be unity, the following cases obtain: 

Case 1. y L « \ Ι γ 8 y L » ca. 10 

whence 

π = 2 W y s y L - y L ), cos Θ = 

kT 
Case 2. y L = N/y s y L ; π = 0.69 ^2/3 

(or π has the value of about 9 ergs per sq. cm. for 25°C. and a molecular 
area of 30 sq. Α.) . 
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62 ADVANCES IN CHEMISTRY SERIES 

Case 3. y L > N/y s y L 

π decreases towards zero. 
Fowkes has made the point that, particularly in the case of hydrogen-

bonded phases in contact with non-hydrogen-bonded ones—e.g., water vs. 
hydrocarbons—the potentials involved in determining the surface free 
energies of the former may be different (and presumably greater) than 
those for the interaction between the two. The effect is to replace every
where the term Yys y L by y'y s ΎΖ> where superscriptw denotes the dis
persion or van der Waals potential component only. Thus for hydrocar
bons on water, or aqueous silica gel as a solid stand-in for water [28], 
the term y g would be estimated at about 20 ergs per sq. cm.—i.e. , as 
being about the same as for a liquid hydrocarbon. This then corres
ponds to Case 2, for which a π value of about 9 ergs per sq. cm. is 
predicted. 

Actual ή values for hydrocarbon liquids on liquid water or on water 
immobilized in a silica gel matrix are small, in contradiction to the 
above prediction. This situation of a very low π value may be special. 
The entire field of surface area determination by gas adsorption rests 
on the fact that low energy adsorbates (hydrocarbons, nitrogen, rare 
gases, etc.) give thick adsorbed layers on all variety of solids at pres
sures approaching the saturation pressure. The interesting question 
then arises as to whether it may be the liquid state of the adsorbent in 
the above-cited instances that leads to a distinctly different behavior 
than that expected from general experience with solids. In a formal 
way, the observed low π values are interpreted as meaning low β values 
or small condensation coefficients for hydrocarbon vapors on a liquid 
water surface, whether free or immeshed in a gel matrix. The point 
could be clarified by adsorption studies using ice as the solid. 

In general, there seems to be no theoretical basis for supposing 
that for circumstances other than corresponding to Case 3, negligibly 
small π values should pertain. In particular, the presence of a finite 
contact angle should in no way characterize a system for which π will 
be very small. 

As a specific example, Harkins and coworkers [21] observed π 
values of 20 ergs per sq. cm. or more in the case of graphites in near-
saturated water vapor. The fact that the graphite surfaces involved 
were heterogeneous is immaterial, since, as noted further below, the 
contact angle Equation [1 ] then involves the average y s v o - y S L , which 
will certainly be reduced from y s - y S L if there is a nonzero average π 
value calculated from the Gibbs integration of the adsorption isotherm. 
The case of low energy liquids on lower energy solids, such as hydro
carbons on fluorocarbon surfaces, may or may not resemble the situa
tion with the former on water; the matter is best decided by actual ad
sorption studies. It is possibly significant, however, that such substances 
as C F 4 , argon, and N 2 show considerable adsorption on polytetrafluoro
ethylene [19]. 

Preliminary Approach to Obtaining y s v o - y ^ 

The preceding treatment, however simple, is relatively consistent, 
in that all interactions invoked are restricted to nearest neighbor ones. 
There is no reason, however, to suppose that the adsorbed film need be 
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3. ADAMSON AND LING A Thermodynamic Property 63 

submonolayer in nature and it is desirable to find some way of handling 
the more general situation where the film may be multilayer. One ap
proach lies through recognizing that the dispersion potential experienced 
by a molecule near a solid-vapor interface will be, in the limit of large 
distances, inverse cube in distance-i.e., 

ο 
€ SL Ι Λ A X 

3- (14) C S L = ( X / D S L ) 

where χ is the distance from the surface of a semi-infinite solid and 
d SL is the nearest neighbor distance. Equation 14 can be only approxi
mate, since the inverse cube law does not hold strictly at small dis
tances from a lattice. Nonetheless, if it is used in combination with a 
simple Polanyi type treatment of adsorption in which one supposes that 
condensation of the vapor will occur to a depth χ such that 

e S L (x) = kT l n P ° / P (15) 

(see [2, p. 265] for more detail), one then obtains the following expres
sion for Γ: 

Γ = ^ ρ ( e ^ / k T ^ U / l n P V P ) 1 7 3 (16) 

The general picture is illustrated in Figure 2. The dashed line in 
Figure 2, B, indicates that below a critical pressure, Ρ ' , only submono
layer adsorption (or vapor compression in the potential field) occurs; 
at Ρ 1 condensation begins, and a liquid-like adsorbed film deepens to
wards infinite thickness as Ρ approaches Ρ °. 

Such an infinitely thick film, however, would not allow for a contact 
angle situation. Frumkin [15], in fact, concluded that for a nonzero 
contact angle to be possible, a continuous transition from adsorbed film 
to bulk liquid must not be possible. There is experimental evidence that 
equilibrium adsorbed films do not approach infinite thickness at P° [11, 
15], It is desirable, therefore, to consider at least qualitatively how a 
treatment might be formulated which would correctly predict a discon
tinuity between adsorbed film and adjacent bulk liquid in a contact angle 
situation. 

The detailed approach would require a meticulous summation of all 
molecule-molecule interactions. Consider the situation, shown sche
matically in Figure 3, of a deep layer of adsorbate, j molecules thick. 
The particular molecule shown in the ith layer experiences a potential 
given by the sum of interactions with the semi-infinite solid and the in 
teractions with other adsorbate molecules, infinite in two dimensions, 
but finite in the third. The last was approximated in Equation 16 by 
treating the adsorbed film as normal liquid in state. The detailed anal
ysis would involve complete potential functions, radial distributions, 
and structural information, and would then lead to some total expres
sion for the free energy of an adsorbed film as a function of its thick
ness. From the corresponding partial molar free energy, a relation
ship to kT In P ° / P could in principle be obtained. 

As a semi-empirical expedient, however, assume that this function 
can be separated into that part given by Equation 16 and that representing 
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64 ADVANCES IN CHEMISTRY SERIES 

B. Variation of Τ with 
pressure 

Figure 3. Summations in
volved fora film of stacked 
spheres 

the adsorbate-adsorbate interactions. Assume further that this last 
can be expressed as a deviation from normal liquid by means of an ef
fective vapor pressure, P 0 ' , which approaches P° for infinite film 
thickness. Equations 14 and 15 then become: 

(17) 
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3. ADAMSON AND LING A Thermodynamic Property 65 

If this deviation of the film from liquid in state be regarded as a 
propagation originating at the solid-film boundary, it seems reasonable 
to approximate its decay to zero with increasing distance from the sur
face as exponential in nature-i.e. , 

kT In P ° 7 P ° = A e ~ a X (18) 

where Δ might be either positive or negative. Essentially this type of 
behavior was proposed by Fletcher [12] for the progression from sur
face to interior structure in the case of liquid water. 

The complete equation then becomes: 

kT In P ° / P = , y

€JLx3 - * e - a X (19) (x /d S L ) 

The general appearance of this function is shown in Figure 4, and it is 
seen that for Δ positive-i.e., for P ° 1 > P ° - a discontinuity is possible, 
in that film of finite thickness x° can be in equilibrium with an infinitely 
thick liquid layer- i .e . , bulk liquid-at Ρ = Ρ °. In combination with the 
Gibbs equation, we then have: 

^ v 0 = * ^sv° = k T / Γ d i n Ρ (20) 
χ = ο 

where x ° is obtained by setting the right-hand side of Equation 19 
equal to zero, and 

r 
Figure 4. Variation of film 

thickness with pressure 
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x = oo 
" S L = ys - (y S L + y L V ) = k T / Γ d In Ρ (21) 

X = ο 

with Γ related to χ as before. On carrying out the integrations, 

€° / 1 1 \ 

In effect, we have determined directly the difference t t s l - π 8 νο , 
equal to the net of the shaded areas in Figure 4, so that the absolute 
surface free energy of the solid is not really involved. Furthermore, 
the exact formulation of Equation 19 for small χ values should be i m 
portant, since this portion of the area in the Γ vs. In Ρ plot cancels out 
in Equation 22. 

A preliminary analysis of the detailed summations of van derWaals 
interactions between a film and a semi-infinite solid indicates that if 
ejj has the same interpretation as in the preceding section, in Equations 
14 through 23 χ is actually (e^ - e£ L). 

The expression for cos θ now becomes: 

cos θ = 1 + y L v 2 / t x o 2 ( f - £ ô ) (23) 

Thus wetting will always occur if Δ is negative-i.e., if Ρ °' < P ° -
and with Δ positive, a finite contact angle is predicted if ax 0 is less than 
2. For layers as thick asDerjaguin [11] reports-namely, 20 to 60 mole
cules in depth in the case of organic vapors adsorbed on glass-the 
propagation constant, a, would have to be less than 5% per layer for a 
finite contact angle to be possible. Since his systems were probably all 
ones in which spreading occurs, the 5% figure is then a lower limit. 

The above analysis, while very tentative, indicates that vapor ad
sorption determinations are a desirable part of the study of contact 
angle systems. In fact, through such data, it may be possible to develop 
a sufficiently valid analysis to allow prediction from them of contact 
angle values. In any event, the above approach suggests that the funda
mental quantity in determining a contact angle is the difference, 
y sv° " ysL y a s s u c n > a n d n ° t either quantity separately, in the sense of 
being viewed as independent. Complications that may arise with a two-
component liquid are discussed further below. 

Another line of investigation of potential interest would be that of 
contact angle measurements on various faces of single crystals. The 
first, and perhaps both right-hand terms of Equation 19 (or some more 
exact form), should show a dependence on and very likely a proportion
ality to the surface density of atoms for the solid. 

Verification of Young and Dupré Equation 

Just as it was interesting to verify experimentally the Gibbs adsorp
tion equation in the case of solution-vapor interfaces [26], it should be 
worthwhile to verify such aspects of the Young and Dupre' Equation 1 
as are experimentally accessible. The approaches outlined above are 
not thermodynamic in the sense that particular molecular models are 
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3. ADAMSON AND LING A Thermodynamic Property 67 

invoked. We are concerned now with verifications that do not involve 
such specific assumptions. 

A direct testing of Equation 1 by determinations of γ s v o and y S L 

separately presents all of the difficulties of estimating experimentally 
the surface free energy of a solid. Studies on the contraction of wires 
near their melting points, in nonwetting liquid and in saturated vapor, 
might have some success, as they apparently do in giving the pure metal 
surface free energies [3]. The highly ingenious approach of Michaels 
and Dean [27] of using silica gel as a stand-in for water does not fully 
lay to rest doubts, mentioned above, as to whether a solid surface of 
water substance may be qualitatively different from a liquid surface. 

A rather different procedure lies in a testing of the temperature 
dependence of contact angle. From the second law equations, 
( 3 F s / a T ) P = - S s , and F s = E s - T S S , one finds, in combination with 
Equation 1: 

q = E s v 0 - E g L = E L y cos θ - Τ y L v 0 (^2) ρ (24) 

where q is the integral heat of immersion of unit area of solid-vapor 
interface. In fact, the correctness of Equation 22 was assumed by 
Bartell and Fu [4] (neglecting, however, the term involving the tempera
ture dependence of cos Θ) in their proposal of an MabsoluteM method of 
surface area determination-that is, by comparing the q obtained by 
means of Equation 24 with an experimental heat of immersion per gram 
of powdered solid, the specific surface area of the latter was obtained. 
An actual verification of Equation 24 should be possible in better defined 
systems and using current gas adsorption methods for independent sur
face area determination. 

A more complex line of approach is that involving the use of two-
component liquid systems, the dilute component of which is surface ac
tive. Thus Fowkes and Harkins [14] measured the contact angles of 
aqueous solutions of η-butyl alcohol at various solid-air interfaces. The 
film pressure at the solution-solid interface was then given by: 

7 r S L / = rsh - rsL' = ïïsvo' + y L V ' c o s 0 ' - y L V cos θ (25) 

where the primes denote values for solution. Equation 25 was assumed 
correct (with the first term taken to be zero). Again, an independent 
verification would be possible through direct studies of the adsorption 
of the solute at the solid-solution interface, combined with the use of 
the Gibbs equation [10], to give an independent evaluation of 7rSL' . 

A question that arises immediately, however, is that of the extent 
to which the solute component is also present at the solid-vapor surface -
i.e., the extent to which an equilibrium mixed adsorbed film is present. 
Qualitative observations by Bartell and Fu tended to suggest that in their 
cases very little adsorption at the solid-vapor interface occurred, justi
fying their neglect of π s v 0 ' . It would take the independent verification 
procedure suggested, however, to confirm the correctness of this as
sumption and of Equation 25. A complete study should include adsorp
tion experiments with appropriate mixed vapors, so as to obtain π s y 0 ' 
independently. 
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Some experiments very similar to these outlined above were car
ried out by Ruch and Bartell [31]. Metal surfaces were equilibrated 
with aqueous decylamine, and the air-liquid-solid contact angles were 
then measured, using small air bubbles. The degree of adsorption of 
the decylamine was determined by optical measurements of the thick
ness of the film, but could be only approximately related to actual 
amounts adsorbed. While the results correlated well with a semi-
empirical analysis, they unfortunately do not allow a ver if ication of Equa
tion 25. As shown in Figure 5, a qualitative calculation of ττ^' , using 
the solution adsorption data, then allows calculation of π s v 0 ', assuming 
Equation 25 to hold. Clearly this last quantity is far from zero, as op
posed to the situation assumed by Fowkes and Harkins for their system. 
Ruch and Bartell in fact took the adsorbed film to be identical in nature 
at the SL and the SV interfaces, but without any independent verification 
of the assumption. 

Figure 5. Calculated film pressures for the 
adsorption of decylamine on platinum 

Data of Figure 3 [31] 

It would certainly be desirable to see some definitive work estab
lishing the validity of Equation 25 in at least a few systems. The above 
two examples suggest, furthermore, that it may be entirely possible to 
have metastable films at one or the other solid interface-for example, 
if the liquid-film transition involves a structural phase change [11], so 
that nucleation may be required to produce an equilibrium film. 
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Heterogeneous Surfaces 

The derivation of Equation 1 by the surface free energy minimiza
tion procedure, both for the gravity-free case and for the one given in 
the discussion of the case of a very large drop, makes it clear that the 
quantity determining y L cos 0 is the net reversible work of replacing 
unit film covered surface by unit solid-liquid interface. If the surface 
is grossly heterogeneous, there will be a driving force for local contact 
angles to be the local equilibrium ones, different on various portions of 
the surface. As a result, varying local curvatures would be introduced 
in the liquid surface, which must be compensated if the net curvature 
and hence the mechanical pressure within the liquid is to be purely 
hydrostatic. Hence there will be a tendency for liquid to extend over 
low contact angle regions and to retreat from high contact angle ones, 
as illustrated in Figure 6. For liquids of ordinary viscosity, the re 
quirement of uniform hydrostatic pressure should be overriding, and 
the various local contact angles may represent some compromise de
manded by this condition. The average contact angle, by whatever ex
perimental procedure it be defined, will then reflect the topology of 
surface heterogeneities, and it is difficult to see how the various 
thermodynamic tests discussed above could be experimentally formu
lated, let alone succeed. 

Figure 6. Shape assumed by a drop 
on a heterogeneous surface 

For microscopically heterogeneous surfaces, in the limit, poly
atomic solids, three types of behavior can be distinguished. The liquid 
boundary may preferentially rest on one or the other type of surface, so 
that the contact angle approximates the minimum or the maximum avail
able local values. In fact, the postulation of this type of behavior has 
been a basis for an explanation of hysteresis [29]. A second possibility 
is that there are locally varying angles, but on so small a scale as 
quickly to average to a single observable one. In a formal way one may 
then write 

_ „ ^ m a x . 

θ = Σ f(0> 0 (26) 
^ m i n . 

where f(0) is an appropriately defined distribution function. Here again 
the topology of the heterogeneities would be involved and it is doubtful if 
thermodynamic relationships such as Equations 24 and 25 can be expected 
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to hold. Finally, it may happen that the average value, y s v 0 - y S L , de
termines cos 0-i.e., 

y L cos Θ = y s v o " r S L ( 2 7) 

Favorable conditions would seem to be heterogeneities of molecular 
dimensions and a mobile adsorbed film such that molecules near the 
boundary experience only an average potential in so far as an equation 
of state such as 19 is concerned. Where Equation 27 does apply, the 
various thermodynamic verifications outlined above should succeed; the 
circumstance is essentially that the solid-liquid and the solid-vapor 
interfaces behave as though a single and not a collection of states were 
involved. Studies of contact angles on cleavage surfaces of pure and of 
mixed crystals might shed some light on the type of average that occurs 
with heterogeneities of molecular dimensions. 

Finally, a note of caution on the danger of oversimplifying the role 
of surface roughness might be raised. Equation 2 follows if it is as
sumed that F s v o - FgL will, for the extension of liquid over unit geo
metric surface, be proportional to the ratio of true to apparent a r e a -
i.e., to the roughness factor-of solid surfaces otherwise identical. The 
integrals involved in Equations 20 and 21, however, are based on an i m 
plicit assumption of a plane surface. To the extent that the curvatures 
in the surface are not negligible in comparison to the depth of film i n 
volved, the potential functions will cease to be functions only of distance 
normal to the macroscopic plane of the surface. Under such conditions, 
the detailed nature of the roughness will be woven into the functions 
themselves, and it will not be true that a simple roughness factor will 
factor out. Bikerman [7] has noted, for example, that in extreme situa
tions such as surface grooves, it becomes obvious that the topology of 
roughness and not just the roughness factor must be considered. For 
rough surfaces, then (and this could mean nearly all experimental sur
faces), the thermodynamic status of the Young and Dupre equation is 
clouded. 

Summary and Conclusions 

The general philosophy of the present paper is that the question of 
whether the Young and Dupré equation is a thermodynamic one is mean
ingless unless there exist in principle experiments capable of deciding 
the point in any given case. We conclude that, apart from possible spe
cial cases such as wires near their melting point, there is little l ikeli 
hood of providing such answers by determinations of the separate sur
face free energies of the solid-liquid and solid-vapor interfaces. In the 
usual circumstance of solids not near their melting point, these inter
faces will not be equilibrium ones, so that it appears operationally 
meaningless even to apply the term of surface free energy to them. 

It appears, however, that since the difference y s v o - is in 
volved, this quantity may be capable of definition independently of the 
question of whether the solid surface itself is an equilibrium one. From 
a molecular point of view, the matter becomes one of estimating the 
difference between solid-liquid and solid-vapor interactions, and two 
simple models were considered. They are capable of at least some ex
perimental reinforcements in the form of vapor adsorption studies, and 
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3. ADAMSON AND LING A Thermodynamic Property 71 

it may therefore prove possible to make useful interpretations of contact 
angle values by means of them. As a negative example, the critical 
surface tension quantity used by Zisman and coworkers [5]-i.e., the 
surface tension of that liquid in a related series which just wets a par
ticular solid-does not seem to be directly related to the surface free 
energy of the pure solid surface, but rather it marks a critical stage, 
in the progression from one liquid to another, in the shape of the χ vs. 
Ρ curve (see Figure 4). In terms of the specific potential function of 
Equation 19, wetting depends on the quantity ax°, which is not simply 
related to either the liquid or solid surface free energy. 

With respect to purely thermodynamic tests of the Young and Dupré 
equation, a study of the temperature dependence of contact angles, com
bined with calorimetric and surface area measurements, offers some 
promise. This would provide a classical second law test. 

The case of contact angles of solutions is more difficult, but offers 
more scope for thermodynamic predictions that would be in principle 
verifiable. In addition to temperature-dependence studies, it is now 
possible to make independent determinations of changes in y s y 0 and γ SL 

with solution composition and hence of the expected changes in contact 
angle. 

The question of the thermodynamic status of the Young and Dupré 
equation is not a trivial one. On the one hand, if the thermodynamic 
state of the interfaces involved is not uniquely defined by the terms in 
the Young and Dupre equation, as may be true for rough and for hetero
geneous surfaces and possibly for some situations with multicomponent 
systems, the thermodynamic tests will fail. The same would be true if 
at the three-phase boundary stretching tensions and not purely surface 
free energy quantities are important. From such thermodynamic studies 
may then émergea recognition of what additional conditions are implicit 
in the equation. This in turn should greatly assist in the formulation of 
better molecular models. Alternatively, if in some classes of situations 
the thermodynamic tests succeed, one gains indirect methods for ob
taining contact angles or changes in contact angles. 

Case of a Very Large Drop 
The derivation of Equation 1 for the gravity-free case is straight

forward and need not be given here. It is mentioned by Pethica and 
Pethica [30]. The case of a very large drop may be proved as follows. 

In the limiting case of a very large drop, one radius of curvature 
becomes infinite, so that, as illustrated in Figure 7, only the curvature 
of a cross section need be considered. In addition, the second radius of 
curvature approaches infinite at the center-i .e. , the middle of the drop 
becomes flat-andarea terms involving the curved rim can be neglected. 

The total free energy then becomes: 

F?ot«i = hpgV + A L V y L V + Α ^ γ ^ + ( A t o t a l - A A ) y s v o (28) 

X 
T 
h 

Φ 

Figure 7. Profile for a very large drop 
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The first term gives the gravitational potential; also, neglecting 
rim areas, A L V = A S L and hA L = V . Making these substitutions, and 
setting the derivative of F f o t a l with respect to h equal to zero, one 
obtains: 

— ) = y L v + y SL " ysyQ (29) 
a / γ 

1 τ \τ 

where a 2 = 2y L V / p g 

Turning to the analysis of the drop shape, the Laplace equation 
may be put in the form: 

2y dp/dy 

a 2 " P (1 + p 2) 

where ρ = dy/dx. This may be integrated to give 

( l ) 2 = d Λ 2 ) 1 7 2 + c o n s t a n t ( 3 i ) 

where the constant is equal to unity if ρ = 0 at y = 0. Since ρ = tan <p9 

Equation 31 may also be written as 

(y/a) 2 = 1 - cos φ (32) 

or, when y = h, 

( ! ) 2 = 1 - cos θ (33) 

Equations 29 and 33 combine to give the Young and Dupré relation
ship. 
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4 
Theory for the Estimation of Surface and 
Interfacial Energies 

VI. Surface Energies of Some Flurocarbon Surfaces 

from Contact Angle Measurements 

ROBERT J. GOOD 

Space Science Laboratory 
General Dynamics/Astronautics 
San Diego, Calif. 

The surface free energy of a solid can be 
estimated from the contact angles of liquids 
on the solid, by means of the equation 

γso = [γ1(1 + cosθ) + πe]2 /. 4Φ2γ1 

The constant, Φ, which is a property of the 
particular liquid-solid system, can be calcu
lated from the molecular properties of the 
two substances: dipole moment, polarizabil-
ity, ionization energy, and molecular radius. 
Free energies have been calculated from 
contact angle data for the following solids: 
polytetrafluoroethylene, polyhexafluoropro
p y l e n e, poly(trifluoromonochloro)ethylene, 
and a monolayer of perfluorolauric acid. 

Zisman's extensive studies of contact angles and wetting led him 
and his associates [15] to the conclusion that the surface free energy of 
a solid, r s o , is approximated by a M cri t ica l surface tension," y c , which 
is the surface tension that divides the liquids forming zero contact an
gle on the solid from those forming contact angles greater than zero. 
A more detailed theoretical justification of this conclusion was given by 
Good and Girifalco [16, 20], who also showed that for 1 'regular" inter
faces—i.e., systems for which the cohesive forces of the two phases, 
and the adhesive forces across the interface, are of the same type—the 
contact angle of the liquid on the solid is related to the surface ener
gies of the liquid and the solid. Fowkes [12,13] has extended the treat
ment of Good and Girifalco to certain cases where the cohesive forces 

74 
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4. GOOD Energies of Fluorocarbon Surfaces 75 

are of unlike type. He found that the component of solid surface energy 
due to dispersion forces could be estimated from contact angle data, 
using a modified form of the equations of Good et al. 

Very recently, Good [17] has extended the theory of interfacial 
energies [16] to include an explicit account of the different types of 
inter molecular forces: dispersion, dipole induction, and dipole orien
tation. In the present paper, we will use the theory, as extended [17], 
to show how the actual surface free energies of certain solids can be 
calculated from contact angle data, including Fox and Zisman 1 s critical 
surface tensions. 

Solubility effects in interfacial tension have been treated very 
recently [18]. For low-energy solids such as polytetrafluoroethylene, 
the correction for solubility effects will be negligible with most liquids. 
However, for metal-metal systems such as liquid bismuth vs. copper 
the effect of solubility on the liquid-solid interfacial tension is very 
marked [19], For solids that are swelled by the liquids, or for mono
layers that are penetrated or filled out by molecules of the wetting 
liquid-e.g. , octadecylamine by alkanes [2, 3, 20]-the solubility correc
tion will be important. Such systems will be treated in a later publi
cation. 

Theory 

Good and Girifalco [16, 20] showed that the interfacial tension be
tween the liquid and solid phases was given by 

Vai = V s o + Yi - 2Φ\/ y s o γγ (1) 

where y s o is the surface free energy of the solid in vacuum. 
This equation was combined with Young's equation [32] to give the 

expression: 

where 0 is the equilibrium contact angle and π β is the equilibrium 
spreading pressure (π β = y s o - y s v ) . Φ is a function of the molecular 
properties of the two substances. It is clear from Equation 3 that if Φ 
is a constant for a series of liquids-e.g. , the alkanes-on a given solid, 
if 7Te - 0> and if yc is the critical surface tension for that series, then 
Yc = * 2 Y s o · 

To discuss how Φ may be evaluated, we note first that for inter
faces other than those involving solids, the equations by which Φ is 
evaluated are symmetrical. Hence the subscripts 1, 2, and 12 are em
ployed, rather than s, 1, and si, to refer to the respective phases. It 
was originally proposed that, for "regular" interfaces, 
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Φ • - A F 3
 1 / 2 a ^ (4a) 

4 r t r 2 _ 4 ( V l V 2 ) 1 / 3 

" (τ» + r 2 ) 2 " ( v»/> + v i / » ) » 

where r1 and r 2 are the molecular radii corresponding to the equilib
rium distances between the centers of force of the molecules, and V i 
and V 2 are the molar volumes. A F a is the free energy of adhesion, and 
A F i and A F 2 are the free energies of cohesion of the separate phases. 

Φ is approximately unity for "regular" interfaces, as defined above. 
But for systems in which the types of inter molecular forces in the two 
molecules are markedly different, it was shown [16] that Φ may be ap
preciably less than unity. The most general expression that can be de
rived from the present model is of the form 

4 r x r 2 Σ Α ΐ 2 

Φ = 2 x ïTâ" (5) 
(r1 + r 2 ) (ΣΑχχ Σ Α 2 2 ) 

where the A T s are the attractive constants in an r " 6 potential energy 
function. Thus in a Lennard-Jones potential, 

Ε = - 5 - - S A ( 6 ) 
r. 12 ~ 6 

Where ΣΑ = A ( d i s p e r s i o n ) + A ( i n d u c t i o n ) + A ( d i p o l e o r i e n t a t i o n ) . When 
the intermolecular forces in each phase are of these familiar types 
[22,23], and when the molar volume expression for the r f s is employed, 
Equation 4 has the more explicit form, 

4 ( V 1 V 2 ) 1 / 3 

Φ = — 
Lrl/3 T r l / 3 \ 2 

\ V i + V 2 ) 

2IiIa 2 (MiM2)' 

3 2 T Λ 2 2 ^ Ï Ï 3 2 τ Ο 2 2^2 
1/2 

(7) 

Here the a Ts are polarizabilities, the μ 1 s are dipole moments, and the 
ITs are ionization energies. When μ x = 0, Equation 7 reduces to 
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4(VjV2) 
1 /3 

Φ 
( v l / 3 + v i / 3 j : 

3 2 T 

1 /2 

2(ΐ!ΐ2) 
1 /2 

I \ 3 2» . o 2 x 2 μ 2
4 

I 1 + I 2 

j i i ( | e a
a i a + a « ^ a

a * | E ^ i 
1/2 

(8) 

This expression is only slightly dependent on the molecular properties 
of phase 1 (the nonpolar phase), since the molar volumes and ionization 
energies of substances of interest do not vary widely, and the second 
term in brackets is generally considerably smaller than the first. 

If both μ1 and μ 2 are zero- i .e . , if the only forces are of the Lon
don dispersion type-then 

Φ 
4(V!V 2) 

1 /3 2(IiI 2) 
1/2 

Solving Equation 2 for y s o , we have 

(9) 

[ y ^ l + cose) + 7re] ' 

4 * V 
(10) 

7^(1 +• cose)' 

4Φ' 
(ID 

For most low-energy surfaces, on which adsorption is small, ire is 
probably negligible in comparison to γ ι [15]. (However, for metal-
metal systems, πβ cannot be neglected, as shown by Bailey and Watkins 
[l] for lead on copper.) Since y s o is a property of the solid only, the 
right-hand side of Equation 11 should be equal to a constant. 

Application of Theory 

The surface free energies were calculated by Equation 11 for poly
tetrafluoroethylene (Teflon), polyhexafluoropropylene, poly(trifluoro-
monochloro)ethylene (Kel-F), and a perfluorolauric acid monolayer on 
an inert substrate such as platinum. Figures 1 to 5 show the results of 
this calculation. In each figure, the calculated value of y s o is plotted 
against the surface tension of the liquid, γ γ . According to the discus
sion of Equation 11, above, the best horizontal line through the data points 
should correspond to the surface free energy of the solid, y s o . The 
narrowness of the dispersion of points around that line should be a 
measure of the quality of the entire treatment, and of the correctness 
of choice of the parameters μ, α, I, and V, employed in Equation 7, 8, 
or 9. 
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Figure 1. Surface free energy of Teflon 
yso calculated on basis of μ = 1.2 

Alkanes 
Alkylaryl compounds 
Halogenated hydrocarbons 
Dialkyl ethers 
Water, glycerol, 
Ethylene glycol, formamide 

V Fatty acids 
Ο Alcohols 
+ Amines 
• Esters 
• C S 2 

Contact angle data, and the surface tensions of the test liquids, 
were taken from the work of Zisman et al, [4, 5, 8, 9,14,15, 22]. Data for 
the computation of Φ, to use in Equation 11, were from the following 
sources: Ionization energies were from Field and Franklin [l l] and 
(for fluorocarbons) from Reed [28]. Dipole moments were taken from 
Smyth [29] and from the compilation of Wesson [30]. Polarizabilities 
were computed from refractive indices by the formula 

M 
α = 4 ^ ΐ χ Λ χ η 

η 2 + 2 4 * Ν d 

(12) 

where Μ was taken to be the group-molecular weight, for each com
pound, corresponding to the size of the group that would act as a unit 
(or center of force) in nearest-neighbor attractive interactions. Table I 
lists the substances and the groups that were considered to act as units, 
for this purpose. (The same choices were made in determining the V^s 
for use in the molar volume term in Equations 7, 8, and 9.) 

T A B L E I. Substances Acting as Units 

Substance 

Teflon 

Polyhexafluoropropylene 

K e l - F 

Perfluorolauric acid monolayer 

Group Considered in Choice of M , E q . 12 

C F 2 

C F 3 

C F 2 (CFC1 also tried. See below) 

C F 3 
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T A B L E I. Substances Acting as Units—Continued 

Substance 

Alkanes 

Alkyl ethers 

Alkylaromatic compounds 

Chlorinated hydrocarbons 

Brominated hydrocarbons 

Iodinated hydrocarbons 

H 2 0 

Alcohols (including polyhydric) 

Fatty acids 

Alkyl amines 

Esters 

Group Considered in Choice of M , Eq . 12 

C H 3 

C H 3 ( -Ο- also tried) 

A r y l ring 

C - C l 

C - B r 

C-I 

Molecule as a whole 

C -OH 

CH 3 ( C 0 2 H also tried) 

C H 3 (same as NH 2 ) 

C Q 2 C ; or for aryl esters, aryl ring 

40 

30 

(X) 

ANGLE OF FORMAMIDE H 

_i I ι 1_ 
25 30 35 40 45 50 55 60 65 

Figure 2. Surface free energy of Teflon 
y s o calculated on basis of μ = 0 

• Alkanes V Fatty acids 
• Alkylaryl compounds Ο Alcohols 
• Halogenated hydrocarbons + Amines 
Ο Dialkyl ethers • Esters 
χ Water, glycerol, • C S 2 

ethylene glycol, formamide 
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Table Π summarizes the results of the computations for the four 
substrates. No estimates of probable errors are reported. A statisti
cal treatment seemed inappropriate in view of the widely divergent 
molecular interactions involved for the various different species, which 
is discussed below. 

55 60 65 70 

Figure 3. Surface free energy of polyhexafluoropropylene 
γ calculated on basis of μ = 1.2 

• Alkanes x Water, ethylene 
• Alkylaryl compounds Glycol, formamide 

Figure 4. Surface free energy of Κ el-F 
y s o calculated on basis of μ =1.2 

m Halogenated hydrocarbons 
• Esters 
χ Water, glycerol, formamide 
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X y =13.0 
'so 

20 25 30 35 40 45 50 55 60 65 70 

Figure 5. Surface free energy of perfluorolauric acid monolayer 
y s o calculated on basis of μ = 1.0 

• Alkanes χ Water, glycerol 
A Alkylaryl compounds V Fatty acids 
• Halogenated hydrocarbons • Esters 
Ο Dialkyl ethers 

T A B L E II. Results of Computations 

Solid Surface Calculated y s o , Ergs /Sq . C m . 

Polytetrafluoroethylene (Teflon) 24 
Polyhexafluoropropylene 19 
Perfluorolauric acid monolayer 13 
Poly(trifluoromonochloro)ethylene (Kel-F) 38 

Discussion of Results 

The imposing number of substances whose contact angle on Teflon, 
etc., had been reported by Zisman et al. precludes a detailed discus
sion of each compound at this time" (indeed, it was in part for this 
reason that the present study was restricted to only four substrates.) 

It is evident from Equations 7, 8, and 9 that the results of this 
treatment are dependent on the choice of molecular parameters: the 
dipole moments, the polarizabilities, the ionization energies, and the 
molar (or group-molar) volumes. Consequently this treatment should, 
in principle, be a method of examining molecular interactions on a 
microscopic scale. If correct assumptions are made for every com
pound, about the nature of the interactions—e.g., dipole-dipole attrac
tion, etc.—the same value of the surface free energy should result. 
However, it would be out of the question to adjust four parameters 
freely in order to minimize the dispersion in calculated values of y s o . 
In this study, only physically reasonable values of these parameters 
were employed in the treatment, and the dipole moments of the sub
stance forming the solid phase were the only parameters for which any 
attempt at further adjustment was made. For nonpolar substances and 
halogenated hydrocarbons, the "goodness of fit" to a horizontal straight 
line was not appreciably altered (beyond the experimental scatter to be 
expected from the data) by choice of one physically reasonable value of 
the dipole moment or another. On the other hand, the calculations 
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made from contact angles of more highly polar liquids yielded definite 
indications for the polar nature of a solid fluorocarbon surface. 

(While contact angle data are reproducible when extreme care is 
taken—e.g., when different laboratories use the same materials and 
technique—still the values of the adhesion tension, T^cosfl, are ordi
narily reproducible to a precision of only about ±1 erg per sq. cm. 
Also, it is evident that the sensitivity of the term, y^osfl, to errors 
in θ increases in proportion to sin0. Since θ increases with increasing 
γ19 the uncertainty in the calculated value of y s o , due to experimental 
errors in Θ, increases toward the right in Figures 1 to 5). 

For Teflon (Figure 1) computations were made assuming a 
dipole moment of 1.2 debyes, corresponding to the group moment of a 
C - F bond [29]. In other words, the quadrupole and other higher orders 
of moments of the fluorocarbon molecules were considered. Such a 
model of the surface is physically reasonable, in the first place because 
the bond dipole must always be directed with the negative pole "out
ward" from the carbon chain; and in the second place, the crystallinity 
and spiral structure of the polymer [6, 24] ensure the presence of C - F 
dipoles in essentially fixed orientations such that the surface will have 
a net dipole moment. An examination of molecular models leads to the 
conclusion that it is impossible to attain an exact compensation of d i 
pole fields. In Figure 2, zero dipole moment (which, as just noted, is 
physically less reasonable) was assumed. Clearly, the choice of μ= 1.2 
(Figure 1) leads to a much narrower dispersion in the calculated y s o ; 
in particular, substances such as water, formamide, and C 2 H 2 C l 4 yield 
y s o values that are fairly consistent with those obtained with nonpolar 
liquids, whereas when μ = 0 is employed, water and formamide yield 
y s o

T s that are three to ten times as large. 
A similar better consistency of calculated values of yso was noted 

when calculations were made employing bond dipole moments for 
polyhexafluoropropylene, for the perfluorolauric acid monolayer, and 
for K e l - F , as opposed to calculations made using μ = 0. Since poly-
(trifluoromonochloro)ethylene must have a spiral structure with shorter 
period than that of polytetrafluoroethylene, the reasoning just given 
regarding the surface polarity of Teflon must hold a fortiori for K e l - F . 
Polyhexafluoropropylene and a perfluorolauric acid monolayer both 
have C F 3 groups populating the surface, and so a net surface dipole 
moment is most certainly to be expected. Resolution of bond-dipole 
vectors [29] shows that the moment should be approximately 1.2 debyes 
per molecule. 

It should be possible in an extensive and carefully planned study of 
contact angles of various liquids on a single solid, to examine the fine 
structure of the liquid-solid interface and of the surface of the bare 
solid. For example, molecules such as those of a fatty acid, amine, or 
alcohol can be expected to pack to a considerable extent as parallel 
chains in the interface, with the methyl groups toward the fluorocarbon. 
Hence the value of μ = 0.4 debye [29], corresponding to the moment of 
a C H 3 grouping, should be chosen for such molecules, rather than the 
actual dipole moment of the molecule as a whole, since the carboxylic 
acid group, or the amine or alcohol group, can be expected to be o r i 
ented toward the interior of the liquid phase. The -OH groups, etc., 
should form hydrogen bonds to like groups within the liquid, since this 
would be energetically more favorable, rather than orienting toward the 
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C - F dipoles. The calculated y s o
T s from data on alcohols, acids, and 

amines were actually in better agreement with the results obtained 
from contact angles of nonpolar compounds, when μ = 0.4 was used 
rather than the actual moments of the molecules. The improvement 
was by about 3 to 5 ergs in y s o , which is a large enough effect to con
sider significant, and which qualitatively confirms the expectations just 
mentioned as to orientation. 

Relationship to Other Recent Developments 

Method of Fowkes. Fowkes [12,13] has proposed that TTthe surface 
tensions [are] a measure of the attractive forces between surface lay
ers and liquid phase, and that such forces and their contribution to the 
free energy are additive." From this he concluded that the surface 
tension of a liquid could be resolved into additive terms-e.g. , for 
water, 

η = r r (13). 

where superscript h refers to hydrogen bonding, and w to dispersion. 
He then proposed that an expression of the form of our Equation 1, with 
Φ = 1, be applied to each component of the surface tension. For exam
ple, for the interface between water and a saturated hydrocarbon, 

Y12 = y i + γ 2 - 2 V V Υ2 <14> 

This treatment is in principle quite consistent with ours [18], ex
cept for the omission of the term 2 ( 1 1 1 2 ) 1 / 2 /(11 + 12)? which is included 
in Equation 9. (The importance of the term in the ITs, Equation 5, was 
not discussed [18] until after FowkesT paper had been published.) F u r 
ther, this term in the Γ s is itself an approximation. Pitzer and Donath 
[7, 26]have discussed the London [25] expression for dispersion energy, 

A 3 2 , A n = 4 « 1 1 

A 1 2 = f a i a 2 χ ̂  (15) 

They pointed out that I should be replaced by a new energy term, U, 
which arises in the perturbation treatment of the interaction, corre
sponding to the fact that more than one electron may be promoted to the 
continuum. U may be several times as large as I; but except for the 
simplest atoms, it is not practical at this time to evaluate the U T s . 

Fowkes1 expression (Equation 14) is justified for most molecules 
because [18] the effective group radii are not very different, and the 
ionization energies of most common molecules fall in the range of 
about 9 to 12 e.v. Hence the expression for Φ (Equation 9) leads to 
values between about 0.97 and 1 for most common nonpolar molecules. 
However, systems in which one phase is a fluorocarbon constitute an 
exception. For example, if the ionization energy of a fluorocarbon is 
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17.8 e.v. [28] and that of benzene is 9.24 e.v. [10], the calculated value 
of Φ is 0.92. (This calculation assumes dispersion forces only.) 

Fowkes discusses his treatment in another article [ l l j . But it 
should be pointed out here that the 7 s o

T s calculated by Equation 3 (or 
Equation 2 if πε is appreciable) together with Equation 7, are the specific 
surface free energies of the solid—e.g., 

^ s o = ^ ( d i s p e r s i o n ) + ^ ( i n d u c t i o n ) + ^ ( d i p o l e o r i e n t a t i o n ) (16) 

The first term on the right is the quantity which Fowkes1 method cal 
culates. 

Limitations on Method of Estimating Surface Energies 

Entropy Effects. Interfacial orientation such as suggested for the 
fatty acids, alcohols, and amines (and which would be present with cer
tain other series of compounds also) should lead to a negative contri
bution to the interfacial entropy, a s l . The interfacial tension will be 
greater than in the absence of the orientation, since 

y . i = «.i " Τ σ * ι <17> 

A similar orientation will exist in the liquid-vapor interface, with 
similar incremental effect on γγ. However, the increases in γι and y s l 

will not necessarily be of equal magnitude. Equation 1 does not recognize 
orientation; so the value of y s l calculated by Equation 1 will be incorrect 
because the y χ used in Equation 1 is unduly large, and because an incre
ment must be added to the calculated value of y a l on account of orienta -
tional entropy at the solid-liquid interface. 

If the excess components of γι and y s l ,dueto orientational entropy, 
are, respectively, δι and ô s l—i.e., excess surface entropy over that 
corresponding to a "normal" Eotvos constant [17]—Equation 1 becomes 

Yui ~ ô s i = rso + - δι + 2ΦΝ/ η ο (Ύι - Ô!) (18) 

Combining Equation 18 with YoungTs equation (in the case when π β = 0), 

Ysi = Yso ' Y i c o s e ( 1 9 > 

4Φ V i - δ!) 

No quantitative basis exists at present for determining the value of 
ô s i , a n ( * indeed, only a very rough estimate can be made for δχ. But 
it is evident that δι and Ô s i should be of about the same magnitude, and 
hence they will tend to cancel, in Equation 20. As a result, the method 
for estimating surface energies may not be extremely sensitive to the 
effect of orientation on surface entropy. 
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Errors in Potential Functions. Equation 7 will yield the correct 
value of Φ only if the potential energy functions making up A n , A 2 2 , 
and A i 2 are correctly stated there. For example, the question about 
the use of l1 and I 2 has already been mentioned. If, in addition, types 
of force other than dispersion, induction, and dipole-dipole orientation 
make significant contributions to the surface energy, Equation 7 will be 
in error and the results invalidated to the extent of the other contribu
tions. (The Sinanoglu-Pitzer treatment of dispersion forces, which in
volves a third-order perturbation treatment of three interacting bodies, 
has not as yet been put in suitable form for application to complex mol
ecules. Hence this effect was not included in the treatment above or in 
[18].) 

A further limitation is in the fact that the attractive potential term, 
Equation 6, is in r ~ 6 . If the other types of forces obey a law in r ~ n 

with η * 6, then the term in molecular radii (Equation 5) will involve a 
different power of the r T s . In particular, if η < 4, the quadruple inte
gration employed in deriving Equation 5 breaks down. Such is actually 
the case for dipoles in fixed orientation, for which the attractive term 
is 

Ε = - M l ^ S i n < 3 (21) 

where β is the angle between the axes of the dipoles. 
Fortunately, for most common molecules at their equilibrium sep

aration, this term makes a contribution to the energy of interaction 
that is of approximately the same size as that for rotating dipoles, 

- 2 ( μ ι μ 2 ) 2 

E " 3kTre ( 2 2 ) 

(This was found to be true, in particular, for the interaction of halogen-
carbon dipoles with water [18].) And dipoles outside the first coordina
tion sphere of a given polar molecule are usually not so strongly o r i 
ented as to cause Equation 21 to apply to them. 

This point was examined at some length [18] for systems of various 
organic liquids vs. water. The discussion above of the orientation of 
group dipoles—i.e., of quadrupole and higher order pole effects—con
stitutes an extension of the earlier discussion [18]. To complete this 
theoretical treatment, it will be necessary to examine in detail the 
group-dipole interactions in fixed orientations, in a model for the sys
tem where nearest-neighbor interactions are considered separately 
from the attractions of further-removed molecules. 

Summary of Limitations on This Treatment. The calculated values 
of y s o will represent the true surface energy of the solid, if the fol
lowing conditions hold: 

The liquid does not perturb the solid. 
The contact angles employed are true equilibrium angles. 
The spreading pressure, ire, is negligible. (In principle, negative 

as well as positive values of π β are possible.) 
Errors due to orientational entropy effects, as discussed above, 

are not important. 
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The potential functions that determine the attractive molecular in
teractions are known, and correctly stated (see above). 

Second-nearest-neighbor interactions either follow the same laws 
as the nearest-neighbor interaction or are negligible. 

Errors due to concentration gradients (both at the interface and at 
the surfaces of the separate condensed phases) are negligible or else 
cancel. 

The solid surface is homogeneous, in that defects, dislocations, 
edges, corners, etc., do not make important contributions to the sur
face energy. (This limitation also applies to the calculation of the dis
persion contribution to the surface energy.) 

Most, and hopefully all , of these limitations are of such kind that 
experimental examination of their importance will be possible. Results 
previously reported for liquid-liquid interfaces [18] indicate that these 
limitations may lead to an over-all error as small as 1 or 2 ergs per 
sq. cm. 
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5 
Wettability by Heats of Immersion 

A. C. Z E T T L E M O Y E R AND J. J. CHESSICK 

Surface Chemistry Laboratory 
Lehigh University, Bethlehem, Pa. 

Heats of immersion are effective in rating 
the average polarity or field strength of polar 
surfaces, and in assaying different batches 
of the same type of fine powders, whether 
pigment, catalyst, or filler. The technique 
of following heats of immersion as a function 
of precoverage provides one of the simplest 
ways of ascertaining the heterogeneity of sur
faces; it is useful whether the heterogeneities 
take up a very minor or large fractions of the 
surface area. The wetting of surfactants for 
low energy surfaces can be readily rated by 
heats of immersion; the change with surface 
concentration as given by tracer measure
ments and the effect of added counterions 
have been followed. Differences between 
heats of immersion of Graphon into hexanoic 
acid and into the sodium salt yield directly 
estimates of heats of formation of the double 
layer at the solid-solution interface. 

This commentary on the current status of research on heats of i m 
mersion begins where our review written in 1958 concludes [6]. The 
classification of heats of immersion of solids into liquids as a function 
of precoverage is expanded to include two new types of curves. Several 
difficulties in heat of immersion research are discussed. Then, cur
rent applications of heats of immersion to determine the average po
larity of solid surfaces, heterogeneities on solid surfaces, wetting by 
surfactants, hydrophilicity of solid surfaces, and thermodynamics of 
the specific interaction of molecules from solution onto solid surfaces 
are described. 

Heats of immersion can provide information on energies of inter
action for systems in cases of spreading wetting or zero contact angles. 
The approach is particularly suitable for mapping the energetics of 
surfaces which, of course, are invariably somewhat heterogeneous. 
Even if the liquid has a very low vapor pressure, and consequently low 
equilibrium pressures to be employed in preconditioning to follow heats 
of immersion with coverage, ample time can be allowed to reach the 
required state; the bulbs containing the solid are sealed off and taken 
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5. ZETTLEMOYER AND CHESSICK Wettability Heats of Immersion 89 

Figure 1. Classification of heat of immersion curves 
as a function of preadsorbed wetting liquid 

a. Essentially homogeneous surface. Water on chrysotile asbestos [40] 
b. Heterogeneous surface. Water on anatase titanium dioxide. Classic case 

given by Harkins [11] 
c. Low-energy surface possessing isolated polar sites. Water on Graphon [31] 

or some polymers 
d. Swelling of stratified mineral. Polar adsorbate such as water absorbing at 

rather definite pressures. Water on and in Wyoming bentonite [39] 
e. Gradual filling of pores, leaving no appreciable area and so a negligible heat 

effect at high relative pressures. Methanol on charcoal [21]. Benzene on 
graphitized black [19] 

to the calorimeter only after the absorbate has been distributed to the 
appropriate sites. Calorimeters can give precise results only for 
powders, except for the most sensitive types which can handle coarse 
materials measuring only a few hundredths of a square meter per gram. 

Classification 

The previous classification [6] is repeated in Figure 1. 
A sixth type of heat of immersion curve can be predicted from the 

isosteric heats determined by Graham [9] for carbon tetrafluoride and 
other gases on polytetrafluorethylene. The prediction can readily be 
made from the equation: 

= / o
r q s t d F + WL (1) 
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V P/Po 

Figure 2. New types of heat of immersion curves 

f. Weak adsorption such as C F 4 on polytetrafluoroethylene 
g. Swelling of aggregates at high relative pressures 

where h. ( S L ) and h i ( S f L ) refer to the heats liberated in ergs per square 
centimeter on immersion of the bare and film-covered solid, respec
tively, into the liquid, Γ is the surface coverage in moles per square 
centimeter, q s t is the isosteric heat of adsorption (from two tempera
ture isotherms), and A H L is the heat of liquefaction per mole. Heter
ogeneities plus low energies of adsorption yield a heat of immersion 
curve which starts above the heat of liquefaction but then falls below, 
as in Figure 2,f. Such a curve has not yet been directly measured. 

A seventh type as predicted from Kiselev's measurements of gas-
solid interactions [15] is depicted in Figure 2,g. Here, the commonly 
found decrease of heat of immersion with coverage is followed by a 
rising portion, which is believed to be due to the expansion of aggre
gates and possibly consequent energy release. 

Problems in Heat of Immersion Technique 
A number of difficulties in measurement and interpretation of heats 

of immersion have come to the fore in recent years. These problems 
are sometimes pertinent to the other techniques as well. They must be 
taken into account if valid results are to be obtained. 

Polar solids collect organic contaminants from the air merely on 
exposure in the laboratory. They may also become contaminated during 
manufacture, or by stopcock grease. It is sometimes exceedingly dif
ficult to solve this problem. The organic impurities can be eliminated 
from titanium dioxide, for example, by heating in a vacuum at450°C. [13]. 
A liquid nitrogen trap must be inserted between the final stopcock and 
the sample being outgassed. If the solid is washed with an organic 
solvent or series of solvents to remove contaminants, the surface may 
be left even dirtier than at the start. This situation is particularly 
prevalent in the case of oxides. 

The removal of impurities by outgassing may include reduction of 
the surface. Thus, oxygen deficiencies are created in the surface of 
rutile T i 0 2 by outgassing at 450° in a vacuum; the reduction is indicated 
very sensitively by the gray color produced. When oxygen is returned 
to the surface by admitting it to the hot sample, the color returns to 
white. Oxygen is much less readily removed by outgassing if organic 
contaminants are kept from the surface. The heat of immersion of the 
deficient surface was about 50 ergs per square centimeter greater than 
for the stoichiometric surface in the case of one T i 0 2 sample studied 
[13]. Both problems of surface contamination and deficiencies must be 
attacked if proper wetting results are to be obtained. 

A prevalent problem is interpretation of the interaction occurring 
in the calorimeter as physical or chemical. Coupled with this problem 
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is the omnipresent water which tenaciously holds to high-energy solids. 
Physical adsorption is not all that can occur during the wetting process. 
A particular difficulty arises if heats of immersion obtained after activa
tion at several temperatures are compared. After low temperature 
activation, the interaction may be entirely physical, whereas after high 
temperature activation some of the interaction may be chemical. Such 
effects have been well explored in the case of silicas [13,30] interacting 
with water, and oxides such as titania [15] and alumina [25,26,27] i n 
teracting with water or with organic molecules such as alcohols. Yet, 
the complication of chemisorption as higher and higher activation tem
peratures are employed is not always quantitatively considered [25, 
26,27]. 

A plea should be made that other techniques should be brought to 
bear on the problem whenever any unknown system is investigated. A 
well established heat of immersion value in itself is not sufficient. As 
indicated by the classification, heat of immersion followed as a function 
of precoverage reveals far more about the wetting characteristics of the 
system. But very different studies are also helpful. For example,butyl 
chloride was earlier believed to stand upright in close-packed array on 
rutile, as does the hydroxide or amine [35]. Recent adsorption isotherms, 
however, indicate that it lies flat [13]. Infrared spectroscopy is a power
ful tool, when the powder is sufficiently fine, in determining the number 
per unit area and the nature of the hydroxyls on silicas [12, 16, 20] and 
alumina [17]. Water vapor isotherms locate the number of hydrophilic 
sites on an otherwise hydrophobic surface, such as presented by graph-
itized blacks [32], flame-hydrolyzed silicas [35], or silver halides 
[10,38], and this is a useful technique even for rather low area solids. 
In addition, as determined by Kiselev et al. [1], ground quartz agglom
erated in such a fashion that the ground samples yielded much lower 
nitrogen areas than water areas as estimated from the isotherms. In 
this case, the heats of immersion per unit area (based on nitrogen) 
would be higher than if the total area available to the water molecules 
was used. 

The large decrease in heats of immersion of the same oxide in 
water or hexane as a function of increase in surface area (decrease in 
particle size), as reported by Wade and Hackerman [25, 26, 27], cannot 
be explained by Kiselev's finding. In fact, the trend is opposite in the 
case of the silicas, aluminas, and titanias which they investigated. It 
appears, instead, that the less amorphous, coarser granules orient 
several layers of adsorbate. For silica-water systems, for example, 
the difference between low and high area silicas can be 500 ergs per 
square centimeter or more. Such a difference amounts to 7 kcal. per 
mole, if all of the extra energy is ascribed to the first adsorbed layer. 
Contrariwise, this additional interaction energy maybe distributed over 
several layers. The suggestion is made that an icelike structure is 
developed over the crystalline faces of the coarse particles. NMR 
might reveal such structure; Pethica [18] has found a surprising amount 
of icelike structure around micelles using this tool. 

Application of Heats of Immersion 

The average polarity of solid surfaces can be estimated from heats 
of immersion into selected liquids, usually η-butyl derivatives possessing 
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a single functional group. From the slope of the line of heat of immer
sion (or better, heats of adsorption obtained by substracting the enthalpy 
of the liquids, h L) vs. dipole moment, the surface force field, F, emanat
ing from the solid can be estimated. The first such curve [4] obtained 
for a rutile is given in Figure 3. Additional values reported by Zettle-
moyer, Chessick, and Hollabaugh [35], by Romo [22], and by Dear,Eley, 
and Johnson [8] are listed in Table I. 

800i 

ι ι ι ι . ι 
0 I 2 jjl 3 4 5 

DIPOLE MOMENT 

Figure 3. Determination of polarity of solid 
surface (rutile) 

Chemisorption must be avoided. Close-packed, perpendicular 
array and same distance from dipole to surface assumed. 
Chloride lies flat on this substrate [13] 

Table I. Electrostatic Field Strengths, F , and 
Dispersion Energies, E w 

Powder 

Rutile (bare?) 
(bare) 

( A l 2 0 3 - S i 0 2 coated) 
C a F 2 

S i 0 2 (Aerosil) 
2o 3 

Graphon 
Teflon 
Iron blue 

(high strength) 
Chrome yellow 

(med.) 
Barium lithol 

(str. med. tone) 
Carbon black 

(short channel) 

B E T Area, 
Sq. M . / G . 

F , E .S .U . /Sq .Cm. 
χ 10 " 5 Ergs /Sq .Cm. Ref. 

7.7 2.7 145 Î3] 
6.4 2.0 125 [22] 

11.2 3.2 135 [22] 
12.7 2.5 105 [35] 

120 1.1 75 [35] 
0.4 1.9 335 [8] 

95 0 80 [3] 
9.0 0 25 [5] 

87 2.2 105 [33] 

6.7 1.9 105 [33] 

41 (1.7) 105 [33] 

120 0.7 105 [33] 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
00

5

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



5. ZETTLEMOYER AND CHESSICK Wettability Heats of Immersion 93 

These results are not discussed in detail here. 
The Aerosil silica was 75% hydrophobic, as indicated by 100 x 

ς η 2 ο / ς ν 2 î thus, surface regions of very different polarity are averaged 
in the value of 1.1 x 10s e.s.u. per sq. cm. The graphitic surface of 
Graphon displays no metallic character toward the dipoles employed; 
graphite had earlier been classified with metals as to adsorption char
acteristics [2]. The dispersion energy for the alumina on aluminum is 
usually large, as discussed by Eley [8]. Our values for rutile are prob
ably less reliable than Romo's, because it has recently been concluded 
that a truly bare rutile surface is exceedingly difficult to prepare. A 
most important application of the F values will doubtless be to compare 
different samples of the same material and to relate them to other 
properties such as flocculation tendencies in organic media. It would 
also be interesting to compare F values for the different surface area 
samples studied by Wade and Hackerman. Finally, very little applica
tion and analysis of the E w values have yet been made; they were cal 
culated by subtracting 25 ergs per sq. cm. for the enthalpy of the 
hydrocarbon from the intercepts. 

Heterogeneities in Site Energies 

These heterogeneities can be assayed by exploring the variation in 
heat of immersion with coverage. For example, the acid sites on crack
ing catalysts can be explored by following the heat of immersion into 
liquid butylamine as a function of precoverage with butylamine from the 
vapor state. Rather, the reverse is done and the powder is first sat
urated with the vapor, so that all the active sites are covered after 
pumping at 25°C. Typically, about 50% of the surface retains butylamine. 
To prepare successive samples for heat of immersion determinations, 
increasing temperature are employed for outgassing. The derivative 
of the heat of immersion curve provides a differential heat curve, and 
the differential of the latter curve yields, when inverted, an approximate 
site energy distribution [34]: 

d(AH d ) 

Two such curves are plotted in Figure 4. The catalyst with the 
larger number of low energy sites was also the most active in cracking. 
The original heat of immersion curves, rather than these derived 
curves, reflect the site energy distributions. In an interesting sidelight, 
it was found that the differential heat curve for a kaolin catalyst [34] 
contained a maximum at 0.4 0. This maximum was suspected to be 
caused by lateral interactions, even though 0=1 for butylamine cor
responded to 50% coverage. To explore this possibility, sterically 
hindered diethylamine and pyridine were employed as adsorbates. Only 
about 40% coverage was retained in these cases, suggesting strongly 
that the acid sites were close neighbors and so occurred in patches. 

Wetting Ability of Surfactants 

The wetting ability of surfactants for low energy surfaces shows 
great promise and has only begun to be explored [20,24, 36,37 ]. Graphon 
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• 25% A l 2 0 3 

• 13% A l 2 0 3 

20 40 
K C A L / M O L E BuNH 2 

Figure 4. Site energy distribution from heats 
of immersion into n-butylamine as a function 
of precoverage 

25% A 1 2 0 3 catalyst showed greater activity 

has been employed as the powder to be wetted, because it presents a 
large and uniform surface. Measurements were first made on a series 
of surfactants to examine the utility of the method. Then, sodium 
dodecyl sulfate (NaDS) and sodium dodecylbenzene sulfonate (NaDBS) 
were studied in detail; the amounts adsorbed were also monitored as a 
function of concentration. The NaDS adopted two preferred packings, 
the closer one occurring at higher concentrations or when salt was 
added. When the heats of immersion were put on a molar basis, the 
values in Table II were calculated. Heats of dissolution were negligible. 
The lower energy value obtained at the closer packing apparently r e 
flects repulsion between the head groups. 

Table II. Surfactant Heats of Adsorption on Graphon 

Area per Anion, Sq. A . - A H W , 
Kcal . /Mole 

NaDS 

NaDBS 

37 
67 

48 

7.6 
9.5 

8.8 

If calcium is added to the solution, an even closer packing results. 
Trace calcium had a large effect on either the heats or the packing. 
Indeed, the Graphon flocculated markedly even at a few parts per m i l 
lion. To avoid traces of polyvalent ions, an all-plastic calorimeter was 
developed, as depicted in Figure 5. 

Hydrophilic Nature of Surfaces 

The hydrophilic nature of surfaces deserves separate attention, if 
only because water is omnipresent. Except for silica surfaces, little 
is yet known about the precise nature of its interaction with solids. 
Figure l , a , is exemplified by the interaction of water with hydrophilic 
asbestos [40]; the heat of immersion falls in equal increments, indicating 
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A 

Β 

Figure 5. Plastic calorimeter for measuring heats 
of immersion of low-energy surfaces in surfactant 
solutions 
Multivalent ions avoided 
Sensitivity. 0.01 cal. ± 3%, with electronic galvanometer 

a homogeneous surface (for water), to the value of 118.5 ergs persq. cm., 
the enthalpy of liquid water. Figure l ,c , typifies an essentially hydro
phobic surface possessing a few hydrophilic sites; in the case of Graphon, 
about 1/1500 of the nitrogen area accepts water and the coverage curve 
rises from about 32 to 37 ergs per sq. cm. when equilibrated at 0.95 
relative pressure before immersion [32]. Water interacts, in this case, 
more energetically with the precoated surface; however, the water is 
adsorbed in isolated patches. Polar sites provided by surfactants and 
the like on polymer and essentially hydrophobic organic coatings will 
interact with water in a similar manner. This interaction may be the 
precursor to undesired attack of ambients on surfaces, or it may be 
desired, as with cloud nucleants such as silver iodide [16,32,38]. 
Curiously, this solid is largely hydrophobic (75%), in contrast to the 
hydrophilic character previously assigned by cloud physicists [10, 
32,38]. 

The nature of the interactions of water with oxides or hydroxyl 
groups on oxides remains largely unsettled. In the case of titania, it is 
not yet certain whether hydroxyls exist on the surface (Ti -OH in solu
tion is unknown). An intriguing break in the curve of heat of immersion 
vs. activation temperature, recently found, is depicted in Figure 6. It 
occurs between 120° and 130°C, and its magnitude is about 10%. The 
strange finding is that alumina-coated titania behaves in the same way; 
and so do other oxide-coated titanias. Other techniques are needed to 
help to decide whether the 120° to 130° range under vacuum separates 
physically adsorbed molecules from the surface and leaves onlychemi-
sorbed molecules behind. When such a finding is made for each mate
rial , it suggests an experimental artifact; none has yet been found. For 
example, no appreciable change in heat of bulb breaking was discovered 
in the 120° to 130° range. 

Some attempt has been made recently to separate the total heat of 
immersion due to changes in the adsorbent and that due to changes in 
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130 140 

TEMP. ° C 

Figure 6. Heat of immersion of rutile as a 
function of activation temperature 

Break found for bare surface as well as oxide -
coated rutiles. 

Upper curve. Alumina-coated rutile 

the adsorbate for the B a S 0 4 / H 2 0 system [7,29]. The free energy and 
entropy changes in both were obtained. 

Solution Adsorption Studies 

Solution adsorption studies also deserve to be set apart. A start 
was made in 1956 by following 1-butanol adsorption out of water onto 
Graphon by heat of immersion measurements [31]. A model of prefer
ential adsorption of the butanol, plus the measured adsorption isotherm 
and measured heat effects due to wetting of the adsorbed film at various 
pertinent concentrations, allowed the heats of immersion to be calculated. 
Interaction between molecules in the adsorbed film were taken to be the 
same as in the bulk solution. The calculated values were in excellent 
agreement with the experimental heats of immersion, as illustrated in 
Figure 7. No further studies of this kind have been performed on other 
functional groups, different chain lengths, or other molecular struc
tures. 

An incremental analysis of the contributions of various groups can 
be made by the heat of immersion technique. Heat of interaction of 
adsorbed layers with the equilibrium solutions can be directly deter
mined by removing the equilibrated solid from the solution, drying it, 
and then re-immersing it into the equilibrium solution in the calorimeter. 
Lateral interactions can be determined from measurements at low and 
high coverages. 

Heats of immersion have been useful in elucidating the adsorption of 
heptyl derivatives out of paraffin oil onto a polar silica [28]. It was 
established that heptyl chloride is not adsorbed from solution in this 
system, and that the other polar derivatives, such as the alcohol and 
amine, form close-packed monolayers. 

Heats of formation of double layers are being determined [14] by 
comparing the heats of immersion of Graphon in solutions of fatty acids 
at high (double layer forms) and low pH (un-ionized). 
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INITIAL CONC.-GM./100ML. 
Figure 7. Heats of immersion of 
Graphon into 1-butanol in water solu
tions 

• Experimental points 
Calculated on basis of simple model 

Rovinskaya and Koganovskiï [23] have recently made an incremen
tal analysis of the effects of functional groups on the free energy of 
adsorption of benzene derivatives from water solutions on charcoal. 
This effort suffers from the use of an inhomogeneous and porous sub
strate. Furthermore, wetting of the adsorbed films and lateral inter
actions were not accounted for. By measuring the required heat effects 
at several temperatures, using a more satisfactory adsorbent, the entire 
thermodynamic picture could be unfolded. 

Summary 

Applications of the heat of immersion technique to determinations 
of polarity of surfaces, site heterogeneities, wetting of surfactants, 
hydrophilicity, and the interaction of specific groups from solution with 
solids are on the increase. The technique is certain to provide new and 
valuable information about the solid-liquid interface in the near future. 
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6 

Dispersion Force Contributions to Surface 

and Interfacial Tensions, Contact Angles, 

and Heats of Immersion 

FREDERICK M. FOWKES 

Sprague Electric Co. 
North Adams, Mass. 

Dispersion forces account for interactions between liquid 
or solid saturated hydrocarbons and other substances 
(polar, metallic, etc.), as measured by interfacial ten
sions and contact angles. Consequently the magnitude of 
the dispersion force contribution to surface energy, γd, 
in many liquids and solids can be determined by meas
uring interfacial tension and contact angles, using sat
urated hydrocarbons as the primary reference phase. 
Free energies and heats of adsorption of gases on solids, 
as measured from adsorption isotherms and heats of 
immersion, can be used to determine γs

d for high energy 
solids. Values for graphite agree well with those deter
mined from contact angles. The intermolecular forces 
in fluorocarbons (solid and liquid) consist of dispersion 
forces and some special force which functions between 
fluorocarbons but not between fluorocarbons and hydro
carbons. Contact angle measurements on low energy 
solids can be used to determine γd values for polar or 
ganic molecules; in many polar liquids the intermolecu
lar attractions are essentially due to dispersion forces. 

Surface tensions, interfacial tensions, and contact angles can be 
used as laboratory tools for the evaluation of the various intermolecu
lar forces that determine cohesion in a single phase or adhesion be
tween two dissimilar materials at an interface. By the use of these 
tools, considerable information about the magnitude of various inter
molecular forces may become available. Basic understanding of means 
to determine interfacial forces has sprung from the principle of ad-
ditivity of intermolecular forces at surfaces and interfaces [4, 6]. 
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100 ADVANCES IN CHEMISTRY SERIES 

Additivity of Intermolecular Forces at Interfaces 

Intermolecular forces in saturated hydrocarbons are practically 
entirely due to the London dispersion forces. These forces are the r e 
sult of the interaction of fluctuating electric dipoles with the induced 
dipoles; they contribute to the cohesion in all substances, but their mag
nitude depends on the type of material and its density. Many substances 
have other intermolecular forces in addition to the dispersion forces. 
In the case of mercury, the interatomic forces involve the dispersion 
forces and the metallic bond; in the case of water, they involve disper
sion forces and dipole interactions (mainly hydrogen bonds). Since the 
dispersion forces are not appreciably influenced by other intermolec
ular forces, one can assume dispersion forces and other intermolecular 
forces generally to be additive. Thus, in the case of the surface tension 
of water, the surface tension can be considered the sum of a contribu
tion resulting from dispersion forces, γd, and a contribution resulting 
from the dipole interactions, mainly hydrogen bonds, y h : 

^ H 2 0 = ^ H 2 0 d + Ύ H 2 0 h 

Similarly, in the case of mercury: 

^ H g = ^ H g + ^ H g 

(The electrons involved in the dispersion interactions of metals are not 
the conduction electrons.) 

Since interactions in saturated hydrocarbons involve only disper
sion forces and these materials interact with other materials almost 
exclusively by dispersion force interactions, these become good p r i 
mary standards for determining the magnitude of y d contributions in 
more complex liquids and solids. 

Liquid-Liquid Interfaces 

Interfacial regions actually have a greater depth than one molecu
lar layer in each phase, but since nearly all of the interfacial charac
teristics are confined to the first layer, these regions are referred to 
as monolayers. Although surface and inter facial tensions are discussed, 
these terms may be replaced by surface and interfacial free energies 
without affecting the argument or equations. 

At an interface between a hydrocarbon and an immiscible liquid, 
the interface is composed of two monolayers, as indicated in Figure 1. 
At the interface, the adjacent layers of dissimilar molecules are in a 
different force field than the bulk liquid, and consequently, the molecules 
or atoms in these layers have a different pressure, intermolecular 
spacing, and chemical potential [5]. If the molecules in one of these 
monolayers are less strongly attracted by the adjacent phase than by 
its bulk liquid, the molecules in the interfacial layer have an increased 
intermolecular distance and are in tension. However, if the attraction 
by the adjacent phase is greater than that of the bulk liquid, the mole
cules of the interfacial monolayer have a shorter intermolecular dis
tance and are under a two-dimensional pressure. The measured tension 
of the interface is always the sum of the tensions in the two interfacial 
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6. FOWKES Dispersion Force Contributions 101 

Liquid I 

Liquid 2 

Figure i . Diagram of two monolayers at liquid-
liquid interface in which tension resides 

monolayers. In the case illustrated in Figure 1, we have a situation 
similar to cetane on water. The cetane molecules are less strongly 
attracted by water than by other cetane molecules and consequently the 
intermolecular spacing in the interfacial phase is greater and a tension 
exists in this layer. (The arrows in Figure 1 indicate the direction of 
attraction of adjacent bulk liquids on the surface region. The resulting 
tensions or pressures are added as scalar quantities.) Similarly, the 
interfacial layer of water molecules is less strongly attracted by cetane 
than by water, the intermolecular distance is greater, and a tension 
exists in this layer also. The interfacial tension is the sum of the ten
sions in the two monolayers. In the case of a mercury-cetane interface, 
a somewhat different situation exists. Here, although the layer of mer
cury atoms next to cetane has an increased interatomic distance and is 
under tension, the layer of cetane molecules next to the mercury is 
more strongly attracted by mercury than by cetane; this results in a 
decreased intermolecular distance and a two-dimensional pressure. In 
this case, the interfacial tension is the sum of the tension in the mer
cury layer minus the two-dimensional pressure in the cetane layer. 

The magnitude of the interaction of dispersion forces between two 
phases may be predicted from the values of the dispersion force con
tribution to the surface tensions of the two liquids ( y d and γ 2

d). 
The surface monolayer of liquid 1 has a tension γ 1 resulting from 

the unopposed attraction of the bulk liquid. An interfacial mono
layer of liquid 1 is attracted by its bulk liquid in an identical man
ner, but this attraction is opposed by the attraction of liquid 2. The 
result is a decrease of tension in the interfacial monolayer of liquid 
1, and the amount of this decrease is some average of the tensions 
representing the interacting intermolecular forces. The most ob
vious average to use is the geometric mean of Berthelot, which has 
been used so successfully for predicting intermolecular energy in 
solutions [17]. When the interacting forces are entirely dispersion 
forces (such as between saturated hydrocarbons and water or mercury), 
then the decrease in tension in the interfacial monolayer of liquid 1 
resulting from the presence of liquid 2 is ΤΎ^Ύ2

Α' Consequently 
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the tension in the interfacial monolayer of liquid 1 is y 1 - yyj* Ύ 2
d, 

and in the interfacial monolayer of liquid 2 is y 2 - / y / y 2
d , which 

leads to the equation: 

y 1 2 = y x + y 2 - 2 y / y 1
d y 2

d U) 

This equation is somewhat similar to that of Girifalco and Good [11], ex
cept that these authors used a parameter Φ in the last term (-2<W y 1 y 2 ) 
and did not distinguish between surface tensions resulting from various 
types of intermolecular forces. The values of Φ were about 0.5 for 
water-hydrocarbon interfaces. The Berthelot relation in Equation 1 is 
not exact, as can be shown by the London pair potentials, but is seldom 
in error by more than 2%, and the geometric mean is applied to only the 
interacting contributions to the surface tension. 

Application of the above equation to the experimental values of y 1 2 

for eight saturated hydrocarbons (where y 2 = y ) vs. water leads to 
y H 2 o d = 21.8 ± 0.7 dynes per cm. at 20°C. [7]. Similarly, with mercury 
vs. 10 hydrocarbons (including aromatics), y H

d = 200 ± 7 dynes per cm. 
at 20°C. [7], This is an example of how hydrocarbons can be used as 
primary standards for determining values of y d . These values of y d 

lead to the evaluation of y H 2 o h ( 5 1 - ° dynes P e r c m - a t 2 0 ° ) and ^he™ ( 2 8 4 

dynes per cm. at 20°). Thus we have a method of evaluating quantita
tively the contribution of various intermolecular forces to the cohesion 
in liquids. For example, we see that in mercury (at 20°) 41% of the 
interatomic forces are dispersion forces. These are stronger disper
sion forces than one ordinarily considers; the heat of surface formation 
attributable to dispersion forces is 2.8 kcal. per gram-atom and thus 
the dispersion force contribution to the heat of vaporization is about 6 
kcal. per gram-atom of mercury. 

The values of y H 2 Q d and y H g
d determined with hydrocarbons as p r i 

mary standards can be used to calculate y H 2 o / H g . This is possible be
cause the hydrogen bonds of water do not interact with mercury and the 
metallic bonds in mercury do not interact with water. Thus the inter
molecular attraction is expected to be almost entirely dispersion forces 
(|/y H g

d yH 2od)> a n d Equation 1 predicts the interfacial tension to be 
424.8 ± 4.4 dynes per cm. at 20° as compared with the best experi
mental values [7] of 426 to 427 dynes per cm. 

Contact Angles of Hydrocarbons on Various Solids 

At the interface between a liquid and solid, the interfacial mono
layer of liquid is attracted by the bulk liquid from one side and from 
the other side by the intermolecular forces which interact between the 
two materials. In the case of saturated hydrocarbon liquids which can 
interact with a solid only by dispersion forces, the interfacial attraction 

results in a decrease of tension ( y y L
d y s

d ) i n the liquid interfacial layer 
(where y L

d and y s
d are the dispersion force contributions to the surface 
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6. FOWKES Dispersion Force Contributions 103 

tension of the liquid and the solid, respectively). The concept of a sur
face tension of a solid appears difficult to define; however, the concept 
of a dispersion force contribution to the surface tension of a solid (y s

d) 
appears more acceptable, since it can be defined in terms of the inter
action with the dispersion forces of an adjacent liquid. The surface 
tension of the solid (y s) is difficult to define, since one, should take into 
account defects, mechanical stresses, and other deviations from equi
librium which are present. The Young equation may be written as 

y L cos θ = y s - y L S - π β 

where n e is the reduction of y s resulting from vapor adsorbed on the 
solid surface. If the liquid and solid interact by dispersion forces only, 
then 

v L S = r L + y s - 2 i / y L
d ys

d (2) 

and by substitution into the Young equation y s is cancelled: 

y L cos0 = - y L + 2 y V L
d y s

d - ve (3) 

Rearrangement of Equation 3 leads to a more easily graphed relation 

2 ] /y L
d y s

d 

COS θ = - 1 + 7Γ_ 

= - 1 + 2 v 9 7 χ ψ—±- - (4) 

The value of spreading pressure, π e , in the above equations is very 
often zero, although there are a few systems in which ire must be taken 
into consideration. There has been no successful prediction of the mag
nitude of spreading pressures from known values of intermolecular 
forces; however, it appears possible to make some useful predictions 
based on our knowledge of spreading pressures on liquids, where we 
have the most trustworthy data. In the case of spreading pressures on 
water, saturated hydrocarbons with surface tensions less than y H 2 o d 

have spreading pressures on water which are close to, though somewhat 
less than, the value of the spreading coefficients, of liquid 1 on liquid 2: 

S 2 / l = Yl- (r2 + ? 1 2 > 

= 2 τ/γ* y 2
d - 2 y 2 

Similarly, in the case of mercury, the spreading pressure of hydrocar
bons on mercury is 0.8 to 0.9 of S [20, 21]. These results in liquid sys
tems in which the adsorbed materials have only dispersion forces and 
can interact with the solids only by dispersion forces show that the value 
of π e is always less than S. Consequently, whenever liquid 2 does not 
spread over liquid 1, we may expect π e to be zero. Another way of 
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expressing this is to say that high energy materials cannot adsorb on 
low energy materials so as to reduce the surface tension of the latter. 
If we apply this principle to the spreading of hydrocarbons on solid sur
faces, we must conclude that whenever the contact angle θ is greater 
than zero, π β is zero and the last term of Equations 2, 3, and 4 also 
becomes zero. 

However, when adsorbing vapors have other types of intermolecular 
interactions, there is a possibility of appreciable spreading pressures 
in excess of S, including situations where the liquid does not spread, 
and θ is finite. Examples with water vapor are (1) on mercury where 
liquid water does not spread and ήe is about 45 to 50 dynes per cm. [20, 
21, 22], and (2) on graphite where the contact angle is 85.7° and πβ is 19 
dynes per cm. [13]. In these cases the substrate has a greater disper
sion energy than the water, and this leads to adsorption of the vapor. 
However, the hydrogen-bonding forces in liquid water increase its cohe
sion so greatly that it will not spread over the surface. Thus, we may 
expect appreciable spreading pressures for nonspreading liquids only 
in cases where the vapors can interact with a substrate of greater dis
persion energy and where the liquids have additional intermolecular 
forces great enough to prevent spreading. Therefore, except under 
these uncommon conditions, the last term in Equation 4 may be omitted. 

Equation 4 (with the last term omitted) predicts a useful method of 
graphing contact angles of a variety of liquids (with surface tensions 
y L ) on a low energy surface with a dispersion force contribution to 
surface tension y s

d . If cos 0 is plotted as a function of / y L
d / y . , we 

see that the experimental points should fall on a straight line with an 

origin of -1 and with slope 2 }fy^. The value of y s
d is not the total 

value of the surface tension of the solid, but only the dispersion force 
contribution to the surface tension. This method of graphing contact 
angles also indicates that from a single contact angle of a hydrocarbon 
on a low energy solid the contact angle of any other hydrocarbon and 
also the value of y s

d can be predicted. 
Figure 2 shows some of ZismanTs [1,10,12, 23, 24] data plotted in 

the above-described manner. Results are shown for a variety of hydro
carbons and for some other organic liquids in which y L

d equals y L . On 
each of the five substrates, the experimental points fall extremely close 
to a straight line and give intercepts at cos θ + 1 which are close to but 
somewhat different from the "critical surface tension for the wetting" 
(y c ) of Zisman and coworkers. Figure 3 shows that this method of 
graphing is successful both for low energy hydrocarbon solids and for 
monolayers of fluorochemicals adsorbed on platinum. Some points are 
also shown for contact angles of water on solid hydrocarbons where the 
value of y L

d obtained from interfacial tensions (21.8 dynes per cm.) was 
used to determine the abscissa. Consideration of the tendency of water 
vapor to adsorb on these surfaces and lower their surface tension sug
gests that in the case of paraffin waxes the spreading pressure is neg
ligibly small. The value of the contact angle of water on paraffin wax 
is predicted to be 111°, using y H Q

d = 21.8 dynes per cm. and y s
d for 

the paraffin wax equals 25 dynes 2per cm. , as predicted by Zisman 1 s 
measurements with liquid hydrocarbons; this is an especially close 
agreement, since experimental values of the contact angles of water 
and paraffin wax are 110° ± 2° [8]. 
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6. FOWKES Dispersion Force Contributions 105 

FIGURE 2. C o n t a c t a n g l e s o f a number o f L i q u i d s on 
f i v e low e n e r g y s u r f a c e s , p l o t t e d a c c o r d i n g 
to e q u a t i o n 4. 

Figure 2. Contact angles of a number of liquids 
on five low energy surfaces 

Plotted according to Equation 4 

Interaction of Fluorocarbons at Interfaces 

The interaction of fluorocarbons with hydrocarbons in solution is 
not well understood [17]. Their deviations from predictions of solubility 
are much greater than with other nonelectrolytes. Fluorocarbons are 
poorer solvents for hydrocarbons than predicted by heats of vaporiza
tion; this means that the actual interactions are weaker than predicted. 
The same is observed at interfaces—for example, a fluorinated lubricat
ing oil was found to have a surface tension of 22.4 dynes per cm. [9]. If 
we assume that the intermolecular forces are entirely dispersion forces 
(γ = γά)9 then the interfacial tension with water should be 50.3 dynes 
per cm.,according to Equation 1; however, the experimental interfacial 
tension is 57.7 dynes per cm. , which indicates a weaker than predicted 
interaction with water. If γd is calculated with Equation 1 using the 
interfacial tension of 57.7 dynes per cm. the result is 15.4 dynes per 
cm. as compared with the experimental γ of 22.4 dynes per cm. These 
findings are in good agreement with solution studies, although they do 
not explain the discrepancy. 

Similar findings arise in contact angle studies with solid fluoro
carbons or adsorbed monolayers of fluorochemicals [1,10,12,23,24]. 
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Contact angles of hydrocarbons on these surfaces, when graphed as in 
Figure 2, give very low y s

d intercepts. However, contact angles of 
highly fluorinated liquids on these surfaces lead to larger y s

d intercepts 
(Figure 3). One might question which y s

d really involves only disper
sion force interactions; it is reasonable to assume that the lower value 
obtained with liquid hydrocarbons is the better measure of dispersion 
force interaction and to explain the larger value obtained with liquid 
fluorocarbons as including some additional (though undetermined) inter
action. 

Very similar findings resulted in a contact angle study of a per-
fluorinated lubricating oil on paraffin wax. The surface tension, y, was 
20.2 dynes per cm. , but the contact angles on two wax surfaces gave y L

d 

values of 13.5 dynes per cm. (see Figure 4). 

Figure 3. Contact angles of liquid fluoro
carbons on solid fluorocarbons 

Predicted f r o m y L
d values deter

mined with liquid hydrocarbons 
Determined 

Interaction of Polar Liquids with Other Phases 

Polar liquids interact with other phases by various intermolecular 
forces in addition to dispersion forces. However, by choosing a suitable 
reference material, it is usually possible to evaluate y d of the polar 
liquid. 

Mercury is a good reference for aromatic hydrocarbons and organic 
bases; the interaction with mercury is entirely by dispersion forces and 
these materials are found to have y d = y [7]. On the other hand, acidic 
organic compounds, divalent sulfur compc-inds, and organic halides 
(especially iodides and bromides) interact with mercury by polar inter
actions of appreciable magnitude, though never as strong an interaction 
as results from dispersion forces. Mercury has promise as a refer
ence liquid for contact angle measurement on high energy solids. 

Water is sometimes useful as a reference material, either for a 
liquid interface or by contact angle measurement. However, water 
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6. FOWKES Dispersion Force Contributions 107 

sometimes forms polar bonds with liquids which have only dispersion 
force interactions in the bulk liquid—for example, strong hydrogen bonds 
are formed with amines and pi-bonds with aromatics. Furthermore, on 
some solids unwetted by water appreciable spreading pressures are 
observed—for example, on graphite where θ =85.7, ττβ is 19 dynes per 
cm. [8,13]. 

Saturated hydrocarbons are theoretically the best standards for 
determining y d . However, many polar organic liquids are soluble in 
hydrocarbons and so interfacial tensions cannot be used. On the other 
hand, many solid hydrocarbons (and even some solid fluorocarbons) 
can be used as good standards for determining the y L

d values from con
tact angles. Figure 4 illustrates this point with examples of contact 
angles on nine different solids with water (y L

d = 22, y L = 72.8 dynes 
per cm.), glycerol ( y L

d = 36, y L = 63.4 dynes per cm.), 1-bromonaph-
thalene (y , d = 44 to 45, y L = 44.6 dynes per cm.), du Pont's Fluorolube 
FCD-330 (VL

d = 13.5, y L = 20.2 dynes per cm.), and the pentamer of 
dimethyl silicone ( y L

d = 16.5, y L = 19.9 dynes per cm.). In Figure 4 
the arrow for each liquid points at a subscale of values of y L

d computed 
from the known value of yL (number under subscale) and the abscissa 
values of / y L

d / y L . In this manner it can be shown that methylene 
iodide, trieresyl phosphate, and most esters have yL

d values indistin-
guishably different (by contact angle measurement) from their surface 
tensions. 

Figurée. Method of determining y L
a of polar 

liquids by contact angle measurements 
Low energy surfaces 

1. Polyethylene 
2. K e l - F 
3. Paraffin wax 
4. C18H37 NH2 monolayer on Pt 
5. C 3 6 / / 7 4 

6. Teflon 
7. Polyhexafluoropropylene 
8. C QFlQ COOH monolayer on Pt 
9. CnF23COOH monolayer on Pt 
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High Energy Solid Surfaces 

Most contact angle studies have been limited to low energy solids, 
usually organic materials or sulfide minerals. However, high energy 
solids are of considerable interest as adsorbents and catalysts, and are 
important in electronic devices. Studies with mercury surfaces point 
up the importance in preventing contamination of high energy surfaces 
[ 2 0 , 2 1 , 2 2 ] , for organic vapors in the air are rapidly and strongly ad
sorbed, mainly by the strong dispersion force interactions resulting 
from the very large value of γ6 for mercury (200 dynes per cm.). By 
proper choice of a standard liquid (so that ή e is either zero or meas
urable, and the interfacial interaction is confined to dispersion forces) 
it is possible through contact angle studies to determine y d values for 
a variety of high energy solids. Once these values are known, the path
way to prediction of free energies and heats of immersion and adsorp
tion becomes clear. 

A useful example is graphite. The contact angle of water on graphite 
was found to be 85.7° and π β was 19 dynes per cm. [8 ,13] . If we assume 
that graphite and water interact entirely by dispersion forces, we can 
use Equation 4 , rearranged as 

= [ r L ( l + cos0) + tfe]2/4yL
d (5) 

and obtain a y s
d of 109 dynes per cm. However, since water interacts 

with graphite by π-bonding (as with benzene, where such bonds decrease 
interfacial tension by 16 dynes per cm. from the predicted value for 
dispersion force interactions), the value of y s

d for graphite should be 
about 93 dynes per cm. 

On the other hand, we can use the ττβ of η-heptane on graphite (58 
dynes per cm.) measured by Loeser [14] and assume that it equals the 
spreading coefficient, S (as did Harkins [13]) , which leads to 

y s
d = (S + 2 y L ) 2 / 4 r L

d = 119 dynes per cm. (6) 

The free energy of immersion, AFi (for solids and liquids inter
acting entirely by dispersion forces), is: 

from which the heat of immersion, AEi9 for such systems is given by 

Δ Η , « Δ Κ . - Τ Λ Δ Ρ · dT 

r L - 2 y V L
d y s

d - T 
dy L dVr7 d/^7 
d F - 2 ^ * - ^ - 2 ^ ^ 

(7) 

A l l of the data needed to implement Equation 7 are available for 
some systems, with the exception of the temperature coefficient of y s ; 
someday the temperature coefficients of contact angles will be meas
ured and then this can be evaluated. In the meantime the value can be 
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6. FOWKES Dispersion Force Contributions 109 

estimated from coefficients of thermal expansion, using the relation 
observed in liquid hydrocarbons that the surface tension increases as 
the fourth power of the density; this term is the smallest in Equation 7 
and amounts to only 2% of ΔΗ i . 

Figure 5 shows calculated heats of immersion for graphite and 
rutile (Ti0 2 ) in saturated hydrocarbon liquids for a range of y s

d values. 
The value of AH{ is shown to be rather sensitive to y s

d but not very 
sensitive to y L

d . Thus ΔΗ ί for hexane, heptane, and octane should be 
nearly identical, as was observed by Healey [16] for rutile (squares), 
though not for graphite (circles). These observed values of heats of 
immersion for graphite indicate that y s

d lies between 97 and 120 dynes 
per cm, which agrees well with the 93 from contact angle measurement 
and the 119 from a π θ value calculated from adsorption isotherms. 

I60r 

\ , DYNES/CM 

Figure 5. Dependence of heats of 
immersion on y s and y L 

Ο Graphite 

• Rutile 

Equation 7 may also be tested with heats of immersion of Teflon in 
η-heptane; however, for such soft solids the temperature coefficient of 
y s

d becomes more important. For a coefficient of thermal expansion 
of 10" 4 per degree, the calculated AKi is -28 ergs per sq. cm. as com
pared with an experimental -58 ergs per sq. cm. [2], 

From studies with high energy solids and saturated hydrocarbons, 
the 7Γ e values obtained from adsorption isotherms by Harkins and co
workers [14,15], and the AH L values obtained calorimetrically by Zet
tlemoyer and coworkers [2,16], we can obtain preliminary y s values 
for higher energy solids (using Equations 6 and 7): 
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110 ADVANCES IN CHEMISTRY SERIES 

Graphite 110 dynes/cm. 
Rutile 140 dynes/cm. 
Iron 105 dynes/cm. 
Iron oxide 107 dynes/cm. 
Silver 76 dynes/cm. 

The above value for rutile (and probably iron oxide) includes polari
zation force of these surfaces on hydrocarbons [3]. Since both the dis
persion force and polarization force depend on the polarizability of the 
hydrocarbon, these two terms should be additive. The value of the po
larization force can be determined by measurements with polar mole
cules; the field strength of the surface is indicated by the increase in 
interfacial interaction with dipole moment [3]. As there is no appreci
able dipole effect on interfacial tensions between many polar organic 
substances and mercury, it appears that with mercury (and perhaps 
other metals without oxide surfaces) the y d values include no polariza
tion term. 

Heats of adsorption ( A H a d s ) may be calculated for monolayers 
bound to surfaces by dispersion forces by assuming that the free en
ergy of adsorption (per unit area of adsorbent) at p / p Q = 1 is given by 
A F a d s = - S as Harkins [13] and Chessick [3] have done: 

A H A D S = - S + t | , where S = 2 f / s
d y L

d - 2y L 

2 r L - 2 V y s
d y L

d - 2T 
dT dT dT 

(8) 

For the adsorption of hexane on graphite we may use the experi
mental results of Isirikyan and Kiselev [18], who found that on graphi-
tized carbon black (Graphon) n-hexane occupies 54 sq. A . per molecule 
and has a heat of adsorption (with liquid hexane as standard state) of 
5.0 kcal. per mole. The value of y s

d for graphite which gives a heat of 
adsorption of 5.0 kcal. per mole is found by Equation 8 to be 108 dynes 
per cm. 

Experimental values of y s
d at 25° for graphite, determined on crys 

talline graphite and on graphitized carbon black, are: 

Method y s
d , Dynes/Cm. 

Contact angle 93 
Free energy of adsorption (π ε) 119 
Heat of immersion (calorimetric) 97, 105, 120 
Heat of adsorption (isosteric) 108 
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7 
Contact Angle Hysteresis 

I. Study of an Idealized Rough Surface 

RULON E. JOHNSON, Jr., and ROBERT H. D E T T R E 

Organic Chemicals Department, Jackson Laboratory 
Ε. I. du Pont de Nemours & Co., Inc., Wilmington, Del. 

The effect of roughness on the wettability of an idealized 
sinusoidal surface has been studied with a digital com
puter. The equations of Wenzel and of Cassie and Baxter 
are discussed in relation to the model. The heights of 
the energy barriers between metastable states of a drop 
are seen to be of utmost importance in determining the 
magnitude of contact angle hysteresis. 

This paper describes a computer study of the wettability of ideal
ized surfaces. The theories of Wenzel [9], Cassie and Baxter [2], 
Shuttleworth and Bailey [8], and Good [5] are analyzed in terms of a 
surface of specific geometry. The concept of an energy barrier between 
metastable states associated with contact angles, first introduced by 
Shuttleworth and Bailey [8], and discussed by Bikerman [l], Good [5], 
and Schwartz and Minor [7], is shown to be of utmost importance in 
determining hysteresis. A second paper describes correlations with 
measurements on surfaces of controlled roughness. The model surface 
was suggested by Good [5]. 

Description of System 

Solid Surface. We use cylindrical coordinates (χ, ζ, to describe 
the system. The solid surface is circularly symmetrical about the ζ 
axis. Figure 1 is a cross section through the origin. Its equation is 

where 2 z 0 is the height of a ridge and x 0 is the period of the surface. 
We assume that the volume of the drop is constant, that the drop 

always meets the surface with a constant, intrinsic angle, 0 (at equilib
rium), and that gravitational forces are absent. For simplicity we also 
assume that the liquid consists of a single component and that the solid 
is insoluble in the liquid. The radius of the drop is assumed to be much 
greater than the separation of asperities. 

(1) 

112 
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7. JOHNSON AND DEI IRE Idealized Rough Surface 113 

Figure i . Drop on idealized rough surface 

Relationship of Observed Angles to Intrinsic Angle. As stated by 
Shuttleworth and Bailey [8], the experimentally observed contact angle, 
φ, is the sum of the intrinsic angle, 0 , plus the slope angle, a , of the 
surface at the point of contact: 

φ = Θ + a. (2) 

From Figure 1, 

tan a - dx 
(3) 

The slope angle, a , can be positive or negative. 
Maximum Possible Hysteresis. The maximum possible angle, 

0max> is observed where α is a maximum and the minimum is observed 
where α is a minimum. Whereas Shuttleworth and Bailey [8] associated 
these values with advancing and receding angles, it is improbable that 
$max a n c * φπύη will actually be observed in a real system. 

The slope angle, a, for any given value of χ is found by differentiat
ing Equation 1 and substituting in Equation 3. 

, . , 2*z 0 2 7 r x 

a = tan " 1 ( sin 
x„ x« 

(4) 

Since α is a maximum where sin 2πχ/χ 0 = 1 and a minimum where sin 
2πχ/χ 0 = -1, 

κ = -a · = t a n " 1 

1 max " m m 

2πζ„ 
(5) 

Table I gives values of a m a x for various ratios of z 0 / x 0 . The 
heading r stands for WenzePs roughness ratio, defined by Equation 16. 
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114 ADVANCES IN CHEMISTRY SERIES 

Table I. Maximum Possible Hysteresis for 
Various Rough Surfaces 

amax> 
r ζ o / x o degrees 

1.001 0.01 3.60 
1.092 0.1 32.13 
1.321 0.2 51.48 
1.618 0.3 62.07 
1.952 0.4 68.30 

0.5 72.35 
2.670 0.6 75.13 

0.7 77.18 
3.421 0.8 78.75 

0.9 79.96 
4.189 1.0 80.97 

If we consider the ratio z 0 / x 0 to be a measure of roughness, it is clear 
that possible hysteresis decreases as surface roughness decreases, 
and that the maximum and minimum possible angles are symmetrical 
about the intrinsic contact angle, Θ. Furthermore, the ratio z 0 / x 0 , 
rather than the absolute value of either z G or x Q , determines the maxi
mum possible hysteresis. 

Free Energy of Metastable Configurations. A quantity of impor
tance in this analysis is the difference inHelmholtzfree energy between 
two configurations of the system. The term "configuration'T refers to a 
state in which the drop is at rest in a position of metastable equilib
rium. Associated with each configuration is a characteristic contact 
angle, φ , and a characteristic Helmholtz free energy, F . For a given 
configuration: 

Fj = Σ (-PV)j + Σ (η*μ); + Σ (γα). (6) 
all phases all phases all interfaces 

where j refers to the jth configuration 
μ is the chemical potential of a component 

n* is the number of moles of a component 
V is the volume of a phase 
Ρ is the pressure in a phase 
γ is the interfacial tension of an interface 
Ω is the area of an interface 

AF = Fj - F k = ΔΣ (-PV) + ΔΣ (η*μ) + ΔΣ (γα) (7) 
all phases all phases all interfaces 

It can be seen from the Gibbs-Duhem equation that at constant 
temperature and volume the first two terms of the right-hand side of 
Equation 7 are equal and opposite, so that 

AF = Σ (γα)ι - Σ ( y « ) k 

all interfaces all interfaces 
(8) 
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7. JOHNSON AND DETTRE Idealized Rough Surface H5 

For the system of our model 

AF = γ 1*(q1

2* - Ω * Β ) + y s l (Ω| ! - Ω * 1 ) + y s a ^ | a - Ω ? 3 ) (9) 

Superscripts la, si , and sa refer to the liquid-air, solid-liquid, and 
solid-air interfaces, respectively. The subscripts refer to two different 
configurations. Now, 

Ω 8 1 + Ω 8 Β = ÇlSUT{ace = constant (10) 

Ω ^ 1 - Ω ^ 1 = Ω 8 Β - Ω 8 , * (11) 

From Young's equation, 

y l a cos0 = r s a - y s l (12) 

Combining Equations 9, 10, 11, and 12, 

AF = y l a | [ Ω 2 β - Ω * 1 cos θ) - ( Ω 1 ^ - Ω* 1 cos 6>)| (13) 

Let F r e l be defined for any configuration by 

F r e l = Ω 1 * - Ω s l cos θ (14) 

F r e l has the significance that the difference in the values of y l a F r e l 

for any two configurations is the difference in free energy between these 
states. F r e l has dimensions in square centimeters and can be consid
ered to be an effective area. 

The area of the spherical surface of a drop on a flat surface is 
given by 

n u = 2πρ ( 1 5 ) 

1 + cos φ 

i sl where ρ is the value of χ at which the liquid meets the solid. Let A 
be the projection of the solid surface on the (χ, Ψ) plane. WenzeFs 
ratio, r , is defined by 

Ω S L 

(16) 
A s l 

Assuming r is not a function of ρ (see calculations), 

Ω s l = r A s l = τ π ρ 2 (17) 

Combining Equations 14, 15, and 17 yields 

F r e l =
 2 " P 2 . π Γ ρ 2 C Q S 0 ( 1 8 ) 

1 + cos φ 

Equation 18 is the fundamental equation for the study of metastable 
states. 
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Discrete Positions of Metastable Equilibrium. For purposes of 
discussion, it is convenient to divide χ into two parts, 

χ = (n + u) x 0 (19) 

where η is an integer which counts the number of crests of the surface 
from the origin, and u is the fraction of the distance along the χ axis 
between adjacent crests. The radius of the drop is then 

ρ = (Ν + u) x 0 (20) 

where Ν is the number of crests oA the surface between the origin and 
the edge of the drop. 

Not all values of φ between 0 m a x and 0 m i n are possible. The 
boundary conditions of constant volume and constant θ limit φ to 2 N m a x 

values. N m a x is the value of Ν in Equation 20, where ρ has its maxi
mum value. For each trough there are two positions of equilibrium, 
one metastable and one unstable. The metastable configuration is a l 
ways with the edge of the drop closest to the top of the ridge. This is 
shown schematically in Figure 2. Let A and Β be the positions of equi
l ibrium- ! .e . , the vector sum y s a + y l a + γ s l = 0. As the drop edge 
moves from A to C, the resultant vector is such as to move the drop 
back to A . As the drop edge moves from Β to D, the resultant is such 
as to move the edge still farther from D. Computer calculations con
firm that position Β is indeed a maximum in the free energy. There 
are, thus, N m a x positions of metastable equilibrium. 

TO MOVE AWAY FROM Β 

Figure 2. Positions of stable and unstable 
equilibrium for drop on rough surface 

Calculation of F r e l as a Function of φ . Expressions relating F r e l 

to φ cannot be obtained in closed form. They must be calculated by 
successive approximations. The details of this calculation are given 
below (Calculation of F r e l ) . Figure 3 shows curves of F r e l vs. φ for 
five surfaces of different roughness. In each case Θ is 120° and V is 
0.05 ml. (p » X Q ) . Wenzel roughness ratios have been calculated for 
each surface. Scale models of the surfaces can be seen in Figure 6. 
Although the curves are plotted as continuous, it should be remembered 
that there are only a finite number of allowed values of φ . Curves 1,2, 
and 3 have minima (at W - l , W-2, and W-3) where predicted by Wenzel's 
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601 I I I I I I I ι ι ι — ι — ι — ι — I 
40 60 80 100 120 140 160 180 

φ (DEGREES) 

Figure 3. Free energy vs. contact angle for 
drop on noncomposite surface 

Θ = 120° 
ν = 0.05 ml. 

equation. The vertical lines at the end of the curves are 0 m a x and 0 m i n 

(see Derivation of Expressions for Minima in Free Energy Curves). 
Curves 4 and 5 have no minima; the lowest free energy is observed at 
φ = 180°. This behavior is discussed in the section on composite sur
faces. WenzePs equation, itself, fails for extremely rough surfaces, 
since it leads to cosines greater than +1 or smaller than -1. 

Figure 4 shows curves of F r e l vs. φ for three surfaces when θ is 
45°. Curves 1 and 2 show minima (W-l , W-2) where predicted by 
WenzelTs equation. Curve 3 has no minimum, but approaches -oo as φ 
approaches 0. This behavior implies surface wicking. The necessary 
condition for surface wicking is 

r > (for θ < 90°) (21) 
cos θ 

Equation 21 says that when r is greater than 1.414, surface wicking can 
occur (for q = 45°). This is true for curve 3 but not for curves 1 and 2. 
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π 1 1 1 — ι 1 1 1 Γ 

CURVE I r* 1.09 
CURVE 2 r « 1.32 
CURVE 3 r= 1.61 

z 0 / x 0 « 0.1 
z 0 / x 0 • 0.2 
z 0 / x 0

 = 03 

J I I I L 
0 20 40 60 80 100 120 

Φ (degrees) 

Figure 4. Free energy vs. contact angle for 
drop on noncomposite surface 

θ = 45° 
ν = 0.05 ml. 

Condition for Wicking on a Rough Surface. F r e l for a noncomposite 
surface can be written as 

F r e l = ττρ2 •{. — - - r cos θ \ 
[1 + cos φ J 

The requirement for spontaneous wicking is that 

F r e l —> -oo as ρ —> oo 

Condition 23 can be written as 

2 
r cos θ > 1 + cos φ 

Now, as 

ρ —> oo; φ —» 0; cos φ —* 1 

Hence, the condition for spontaneous wicking becomes 

1 
r cos θ > 1 or r > cos θ 

(22) 

(23) 

(24) 

(25) 

(26) 
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7. JOHNSON AND DETTRE Idealized Rough Surface 119 

Energy Barriers between Metastable States. The reason why any 
system does not automatically assume Wenzel* s configuration is that 
free energy barriers separate positions of metastable equilibrium. For 
a drop to remain in a position of metastable equilibrium, it is necessary 
that the vibrational energy of the drop be small compared with the height 
of the barrier. The shape of a free energy barrier can be calculated 
from the work required to move a drop from one configuration to the 
next (see Calculation of Free Energy Barriers). Figure 5 shows two 
energy barriers computed for two values of φ of curve 1 in Figure 3. 
The barrier in Figure 5, A , was computed for a φ near the minimum in 
curve l - i . e . , a t φ = φ - a n d thebarrier in Figure 5,B,was computed for 
a φ near φ ι η β χ in curve 1. ( φ is the value of φ for the configuration 
having the lowest free energy of all possible configurations of a given 
drop and surface.) The barrier heights approach zero as φ approaches 
0max and φηίη . For this reason, neither φηαχ nor 0 m i n is likely to be 
observed in real systems. The actual values of the advancing and re 
ceding angles depend on the barrier heights and the vibrational state of 
the drop. As a first approximation, the barriers are proportional to z 0 

and independent of x 0 . 

0 20 40 60 80 100 0 20 40 60 80 100 
% DISTANCE ACROSS BARRIER % DISTANCE ACROSS BARRIER 

Figure 5. Free energy barriers for system 
θ = 120° 

z 0 / x 0 = 10"4 cm. 
ν - 0.05 ml. 

See curve 1, Figure 3 

Extension to Composite Surfaces. It was pointed out in the discus
sion of Figure 3 that for very rough surfaces-e.g., z o / x o = 0.6, 0.8-
there is no minimum in the F r e l vs. φ curve. This does not describe 
the behavior of real systems. It can be seen from Figure 6 that, as the 
surface roughness increases, it becomes possible for the system to 
assume configurations in which the liquid does not penetrate into the 
troughs. The rougher the surface, the less the liquid penetrates into 
troughs. Equation 77 gives the calculation of F r e l for a composite 
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z 0 / x 0 =0.8 r= 3.42 

z 0 / x 0 =0.6 r = 2.67 

z 0/x 0=0.3 r = 1.61 

LIQUID ^-SOLID 

1 2 3 4 5 6 
z 0 /x 0 =0.l r=l.09 

Figure 6. Scale drawings of cross section of 
idealized surfaces of various roughnesses 

surface. The name "composite" refers to the fact that the interfaces 
under the drop are both liquid-air and liquid-solid. It is possible for 
the system to achieve a composite configuration, if and only if, there is 
a slope of the surface such that 

Θ = 180° - I of I (27) 

We define u x and u 2 in Figure 6 to be the values of u at which the 
internal liquid-air interfaces meet the solid surface, at equilibrium. 
There are two positions in each trough in which it is geometrically pos
sible for composite surfaces to be formed. Just as with the noncom
posite case, the configuration with the liquid farthest out of the trough 
is metastable, while that farthest in is unstable. 

Figure 7 compares the free energies of composite and noncomposite 
configurations for two different roughnesses. A minimum in the curve 
for z 0 / x 0 = 0.8 now appears for the composite calculation where none 
appeared before. Whereas for very rough surfaces, the composite con
figuration leads to states of lower free energy, the curves for z 0 / x 0 = 
0.3 show that for surfaces of intermediate roughness the noncomposite 
configuration can still be in a lower energy state than the composite. 
This means that, even though it is geometrically possible for the sys
tem to become composite (by Equation 27), it may be energetically 
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1 1 1 — 

A - NON-COMPOSITE z 0 / x 0 * 0.8 
B - COMPOSITE z 0 / x 0

s 0.8 
C - COMPOSITE z 0 / x 0 « 0.3 
D- NON-COMPOSITE z 0 / x 0 * 0.3 

50 100 150 180 
Φ (degrees) 

Figure 7. Comparison of curves of free energy 
vs. contact angle for composite and noncom
posite surfaces 

preferable for the liquid to penetrate into the troughs. The curves also 
show that the free energies of composite configurations are much less 
sensitive to the degree of roughness than those of the noncomposite-
e.g., curves Β and C are much closer than A and D. This behavior is 
related to the very small area of the solid-liquid interface in the com
posite configuration. 

The minima in curves Β and C are given by the equation of Cassie 
and Baxter [2], 

cos φ = r T cos Θ - η (28) 

(29) 

where the prime refers to composite configurations and 

η = ^ (30) 

where Cl\a

nt refers to the liquid-air interface under the drop (see dis
cussion of derivation of expressions for minima). 
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With little error, η is given for our model by 

η = u 2 - Uj (31) 

Both r T and η depend on 0, since u x and u 2 depend on Θ. 
Energy Barriers and Hysteresis of Composite Configurations. F i g 

ure 8 compares energy barriers for noncomposite and composite con
figurations (see Calculations of Free Energy Barriers). The calculation 
for Figure 8 is made at a surface roughness of z 0 / x 0 = 0.6 and with 
φ = 90°. Of extreme importance for the wetting behavior of composite 
surfaces is the large lowering of free energy barriers as the system 
becomes composite. The lowering in this example is by a factor of 
about 28. This is equivalent to reducing the roughness of a noncom
posite surface from r = 2.67 to r = 1.001. In contrast to the noncom
posite case, the free energy barriers actually become lower as the 
surface becomes rougher. 

1.0 1.25 1.50 1.75 2.0 

Figure 8. Comparison of energy barriers for 
composite and noncomposite systems 

Calculations and Derivations 

Calculation of Wenzel* s r Ratio. Since our system is circularly 
symmetrical, the total area of a circular region of radius ρ about the 
origin is given by 
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7. JOHNSON AND DETTRE Idealized Rough Surface 123 

The area of the projection of this area on the (χ, plane is 

πρ A = πρ 2 (33) 

Wenzel*s ratio, r , is defined by 

A 

Taking the derivative of Equation 1 and combining with Equations 32, 
33, and 34 gives 

(35) 

Equation 35 cannot be solved in closed form, but must be solved by a 
numerical integration. Although r is not exactly constant over the sur
face, a series of numerical calculations showed that the error in as
suming r to be constant is less than 1 part in 10 5 . 

Calculation of Frel 

Noncomposite Surface. The calculation of F r e l by Equation 18 re 
quires φ as a function of ρ at constant volume. The volume of a drop 
on the model surface can be derived from consideration of Figure 1. 
Let c be the center of curvature of the liquid surface and h the radius 
of curvature. Let the ζ coordinate of c be - a . The included angle be
tween the ζ axis and the radius to the edge of the drop is then φ = (0 + α). 
Let zT be the value of ζ at the liquid-solid interface and z t T the value of 
ζ at the liquid-air interface. The volume of the liquid is given by 

Ρ 
V = 2π / (ζ" - ζ') xdx (36) 

ο 

From geometrical considerations, 

ζ" = ( h 2 - χ 2 ) * - a (37) 

and 

h = p/sin φ (38) 

Equation 1 gives z\ Combining Equations 1 and 36, 37, and 38, 

V = 2π f |(h 2 - x 2 )* - a - z 0 cos ^55. - z 0 J xdx (39) 

and 

a = h cos φ - z 0 ^ l + cos = ρ cot φ - z 0 ^1+cos j (4°) 
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Combining Equations 39 and 40, integrating, and simplifying, give 

, / o 3 / c o s 3 φ - 3 cos φ + 2\ / 2
 x o 2 \ 2πρ 

V = 1 / 3 ^ ( s i n 3 , j + Z ° V P ' * T ) C 0 S -

. x 0 z 0 p ( s i n ^ ) + ^ - ° (41) 

The first term in the equation is the volume of a drop on a plane 
surface; the remaining terms are corrections due to roughness. Since 
Equation 41 cannot be solved for either φ or ρ explicitly, the computer 
is programmed to find them by successive approximations. For most 
of our calculations, we are satisfied when ρ and φ are found which give 
the chosen volume to 1 part in 10 5 . F r e l is then computed from Equa
tion 18 with these values of φ and p. 

Composite Surface. Equation 14 is valid for a composite surface 
but Equation 18 is not. To derive the equation for F r e l for the com
posite surface it is necessary to develop corresponding equations for 
Ω 1 * and Ω 8 1 . 

Figure 6 gives some scale drawings of a composite surface. Let 
ui and u 2 be the values of u at which the internal solid-liquid-air bound
aries meet. The other symbols are defined in Figure 1. The total 
solid-liquid interfacial area is the sum of the areas of all troughs. 

N - l Γ (n+u1)xQ (n+l)xQ Ί ρ 
Ω δ 1 = Σ i l Bdx+ / B d x U / Bdx (42) 

n=0 I nx G (n+u2)x0 J Nx 0 

where 

2πχ 1 + (43) 

Define r T
n by 

r ' 
(n+ui)x0 (n+l)xQ 

i - / B d x + J Bdx (44) 

where 

Therefore, 

Α π n x 0 "(n+u2)x0 

(n+l)xG 

A n = / 2iixdx (45) 
ηχΛ 

N - l P 
Ω s l = Σ A n r ' n + / Bdx (46) 

n=0 Nx 
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Now, if 

r\ = r T
2 = = r f (47) 

Ρ 
Ω = πΝ 2 χ ο

2 ι · ' + / Bdx (48) 
N x 0 

If we then make the approximation, 

Ρ Ρ 
/ Bdx = r T / 2ïïxdx (49) 
Nx Nx 

ο ο 

then, 

Ω 8 1 = Γ ' π ρ 2 (50) 
Equation 47 has been verified by machine calculation. The change 

in r n over a range of 10 to 1000 cycles is considerably less than 1 part 
in 5000. Any error introduced by the use of Equation 49 is less than that. 

The symbol t refers to the liquid-air interface underneath the 
drop. Therefore, 

Ω 1 * = 1
 2 f f p 2 . +Q\ a

n t (51) 1 + cos φ i n t 

We assume the internal liquid-vapor interface to be planar. This is 
not exactly true, since this interface has the same curvature as the 
external surface. Little error will be introduced when p » x 0 . As 
before, the total internal area is the sum of the internal areas of all 
the troughs, 

N - l (n+u2)xD 

Ω ! 9 = Y f 2 7 r x d x <52> 
int J. ν 

n=0 (n+u1)xQ 

Integrating, simplifying, and noting that 

N - l N 

Σ n = f ( N - l ) (53) 
n=0 ù 

Equation 52 becomes 
" int = N * x o

2 ( u 2
2 - u ^ + * x o

2 ( u 2 - u x) N(N - 1) (54) 

Combining Equations 14, 50, and 51 gives the desired equation for F r e l , 
for the composite surface, 

F r e l 2 π ρ 2 ι Νπχ 2 fu 2 u 2 ^ 
Γ composite 1 + C O S φ ° ^ 2 1 ' 

+ T T X 0
2 ( U 2 - N(N - 1) - ïïpV cos Θ (55) 
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Equation 55 must be evaluated at constant volume. To do this, rela
tionships between p, 0, and V must be determined for the composite 
configuration. 

Equation 41 gives the volume of a drop on a noncomposite surface. 
We can modify this expression by subtracting the volume of air under 
the drop. Let subscript η refer to the nth trough. Let subscript j refer 
to the total volume (solid + air) above the (χ, Φ) plane and below the 
internal liquid air interface. Let subscript k refer to the volume of 
solid surface under the internal liquid-air interface and above the (χ, Φ) 
plane. Let subscript s refer to the volume of air under the liquid-air 
interface. These definitions are shown schematically in Figure 9. 

Definition of terms: 

v j n - v k n 
(56) 

u 2 u, 

( V j „ = V , „ + V k n ) 

and 

Figure 9. Notation for calculation of volume 
of drop on idealized composite surface 

N - l N - l N - l 
V - = Σ V s n = Σ V i n - Σ V k n 

n=0 n=0 

v - v s 

n=0 
(57) 

(58) 

where V c is the volume of a drop on a composite surface and V is the 
volume of a drop on a noncomposite surface. 

(n+u2)x0 

V j n = J 2πχζι(ίχ (59) 
(n+U!)x0 

Integrating and summing over n, 

V. = 7 r Z l x o
2 ( u 2 - u x) {N(u 2 + u x) + N(N - 1)} (60) 

where ζ x is defined in Figure 9. Similarly, 

jn+u 2)x 0 

f k n = / 27TXZdx 
(n+Ui)x0 

(61) 
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7. JOHNSON AND DETTRE Idealized Rough Surface 

where χ is defined by Equation 19 and 

ζ = z o ( l + cos 27TU) 

Integrating and summing over n, 

127 

(62) 

= * z o * o \ N(N - 1) (U 2 - u l ) + <T~ ( S i l 1 2 7 F U 2 ' S i n 2 7 r u l ) 

+ Ν ^ U 2
2 - U x

2 ^+ (COS 27TU2 - COS 27111! 

+ 2ÏÏU2 sin 2ÏÏU 2 - 27TU! sin 2ÏÏUI) 

Combining Equations 60 and 63 with Equation 41 and noting that 

V - V 4 + V t 

(63) 

(64) 

yield 

- x zd sin 
ο O ' 

llP\+ - π χ 0
2 ^ Ν ( Ν - 1 ) 

2π 
( u 2 - U i ) ( ζ ι - ζ 0 ) 

- ^ (sin 2 Ï Ï U 2 - sin 2 7 1 ^ 4 ) + Ν 

χ (cos 2 Ï Ï U 2 - cos 27rux + 2ÏÏU 2 sin 27ru2- 2ÏÏU x sin 27rui) (65) 

As before, ρ and φ are evaluated by successive approximations. 
An accuracy of 1 part in 10 s is usually assumed adequate. 

Derivation of Expressions for Minima in Free Energy Curves, Equa
tion of Wenzel. Wenzel [9j first derived an equation for the effect of 
surface roughness on contact angles. His basic assumption was that a 
rough surface can be treated as a smooth surface of surface energy 
r y s a or r γ s l , depending on the interface. With this assumption, Wenzel's 
equation can be derived using the same techniques as in the derivation 
of Young's equation itself [4]. Shuttleworth and Bailey [8] pointed out 
that roughness made it possible to have more than one metastable posi
tion of equilibrium. The contact angle given by Wenzel's equation was 
correctly stated to give the angle corresponding to the lowest free en
ergy. The derivation of Young's equation and the derivation of Wenzel's 
equation are essentially different. Young's equation is derived byGibbs 
using a variational technique which compares an equilibrium position 
with adjacent, infinitesimally close, nonequilibrium states. The deriva
tion of Wenzel's equation, on the other hand, compares adjacent states 
which are all in metastable equilibrium. It is instructive to list explicitly 
the assumptions that must be made to derive Wenzel's equation by the 
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128 ADVANCES IN CHEMISTRY SERIES 

methods of Shuttleworth and Bailey [8] and of Good [5]. The assump
tions are: 

1. The free energy is a continuous function of φ. 
2. d£2 s l = rdA (66) 
3. d i2 s l = - d f t s a (67) 
4. d f t l a = dA cos φ (68) 

From these assumptions and the condition that dF = 0 for a mini
mum, Wenzel* s equation, 

cos φ = r cos θ (69) 

is readily derived. 
Approximation 1 is not true, but it does not lead to a serious error 

when the roughness is small compared with the drop size. Condition 2 
is not true except when the differential of A corresponds to exactly one 
period of the surface. Condition 3 demands that the surface be noncom
posite. Condition 4 is true only in the absence of a gravitational field. 
(This is an indication, but not proof that Wenzel*s equation may not be 
valid in a gravitational field.) 

Equation of Cassie and Baxter. Cassie and Baxter [2] extended 
Wenzel*s treatment to composite surfaces. The same assumptions 
necessary for the derivation of Wenzel* s equation are necessary, except 
that Equation 66 is replaced by 70, and Equation 68 is replaced by 71. 
These two changes are direct consequences of the difference between 
the geometry of composite and noncomposite surfaces. 

dS2 s l = r*dA (70) 

d f i l a = dA(cos φ+ η) (71) 

These assumptions lead directly to Cassie and Baxter*s equation, 

cos φ = r* cos Θ - η (72) 

In the notation of Cassie and Baxter, 

r* = i1 and η = f 2 

Equation 73 defines η, 

S2 l a 

η = - ϋ ϋ (73) 
πρ 2 

la 

where Î 2 i n t is given by Equation 54. In most cases, 

N(N - 1) » Ν (74) 

and 
πρ 2 = πχ ο

2 Ν(Ν - 1) (75) 
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7. JOHNSON AND DETTRE Idealized Rough Surface 129 

With these approximations, Equation 73 becomes 

η = (u2 - u x) (76) 

Calculation of Free Energy Barriers 

Noncomposite Surfaces. We assume that the free energy differ
ence between two states of the system, equilibrium or not, is given by 

Ω ^ Ω*1 Ω 8 β 

A F = / y l a ά Ω 1 β + / y
s l dttsl + J y s a ά Ω 8 3 (77) 

Ω^ Ω^ Ω^ 

We assume, during the motion from one position to another, that the 
periphery of the drop moves uniformly, that the liquid-air interface 
remains a section of a sphere, and that the motion is slow enough that 
kinetic energy can be ignored. The angle Θ1 which the liquid makes 
with the solid at any point is given by 

θ1 = φ - a (78) 
When the drop size is large compared with the roughness of the sur
face, φ changes very little as the drop edge moves over one cycle of 
the surface. We assume this change in φ to be linear, 

u 2 - u 

Then, 

and 

Therefore, 

or, 

or, 

φ= φ 2 + ( Φ ι - φ 2 ) ^ φ _ ) (79) 

dtl*a = - ά Ω 8 1 (80) 

d Ω l a = cos 6>ΜΩ81 (81) 

Ω*1 

A F = J ( y l a -cos Θ1 + y s l - y s a ) d Ω s l (82) 
Ω, 1 

AF = Γ 2 y l a ( c o e 0 f + " / S a )dtosl (83) 

Ω 2
! 

— = / (cos θ' - cos θ) <*Ω81 (84) 
r l a Ω*1 
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Now, 

a = tan sin 2ÏÏU (85) 

sl + x 2 s i n 2 (2πιι) 
1/2 

dx (86) 

Combining Equations 78, 79, 84, 85, 86, and 64, 65 yields 

A F / y l a = ) 

(87) 

Equation 87 is programmed for numerical integration by means of 
Simpson's rule. In most calculations, states 1 and 2 are metastable 
configurations. Intermediate values of A F are calculated by having the 
computer add up any desired number of Simpson's rule areas. 

Composite Surfaces. Consider Figure 9. Let u, u x , and u 2 have 
their usual meaning. Let u' be the value of u at an adjacent position of 
metastability. As the drop contracts, the edge of the drop follows the 
solid surface until it reaches u 2 . The free energy change in this proc
ess is A F X . At u 2 the drop no longer follows the solid surface but jumps 
from u 2 to u x . This free energy change is A F 2 . The drop edge then 
follows the solid surface to an equilibrium position at u ' . This free 
energy change is A F 3 . The total free energy difference between the 
two points is 

A F i and A F 3 are computed from Equation 87 using appropriate 
limits of integration. A F 2 / y l a is equal to Δ Ω 1 β as u goes from u 2 to 
% . Now, 

For most purposes, the following approximations give results of ade
quate accuracy: 

1. φ remains constant throughout the region of integration. 
2. Ν » u. 

Integrating Equation 89, assuming constant φ, and using the relation 
ρ = (Ν + u) x o yields 

AF = AF1 + A F 2 + A F 3 (88) 

(89) 
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Δ Ω 1 β = πχ σ
2(1 + cos φ) {2Ν(ι (Ui - u 2) + u x

2 - u 2 (90) 

Using approximation 2, 

A F 2 

= 2Νπχ σ
2 (1 + cos φ) (u^ - u 2) (91) 

y l a 

It was mentioned above that the energy barrier actually decreases 
for a composite configuration as the roughness increases. The height 
of the energy barrier is directly related to the distance the drop edge 
moves in going from u to u 2 . As the roughness increases, the liquid 
penetrates less deeply into the grooves, which in turn moves u 2 closer 
to u, lowering the barrier. 

Discussion and Conclusions 

The analysis of this idealized surface shows that roughness leads 
to a large number of metastable configurations. The configuration hav
ing the lowest free energy is given by Wenzel 1 s equation (or Cassie and 
Baxter*s for composite configurations). Each metastable state is sepa
rated from an adjacent state by an energy barrier. These barriers are 
a maximum at φ and go to zero at 0 m a x and 0 m i n . The heights of the 
energy barriers are approximately directly proportional to the height 
of the asperities and approximately independent of their separation. 
The energy barriers for composite surfaces are very much lower than 
for noncomposite surfaces. 

Contact angle hysteresis on rough surfaces can be qualitatively 
explained by assuming that the advancing and receding angles are de
termined by a balance between the macroscopic vibrational energy of 
the drop and the heights of the energy barriers. As the energy barriers 
become smaller (or the vibrational energy becomes greater), hysteresis 
becomes less. 

These comments are summarized in Figures 10 and 11. Figure 10 
shows curves of contact angle vs. roughness for Θ = 120°, while Figure 
11 is for Θ = 45°. Curves Β are plots of φ. In Figure 10, Β consists of 
two curves. The curve at small roughnesses is calculated from Wen
zel* s equation, while at higher roughnesses Cassie and Baxter*s equa
tion is used. The intersection of the two curves indicates the point of 
transition from a noncomposite to a composite surface. The solid por
tion of curve Β indicates the configurations of lower free energy. 
Curves A give the maximum and minimum angles that are geometri
cally possible. These would be advancing and receding angles in the 
treatment of Shuttleworth and Bailey. Curves C and D are possible 
advancing and receding angles which might be observed on a real sys
tem having the geometry of our model. The exact shapes of C and D 
depend on the heights of the energy barriers and the vibrational state 
of the drop. For this model, curves A and Β depend on only the surface 
roughness ratio, r , while curves C and D depend on both r and the ab
solute magnitude of the surface asperities. Curves C and D of Figure 
10 show that when composite configurations are energetically preferred, 
the hysteresis becomes dramatically less. This is a direct reflection 
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<A>*max 

ROUGHNESS RATIO r 

Figure 10. Effect of roughness on 
contact angle for θ = 120° 

A . Maximum and minimum possible angles 
B. Most probable contact angles, φ 

Lower. Calculated from Wenzel's equation 
Upper. Calculated from Cassie and 

Baxter's equation 
C. Possible curve of receding angles 
D. Possible curve of advancing angles 

of the very low free energy barriers for the composite configurations. 
This large decrease in hysteresis for composite surfaces offers a 
means for testing the hypothesis of energy barrier control of hystere
sis. This question is examined experimentally in another paper [3]. 

It is not possible to obtain composite surfaces for 0 less than 90° 
for our model. (This is not true for all surfaces-for example, one 
composed of parallel fibers.) Accordingly, there is no drastic decrease 
in hysteresis in Figure 11 as is observed in Figure 10. On the other 
hand, when 0 is less than 90°, there is a surface roughness at which 
surface wicking tends to occur. This occurs when φ = 0. Whether or 
not wicking actually occurs depends on the vibrations in the drop and 
on the nature of the energy barriers. 

We are not implying with this analysis that surface roughness is 
the only or even the most important source of contact angle hysteresis. 
Since it is a common source of hysteresis, it is necessary to under
stand the effect of roughness in order to interpret experimental results 
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i.o 2.0 3.0 
ROUGHNESS RATIO r 

Figure 11. Effect of roughness of 
contact angles for θ =45° 

A. Maximum and minimum possible angles 
B. Most probable contact angles, φ , calculated 

from Wenzel's equation 
C. Possible curve of receding angles 
D. Possible curve of advancing angles 

rationally. A similar study of the relation between surface heteroge
neity and contact angle hysteresis will soon be published. 

GLOSSARY OF TERMS 

Name 

Contact angle 

Intrinsic contact angle 

Observed contact angle 

Advancing contact angle 

Receding contact angle 

Maximum possible angle 

Symbol 

θ or φ 

θ 

Φ 

Φ* 

Definition 

Angle (measured through liquid) 
which liquid makes with solid 

Contact angle given by γla cos θ = 

Contact angle experimentally ob
served 

Largest experimentally meas
ured angle of liquid on solid 

Smallest experimentally meas
ured angle of liquid on solid 

Maximum contact angle that could 
be observed; deduced from geo
metrical considerations 
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Name 

Minimum possible angle 

Most probable contact angle 

Hysteresis 

Solid-air interfacial tension 

Liquid-air interfacial tension 

Solid-liquid interfacial tension 

Solid-liquid interfacial area 

Solid-air interfacial area 

Liquid-air interfacial area 

Internal liquid-air interfacial 
area 

Plane area 

Surface area ratio (Wenzel's) 

Surface area ratio (composite) 

Internal liquid-air surface ratio 

Relative free energy 

Configuration 

Composite surface 

Radius of drop 

Height of ridge on surface 

Period of surface 

Number of ridges under drop 

Fraction of distance between two 
adjacent ridges 

Symbol 

Φ · 

f mi η 

Φ. ~ ΦΤ 

Ω 

Ω 8 β 

Ω ί β 

Ω 1 β 

int 

r 

r ' 

2 ζ ο 

Ν 
η 

U i , u 2 

Definition 

Minimum contact angle that could 
be observed; deduced from geo
metrical considerations 

Contact angle corresponding to 
lowest value of F r e l for given 
surface and drop 

Qualitatively, fact that many dif
ferent contact angles can be 
observed for a given liquid on 
a given surface. 

Quantitatively, difference between 
advancing and receding angles 

See [6] for detailed discussion 
and definitions 

Total area of solid-liquid inter
face 

Total area of solid-air interface 

Total area of liquid-air interface 

Area of liquid-air interface un
der surface of drop 

Area of (χ, ψ) plane under drop 
(A = πρ*) 

Ω s V a (for noncomposite surface) 

O s l / A (for composite surface) 

Q j ^ / A (for composite surface) 
Helmholtz free energy (referred 

to special reference state) of 
configuration divided by y l a 

Position of metastable equilib
rium of drop on rough surface 

System (see Figure 6) which has 
air-liquid, and air-sol id inter
faces, as well as solid-liquid, 
under surface of drop 

Radius of projection of drop on 
(x,^) plane 

(z 0 = amplitude of sine wave) 

Distance between ridges 

Number of ridges from origin to 
arbitrary point on surface 

e.g., ρ = (Ν + u) x 0 

Positions of contact of interior 
liquid-air interface with sur
face (Figure 6) 
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Contact Angle Hysteresis 

II. Contact Angle Measurements on Rough Surfaces 

ROBERT H. D E T T R E and RULON E. JOHNSON, JR. 

Organic Chemicals Department 
Ε. I. du Pont de Nemours & Co., Inc., Wilmington, Del. 

An experimental study of the wettability of 
rough surfaces over an extremely wide range 
of roughness is described. The theoretical 
wettability behavior of an idealized, rough 
surface agrees well with that of real sur
faces. The theoretically predicted minimum 
in the curve of receding contact angle vs. 
roughness, for systems of high intrinsic con
tact angle, is experimentally verified. 

A computer study of a liquid drop on an idealized, rough surface [8] 
showed that the heights of the energy barriers which exist between the 
metastable configurations suggested by Shuttleworth and Bailey [12] 
increase from zero, at both the largest and the smallest possible con
tact angles, to a maximum at an angle corresponding to the lowest free 
energy for the system. It was suggested that the advancing and reced
ing contact angles and consequently the magnitude of the hysteresis are 
determined by a balance between the vibrational energy of the drop and 
the heights of the energy barriers. 

For a liquid with a high intrinsic contact angle, the idealized, rough 
surface shows a transition from a noncomposite to a composite sur
face as roughness increases, accompanied by a pronounced decrease in 
the heights of the energy barriers. If energy barriers control contact 
angle hysteresis, this should result in a dramatic increase in the r e 
ceding angle and a concomitant decrease in hysteresis. 

Experimental studies of the effect of surface roughness on contact 
angle hysteresis have been reported by a number of investigators [1-4, 
6,10,11]. The work of Cassie and Baxter [6] on extremely rough, po
rous surfaces and that of Bartell and Shepard [2, 3,11] on surfaces of 
moderate roughness have given quantitative measures of this effect. 
The results of a computer study [8] encouraged us to consider solid 
surfaces whose range of roughness is sufficiently wide to include both 
of the above types of surface. In the present paper we describe wetta
bility studies on surfaces having an extremely wide range of roughness 
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8. DETTRE AND JOHNSON Contact Angles on Rough Surfaces 137 

and compare the contact angle behavior with that predicted from the 
idealized model [8], A l l of the symbols and terms used in this paper 
are defined in the previous paper [8], 

Experimental 

Apparatus and Methods. Contact angles were measured on profiles 
of sessile drops using a microscope fitted with a goniometer eyepiece 
[7]; magnification was about 20 X . Error in angle measurements by 
this method is estimated to be about ± 1°. Drops were added and sizes 
changed using a hypodermic syringe. Advancing angles were measured 
after the drop size was increased and the periphery advanced over the 
surface; receding angles were measured after the drop size was reduced 
and the periphery receded. Unless otherwise stated, readings were 
taken within 30 seconds of drop formation or size change and drop vol 
umes were between 0.05 and 0.1 ml . Receding angles were measured 
on drops that had been in contact with the surface for some time before 
receding and on fresh drops which were placed on the surface and i m 
mediately reduced in size. There was little difference between these 
two methods as long as the drop size was kept below 0.1 m l . 

Each contact angle value is the average of at least eight measure
ments. The lengths of the vertical lines on the points in the graphs 
represent the magnitudes of the standard deviations. The ± values in 
Table I are also standard deviations. 

A l l measurements were made at 24° ± 1°C. and 50% relative 
humidity. 

T A B L E I. Liquid Contact Angles on Roughest and Smoothest 
Wax Surfaces Available in This Study 

Methylene 
Water Iodide Hexadecane 

Surface ΦΓ * a Φ Γ * a ΦΓ 

T F Ε-methanol 
telomer wax 

Rough 
Smooth 

159±2 
111±1 

157±2 
95±1 

143 ± 1 
87 ± 4 

139±2 
75±3 

85±4 
52 ± 4 

0 
4 0 ± 4 

TFE-s i l icone oil 
telomer wax 

Rough 
Smooth 

158±3 
111±1 

157±2 
98±2 

99 ± 4 0 39±3 
40 ± 1 

0 
23±2 

Paraffin wax Rough 
Smooth 

158±1 
110±1 

153±2 
103 ± 1 

60 ± 4 
51±2 

0 
4 6 ± 4 

0 
2 2 ± 3 a 

0 
0 a 

a Evidence of solution of wax in hexadecane. 

Materials. Both paraffin and fluorocarbon wax surfaces were 
studied. The paraffin was a household wax distributed by Esso, Inc. 
Two fluorocarbon waxes, telomere of tetrafluoroethylene (TFE) , were 
used. One, a methanol telomer, had acrystalline melting point of 278°C. 
and an approximate molecular weight of 2000 [5]; the other, a telomer 
of polydimethylsiloxane (Dow Corning DC 200 silicone oil), had a crys 
talline melting point of 275°C. [13]. 

The distilled water used in the contact angle measurements had a 
surface tension of 72.1 dynes per cm. at 24°C. The methylene iodide 
was Eastman White Label grade; its surface tension at 24°C. was 50.1 
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dynes per cm. Olefin-free hexadecane, from Matheson, Coleman and 
Bel l , had a purity greater than 99% as determined by vapor phase 
chromatography; its surface tension was 27.4 dynes per cm. at 24°C. 
Surface tensions were determined by the Wilhelmy plate method. 

Surface Preparation and Treatment. The roughest fluorocarbon 
wax surfaces were prepared by spraying the telomer waxes, dispersed 
in trichlorotrifluoroethane, onto glass microscope slides. These sur
faces were made progressively smoother by heating in an oven. A l 
though the time and temperature for each heat treatment were chosen 
to give a noticeable smoothing of the surface, the change in roughness 
was not necessarily the same for each treatment. The TFE-methanol 
telomer surface was heated from 200° to 280°C. over a 2 1/2-hour 
period; the TFE-si l icone oil telomer surface was heated from 150° to 
about 290°C. over a 13 1/2-hour period. 

The roughest paraffin wax surface (Figure 3, E) was obtained by 
spraying a warm (50°C.) mixture of a 10% wax (in hexane) solution and 
10-micron glass beads onto a glass microscope slide. The glass beads 
were 10% by weight of the total sprayed mixture. A slightly smoother 
surface (Figure 3, D) was obtained by spraying the above solution with
out the 10-micron glass beads. Surface C was prepared by spreading 
10-micron glass beads on a glass microscope slide, completely cover
ing them with a warm 5% solution of the wax in toluene, and then allow
ing the toluene to evaporate. A second treatment with the wax solution 
was made to ensure complete coverage by the wax. Surface Β is that 
of frozen paraffin wax and A is a specular surface prepared by pressing 
the softened wax against a glass microscope slide. A l l of the paraffin 
and fluorocarbon wax coatings described above were 0.1 to 0.2 mm. thick. 

Results 

Fluorocarbon Wax Surfaces. Figure 1 shows the variation of water 
contact angle with roughness for the TFE-methanol telomer wax sur
face. The TFE-si l icone oil telomer wax surface showed the same be
havior. Although no absolute value is known for surface roughness at 
each heat treatment, it was established from examination of photomi
crographs of the surfaces that roughness changed in the direction indi
cated on the graph. This is illustrated in Figure 2 by a series of photo
micrographs of the wax surfaces of Figure 1. 

A i r was observed beneath the water drops on the surfaces repre
sented by the points to the right of the minimum in Figure 1. On the 
surfaces where n.h.t. = 0 to 3, water drops as small as 0.01 ml . were 
exceptionally mobile and contact angles were independent of drop size. 
As the number of heat treatments increased, the mobility of these small 
drops decreased and receding contact angles became sensitive to drop 
size. For example, at n.h.t. = 6 in Figure 1, the advancing angle r e 
mained unchanged when the drop volume was increased from 0.05 to 
0.6 m l . but the receding angle changed from 143° ± 3° to 93° ± 31°. 
Penetration of water into the wax surface was observed as the drop was 
increased in size. The high sensitivity of the receding angles to rough
ness, in the above example and in Figure 1, is indicated by the large 
standard deviations for these angles. Table I lists contact angles for 
water, methylene iodide, and hexadecane on the smoothest and roughest 
fluorocarbon wax surfaces prepared in this study. They are averages 
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170 ι 1 1 1 1 1 1 1 1 1 Γ 

10 9 8 7 6 5 4 3 2 1 0 
« NUMBER OF HEAT TREATMENTS (n.h.t.) 

SURFACE ROUGHNESS * 

Figure 1. Water contact angles on TFE-
methanol telomer wax surface as a function 
of roughness 

Ο Advancing angle 
φ Receding angle 

of values obtained on several surfaces of the same type. Air was ob
served under the methylene iodide drops on the rough TFE-methanol 
telomer wax surfaces. Both rough fluorocarbon wax surfaces showed a 
slow wicking of liquid into the surface around the peripheries of the 
hexadecane drops. 

Paraffin Wax Surfaces. Figure 3 shows the variation of water con
tact angle with surface roughness for paraffin wax surfaces. As with 
the fluorocarbon waxes,the roughness scale is a relative one; the posi
tions of the various surfaces on this scale were obtained from micro
scopic examination of the surfaces. A ir was observed under the water 
drops on surfaces D and E . 

Table I gives the contact angles of water, methylene iodide, and 
hexadecane on the smoothest and roughest surfaces of Figure 3. The 
zero advancing angle for hexadecane on the roughest surface was ap
parent as a spontaneous and rapid wicking of the entire 0.05-ml. drop 
into the surface. 

Wettability Studies of Bartell and Shepard. In Figures 4 and 5 we have 
plotted the contact angle data of Bartell and Shepard [2, 3,11] as a function 
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Figure 2. Photomicrographs of TFE-methanol tel
omer wax surface of Figure 1 

n.h.t. No. of heat treatments 
Same region of surface shown in each photomicrograph. 
Transmitted light used forlbottom three photomicrographs; 
others taken with reflected light, with angle of illumination 
about 15 to plane of wax surface. 

of WenzelTs roughness ratio, r , for various liquids on paraffin wax sur
faces of controlled roughness. The vertical lines represent the mag
nitudes of the standard deviations. The values for water in Figure 4 
are averages of all their reported data. Although they discarded some 
extreme values, we have included them, since we believe that a large 
spread in values is characteristic of such systems. The data were 
originally reported as a function of the angle of inclination of the sides 
of the asperities with respect to the horizontal plane of the solid sur
face; the roughness ratio is equal to the secant of this angle. 

Contact Angle Hysteresis on Smooth, Specular Wax Surfaces. The 
contact angle hysteresis observed on the smooth, specular wax surfaces 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
00

8

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



8. DETTRE AND JOHNSON Contact Angles on Rough Surfaces 141 

40 I-

30 -

20 -

10 I 1 1 ' 1 — 
A B C D Ε 

SURFACE ROUGHNESS * 

Figure 3. Water contact angles on paraffin 
wax as a function of surface roughness 

Ο Advancing angle 
# Receding angle 

of Table I is probably due to surface heterogeneity. Ray and Bartell 
[10] have shown that smooth surfaces of purified paraffin wax show no 
contact angle hysteresis with water. The effect of surface heterogeneity 
on contact angle hysteresis will be discussed in another article [9]. 

Discussion 

Noncomposite Surfaces. In the noncomposite region of roughness, 
the wettability behavior of the idealized surface [8] is consistent with 
the observed behavior described by Figures 1, 3, 4, and 5-i.e. , the ad
vancing angles increase and the receding angles decrease with increas
ing roughness. In Figures 4 and 5 the observed advancing angles are 
all less than the maximum possible value, $ m a x , calculated from the 
geometry of the surface and the receding angles (nonzero values) are 
all greater than the minimum possible value, 0 m i n . The existence of 
energy barriers which increase in height below <£m a x and above 0 m i n , 
and the concept that the observed advancing and receding angles are 
determined by a balance between the vibrational energy of the drop and 
the heights of these barriers, can explain these observations. 
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60 h 

~Ί .Ο 1.5 2.0 2.5 
ROUGHNESS RATIO, r 

Figure 4. Data of Bartell and Shepard 
plotted against roughness ratio 

Ο Advancing angles for water 
# Receding angles for water 
Δ Advancing angles for glycerol 
A Receding angles for glycerol 

The decrease in advancing angle for methanol on paraffin wax (Fig
ure 5) can be accounted for by surface wicking. In the present study, 
whenever surface wicking occurred on rough wax surfaces, the advanc
ing angle always decreased with time. Considering the geometry of the 
surfaces studied by Bartell and Shepard, one would expect the rate of 
wicking to increase with roughness so that the observed angle would 
appear to decrease with roughness. The condition for wicking [8] r e 
quires that r = 1.35 for methanol on paraffin wax. The decrease in ad
vancing angle in Figure 5 begins somewhere between r = 1.16 and 
r = 1.41. 

Composite Surfaces. In Figures 1 and 3 the increase in receding 
angle with increasing roughness reflects transitions from noncomposite 
to composite surfaces. The accompanying decrease in contact angle 
hysteresis is in agreement with the idealized model [8], which explains 
this effect on the basis of a drastic decrease in the heights of the energy 
barriers separating metastable drop configurations. The very high 
angles shown here are similar to those observed by Cassie and Baxter 
on paraffin-coated wire gratings [6], The good agreement which they 
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Figure 5. Data of Shepard and Bartell 
plotted against roughness ratio 

Ο Advancing angles for ethylene glycol 
9 Receding angles for ethylene glycol 
Δ Advancing angles for methyl 

Cellusolve 
A Receding angles for methyl 

Cello solve 
Π Advancing angles for methanol 
Η Receding angles for methanol 

found between measured angles and those calculated from their equa
tion is consistent with the existence of small energy barriers for com
posite surfaces. 

The results of Bartell and Shepard for water on rough paraffin wax 
surfaces show the increase in receding angle (Figure 4) anticipated for 
the formation of a composite surface. The dashed lines in Figure 4 
represent possible angles for higher roughness ratios. An increase in 
receding angle with roughness for 3M calcium chloride solutions on 
paraffin wax surfaces, reported by Bartell and Shepard [3], is also due 
to the composite nature of the surface under the liquid drop. 

Comparison of Idealized, Rough Surface with Real Surfaces. An 
essential difference between an actual, rough surface and the idealized 
model [8] is that the former is usually a random distribution of surface 
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projections or asperities, but the latter consists of a system of con
centric crests and troughs. Another difference is that the idealized 
system ignores gravity. The pressure of the liquid will cause increased 
penetration into a composite surface. This accounts for the increase 
in hysteresis with drop size which was described previously. The pres
sure of the liquid will also tend to increase the rate of surface wicking. 
Both of the above effects are accentuated when the spacing between as
perities becomes large. A third difference, of lesser importance, is 
the fact that a real surface has a wide range of asperity heights but the 
idealized surface does not. 

Consider a liquid drop on an idealized surface and on a real sur
face, both surfaces having identical average asperity heights and rough
ness ratios. The angle, φ, calculated from WenzelTs equation or from 
the equation of Cassie and Baxter, is the same for both systems. Both 
have metastable states on either side of φ, with energy barriers sepa
rating them. When a liquid drop spreads over the real surface, liquid 
moves between the asperities as well as over them, but on the idealized 
surface liquid movement can take place only over the crests. This 
should cause the energy barriers for the real surface to be lower than 
those for the idealized model. Even though this results in smaller hys
teresis for the real surface, the qualitative behavior of the two will be 
the same. 
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Upper Limits to the Contact Angles of Liquids on Solids 

ELAINE G. SHAFRIN and WILLIAM A. ZISMAN 

U. S. Naval Research Laboratory 
Washington 25, D. C. 

Graphical plots of the cosine of the equilib
rium contact angle vs. the difference in the 
surface tension of a pure liquid and the crit 
ical surface tension of wetting of the solid 
group data for each liquid into a zone bounded 
by a straight line passing through the origin 
(cos θ = 1; γLV - γc =0). From the param
eters defining this straight line the limiting 
contact angles for each liquid can be esti
mated. They indicate that the maximum con
tact angle possible for water is 156°; for 
hexadecane, 109°. A rectilinear relation be
tween liquid surface tension and the minimum 
value of (γLV - γc) required for a surface to 
exhibit a 90° contact angle can be extended 
to provide a good fit to available data for a 
pure liquid metal like mercury. 

Data on the equilibrium contact angles, 0, at 20°C. obtained under 
comparable and well-controlled experimental conditions are available 
for many dozens of pure liquids on over 100 different solid surfaces [26, 
32, 33]. In previous studies of wetting the primary interest was in the 
variation of θ among many liquids with respect to a specific solid sur
face. This paper concerns the variation in the wetting behavior of a 
single liquid with respect to many solid surfaces. Specifically, answers 
are sought to the following questions: 

What is the range of contact angles observed experimentally ? 
What is the effect on the range of contact angles on changing the 

solid surface composition? 
What is the maximum contact angle that can be expected for the 

specified liquid on any solid surface ? 
Eight pure liquids (water, methylene iodide, n-hexadecane, formam

ide, hexachloropropylene, tert-butylnaphthalene, dicyclohexyl, and n-
decane) were chosen for this investigation, with special emphasis on 
the data for the first three. 

Water is an obvious choice not only because of the importance of 
the hydrophobic behavior of organic surfaces in science, technology, 
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and the arts, but also because of its high surface tension (and the as
sociated large contact angles on many surfaces) and its extremely small 
molecular size, which makes it capable of penetrating adsorbed mono
layers [2] as well as many bulk solids [1, 17]. 

n-Hexadecane was chosen because it is a nonpolar liquid of low 
surface tension which is incapable of forming hydrogen bonds and it 
exemplifies a liquid whose cohesive and adhesive properties are in 
some ways ideally simple, since only London dispersion forces are 
usually involved. Although the large size of the hexadecane molecule 
makes penetration of molecular pores in bulk solids difficult, its linear 
structure and molecular flexibility make it able to adlineate with itself 
or with other molecules containing similar molecular chains-e.g. , in 
an adsorbed monolayer of a polar paraffinic compound. 

Methylene iodide was chosen as the third reference liquid because, 
although it has a high surface tension, it cannot adlineate, and its large 
size and molecular shape generally preclude permeation into closely 
packed, adsorbed, organic monolayers [19], 

Properties of the three liquids of special interest are compared in 
Table I. The liquid surface tension, y L V , for these reference liquids 
covers almost a threefold range at 20° C. In this same range are the 
surface tensions at 20°C. for the five other freshly purified liquids, 
formamide, hexachloropropylene, tert-butylnaphthalene, dicyclohexyl, 
and decane (58.2, 38.1, 33.7, 32.8, and 23.9 dynes per cm., respectively). 

T A B L E I. Comparison of Physical 

Liquid Property Dimension 

Spatial 

Molecular volume at 20°C. 
(mol. wt./density) 

Cu. A./molecule 

Minimum effective 
cross-sectional area 

Sq. A./molecule 

Dielectric 

Dipole moment at 20°C. 
(exp. condition) 

Polarizability 

Debyes 

Cu. A . 

Capillary 

Surface tension at 20°C. 

Spreading behavior on 
clean, high-energy surfaces 

Dynes/cm. 

Estimated from Stuart-Briegleb ball models. 

A l l of the contact angles included in this paper are for smooth sur
faces and were obtained by slowly advancing a sessile drop of the liquid 
in order to provide a good approximation to the equilibrium contact 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
00

9

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



9. SHAFRIN AND ZISMAN Upper Limits to Contact Angles 147 

angle. The results were generally free from difficulties with hysteresis 
and the few exceptions are discussed in the reference papers. 

The data were obtained principally from published papers in which 
are given full details about the preparation and cleaning of the solid 
surfaces. Two types of monolayer-coated surfaces have not been re 
ported previously. Polydimethylsiloxane films were prepared by contact 
of freshly acid-cleaned Aloe glass microscope slides with a 2.5 χ 10" 4 

solution (by weight) in benzene of polydimethylsiloxane (DC No. 200; 
350 cs. at 25°C.) for 30 minutes. Following retraction of the solution, 
the monolayer-coated glass slide was heated for 30 minutes at 220°C. 
Contact angle measurements made after the slide had cooled to 20°C. 
indicated that y c = 24 dynes per cm. Monolayers of selected terminally 
perfluoroalkyl-substituted undecanoic and hexanoic acids [6] were pre
pared by adsorption from the melt onto metallographically polished chro
mium surfaces under conditions identical to those used to prepare films 
of the terminally perfluoroalkyl-substituted heptadecanoic acids [27]. 

In the following discussion the low-energy surfaces are grouped 
into four main classes, based on surface atomic composition. In gen
eral, this corresponds to the order of increasing (although overlapping) 
values of their critical surface tension, γ c : 

Surfaces exposing any F atoms (y c = 6 to 31 dynes per cm., with 
surfaces exposing only F and C atoms having y c < 20 dynes per cm.). 

Surfaces exposing only C and H atoms (y c = 22 to 35 dynes per cm.). 

Properties of Reference Liquids Investigated 

Reference Liquid 

Water Methylene iodide n-Hexadecane 

30.0 [14] 133.8 

17 a 

[14] 485.2 [14] 

21.3 (liquid) [11] 
18.5 (crystal) [18] 

1.84 [28] 
(gaseous) 

1.48 [20] 

1.14 [28] 
(in hexane) 

12 [22] 30 

[28] 

[13] 

72.8 [14] 50.8 [16] 27.6 [29] 

Spreading [8] Nonspreading [7,19] Spreading [8] 

Surfaces exposing halogen atoms but not including F (y c = 38 to 44 
dynes per cm.). 

Surfaces exposing Ο or Ν atoms (y c = 35 to 45 dynes per cm.). 
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Hydrophobic Behavior of Low-Energy Surfaces 

Reliable equilibrium contact angles of water have been reported for 
over 100 well-defined, low-energy organic-solid surfaces or adsorption-
modified high-energy surfaces; of these, data on y c are available for 
at least 60. The cosine of the hydrophobic contact angle of each surface 
is conveniently plotted in Figure l ,a , against the difference between the 
surface tension, y L V , of water and y c of the solid. The data in Figure 
l ,a , are for wetting by only one liquid (water). A l l but nine of the data 
were obtained at 2 0 ° C ; for nine bulk polymers exposing only C and F 
atoms the contact angles [3-5] were obtained at 25°C. Since compari
son measurements on polytetrafluoroethylene surfaces at 20° and 25°C. 
indicated that the effect of this small change in temperature on Θ does 
not significantly exceed the experimental error of measurement, the 
25°C. data are included in Figure l ,a , even though only a single value of 
the surface tension of water is used (72.8 dynes per cm. at 2 0 ° C ) . On 
the same graph are plotted the values of γc decreasing to a zero value 
toward the right, as shown across the top of the chart. For easy refer
ence, the value of Θ is also indicated along the ordinate axis at the right. 

Figure 1. Wetting behavior of hydrogen-bonding liquids on 
low-energy surfaces of varied surface composition 

Each datum point of Figure l ,a , represents the hydrophobic behavior 
of a single solid surface. Symbols of different shapes distinguish the 
solid surfaces according to their surface atomic composition. Filled 
symbols designate surfaces of bulk organic solids (single crystals, 
polymers, etc.) and open symbols refer to low-energy surfaces created 
by adsorption of monomolecular films. 

The largest water angle observed is 120° on the C F 3 - r i c h surface 
of a thin coating of a polymethacrylic ester having perfluorinated side 
chains [5]; close to this is the 118° angle reported for both a related 
polymeric surface (an acrylic ester with perfluorinated side chains) [5] 
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and a monolayer of ll-(perfluorodecyl)undecanoic acid adsorbed on a 
mirror-smooth chromium surface. No hydrophobic angle lower than 
108° is found for any homo- or copolymer exposing C and F atoms only; 
lower angles are invariably obtained upon introducing any additional 
atomic species. 

The second most hydrophobic class of surfaces is the one containing 
only C and H atoms, but the largest water angles are well below those 
on the fluorocarbons. The largest contact angle on a hydrocarbon is 
the 111° obtained on a cleavage plane of a single crystal of n-hexatri-
acontane [10], a surface comprising - C H 3 groups in the highly con
densed packing characteristic of the crystal lattice. Hydrophobic angles 
of 108° to 110° are common on white paraffin surfaces ( - C H 2 - and - C H 3 

groups) [10], the higher value of θ resulting when there is a higher con
centration of - C H 3 groups. The highest water angle observed on a con
densed, adsorbed monolayer of polar paraffinic molecules is 101°, the 
difference between this and 1110 reflecting the difference in the packing 
of the terminal - C H 3 groups of aliphatic chains when crystallization 
does not occur. An identical angle of 101° also is obtained on an ad
sorbed, condensed monolayer of an open-chain polydimethylsiloxane, 
indicating that the methyl groups exposed by the silicone film are suf
ficiently close-packed to shield the Si -0 linkages effectively from the 
wetting interface. The water contact angle drops to 94° for a poly
ethylene surface, paralleling the decrease in θ observed between a - C F 3 

and a - C F 2 - surface previously noted for fluorocarbon surfaces. 
Greater water wettability is observed for surfaces exposing atoms 

other than C, H, or F . Despite their generally high values of yc , these 
surfaces are still usefully hydrophobic and angles larger than 65° are 
the rule for surfaces sufficiently insoluble in or impermeable to water 
to give stable angles showing no hysteresis effects after several min
utes T contact with the water drop. The smallest such stable water angle 
included in Figure l ,a , is 68° for a single crystal of cyclotrimethylene 
trinitramine (y c =44 dynes per cm.) [9]. Less stable angles are ob
served for surfaces dissolved by water (cf. p o l y v i n y l alcohol) with 
yc = 37 dynes per cm. reported by Ray, Anderson, and Scholz [23]). 

The distribution of filled and open symbols for surfaces of the same 
composition indicates that the monolayers generally are less hydro
phobic than the atomically comparable bulk solids. This may result 
from the greater penetration by the water molecules and the possibility 
that this interstitial water facilitates overturning of the polar molecules 
in the monolayers as shown by Rideal and Tadayon [24] and more re 
cently by Gaines [12] and Yiannos [31], The distribution of data points 
in Figure l , a , shows that cos θ is larger the closer γ c is to y L V . By 
definition, any solid surface with yc exactly equal to or larger than the 
y L V of the liquid will be spread upon by that liquid. Hence, water should 
spread on any surface having y c > 72.8 dynes per cm. This is in good 
agreement with the well-known spreading of water on high-energy sur
faces which are free of organic contamination [8], 

As ( y L V - yc ) increases-i .e. , as yc decreases-the surfaces be
come more hydrophobic. At larger values of ( y L V - yc) the majority 
of the data points tend to lie within a relatively narrow range of cos θ 
values and to concentrate toward the lower end of that range. This is 
surprising, since a wider range of water contact angles becomes pos
sible as the difference between yc and y L V is increased and there is no 
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a priori reason why two different surfaces having the same value of y c 

should necessarily exhibit identical water angles. 
An envelope to the minimum cos Θ values toward which the data 

points of Figure l ,a , tend to concentrate can be drawn which is a straight 
line passing through or close to a large number of experimental points 
as well as through the point cos 0=1; (y L V - y c ) = 0 as required by 
theory. Despite the extreme variations in surface chemical composi
tion and hydrophobic behavior, an empirical relation as simple as a 
straight line appears to represent adequately the minimum cos Θ ob
served experimentally for water. As drawn in Figure l ,a , this limiting 
envelope lies on or below all but two of the data points [for poly (ethylene 
terephthalate) and poly(vinyl chloride)] and these also are close-i .e . , 
within 3° to 4° of falling on the line. Thus it appears possible to pre
dict what the maximum water contact angle might be for a surface hav
ing a given value of yc ; of course, the actual angle may prove smaller. 
Conversely, for any specific value of θ-e.g. , θ ^ 90° to prevent capil
lary penetration-the intersection of the limiting line of Figure l ,a , with 
the appropriate ordinate-e.g., cos 90°-provides an indication of the 
smallest difference between y c and y L V for which an angle of 90° is 
possible-namely, y L V - y c = 38.2 dynes per cm. The existence of this 
minimum difference eliminates from consideration surfaces for which 
( y L V - 7C) < 38.2 dynes per cm. and, hence, for which yc > 34.6 dynes 
per cm. Finally, by extrapolation of this limiting line to the maximum 
possible value of (y L V - y c ) (see vertical dashed line of Figure l,a), 
which corresponds to allowing y c to approach zero, the maximum hy
drophobic contact angle possible appears to be 156°. 

Wetting of Low-Energy Surfaces by Methylene Iodide 

Equilibrium contact angle data are available for methylene iodide 
on a somewhat smaller number of solid surfaces than for water (about 
80); they range from a maximum of 101° to 103° on a condensed film of 
- C F 3 terminal groups to a minimum of 29° on surfaces not dissolved 
or attacked by the sessile drop [poly (vinylidene chloride), yc = 40 dynes 
per cm.]. 

In Figure 2,a, are plotted the data for methylene iodide comparable 
to those for water in Figure l ,a ; in general, the distribution of data 
points is similar. The group of surfaces exhibiting maximum hydro-
phobicity also exhibits the largest methylene iodide contact angles: 
Θ ^ 90° on condensed - C F 3 groups, whether bulk material-e.g. , poly-
hexafluoropropylene-or monolayers comprising molecules with ter
minal perfluoroalkyl groups of five or more carbon atoms. For mono
layers with perfluoroalkyl moieties shorter than this and for polymers 
with significant proportions of - C F 2 - groups, θ < 90°. The lowest θ 
on a bulk surface comprising only C and F atoms is 82° [3]. Contact 
angles on hydrocarbon surfaces, although large, are far lower than 
those on fluorinated surfaces. The largest methylene iodide contact 
angle on a hydrocarbon surface is only 77° for the C H 3 - r i c h surface of 
a single crystal [10]; a maximum value of 71° is characteristic of close-
packed monolayers of adsorbed aliphatic derivatives [19], again showing 
the sensitivity of Θ to the packing of the terminal methyl groups. 

In Figure 2,a, as in Figure l ,a , the lower limit to the data is well 
represented by a straight line passing through the point cos 0 = 1; 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
00

9

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



9. SHAFRIN AND ZISMAN Upper Limits to Contact Angles 151 

Figure 2. Wetting behavior of halocarbons on low-energy 
surfaces of varied surface composition 

(y L V - y c ) = 0. Although the datum point for any given solid surface 
necessarily lies closer to the left side of Figure 2,a, than in Figure l ,a , 
comparison of the two figures reveals that, for any given difference be
tween y L V and y c , methylene iodide exhibits a larger contact angle than 
does water. Since the slope of the limiting straight line is steeper for 
methylene iodide than for water, the value of (y L V - 7C ) required for 
methylene iodide to exhibit a particular contact angle is less than for 
water. Accordingly, a surface must have y c < 17 dynes per cm. for a 
90° methylene iodide angle, whereas the corresponding value for a 90° 
water angle is yc < 34.6 dynes per cm. If the limiting straight line of 
Figure 2,a, is extrapolated to the maximum possible value of (y L V - y c ) , 
a maximum value of θ = 121° is indicated for methylene iodide on a hy
pothetical surface for which y c = 0. Thus, although the limiting line is 
steeper than for water, it terminates before intersecting the cos 0 = -1 
axis and indicates a maximum angle which is smaller than that indicated 
for water. 

Wetting of Low-Energy Surfaces by n-Hexadecane 

In Figure 4,a, is a similar plot of cos θ vs. (y L V - y c ) for n-hexa-
decane. There are fewer data points because there are not many low-
energy surfaces with values of γ c less than the surface tension of hexa-
decane-i.e., relatively few types of surfaces exhibit nonzero contact 
angles to hexadecane or other low-surface-tension oils. On the basis 
of their y c values, only two major classes of surfaces can be expected 
to exhibit substantial oil contact angles: the hydrocarbon surfaces and 
the fluorine-containing surfaces, providing no other types of halogen 
atoms are present. 

The largest hexadecane angles observed experimentally range from 
75° to 78° on surfaces comprising condensed - C F 3 groups; the largest 
angle on a hydrocarbon surface (46°) is obtained on the analogous 
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CH 3 -surfaces . A straight line can be drawn which passes through or 
close to many of the data points in Figure 4,a, representing the mini
mum values of cos θ observed for hexadecane on various solid surfaces. 
The scatter of the data points relative to this straight line is less than 
for water or methylene iodide and there is no consistent displacement 
of open symbols relative to filled symbols (distinguishing between 
monolayer-coated and bulk surfaces) for atomically comparable sur
faces as was observed for the former two liquids. 

Only London dispersion force (or induced polarization) interactions 
with the solid surface are possible for a liquid like hexadecane which 
has no permanent electric moment and is not capable of hydrogen-bond 
formation. The data points representing its wetting behavior must 
therefore lie very close to the straight-line cos Θ vs. y L V relations 
used to determine the values of y c for the different solid surfaces. 
When such data are transformed to plots of cos θ vs. (y L V - y c ), coin
cidence of the data points at any single value of (y L V - y c ) is possible 
only for those systems having identical cos Θ vs. y L V relations (a com
mon occurrence, to judge from many of the data in Figure 4,a). A sec
ond consequence of the transformation is that a straight-line relation 
between cos θ and (y L V - y c ) is possible only if the original cos θ vs. 
y L V relations are parallel, the slope of the cos θ vs. (y L V - y c ) relation 
being identical to the slopes of the set of parallel relations. Thus, the 
strong tendency of the data of Figure 4,a, to cluster along a single 
straight line shows how nearly parallel many of the cos Θ vs. y L V rela
tions are, despite wide variations in solid surface composition and 
physical form. The clustering of data points toward the lower values 
of cos θ indicates that the steeper slopes are the more characteristic 
for cos θ vs. y L V relations for the n-alkanes. Indeed, the narrow radial 
spread of the data in Figure 4,a, is indicative of how small or how con
stant is the interfacial tension y S L between hexadecane and most low-
energy surfaces. This is in contrast with the data for a hydrogen-
bonding liquid like water, for example, which show (Figure l,a) 
considerable radial divergence. 

The slope of the limiting line in Figure 4,a, is even steeper than 
that observed in Figure l ,a , or 2,a. In order for hexadecane to exhibit 
a contact angle of 90° on a solid surface, the difference between y c and 
y L V needs only to be larger than 20.8 dynes per cm. ; however, this cor
responds to requiring that the solid surface have a critical surface ten
sion of 6.8 dynes per cm. or less. Extrapolation of the linear relation 
to its termination at the maximum possible value of ( y L V - y c ) , which 
is y L V , indicates that the largest hexadecane angle possible would be 
109° on a hypothetical surface of zero critical surface tension. 

Limiting Wetting Behavior of Other Liquids on Low-Energy Surfaces 

Similar plots were prepared to the same scale for five additional 
organic liquids: formamide (Figure l,b), hexachloropropylene (Figure 
2,b), tert-butylnaphthalene (Figure 3,a), dicyclohexyl (Figure 3,b), and 
n-decane (Figure 4,b). Fewer data are available for each of these l iq 
uids than for water, methylene iodide, or hexadecane, but the resulting 
plots all show the same characteristic features and are therefore treated 
analogously. The sequence of graphs in Figures 1 to 4 is arranged in 
the order of decreasing surface tension of the reference liquid. This is 
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Δ C, Η, HALOGEN 

20 30 40 50 6 0 70 80 

γ -γ (DYNES/CM) 

f—ψ— 
WETTING BY DICYCLOHEXYL 

50 6 0 70 80 

7 L V - X C (DYNES/CM) 

Figure 3. Wetting behavior of cyclic hydrocarbons on low-energy 
surfaces of varied surface composition 

ο \o ο 
(a) WETTING BY n-HEXADECANE 

PHASE LAYER ATOMS 

f h 
y c (DYNES/CM) 

(b) WETTING BY n-DECANE 

20 30 40 50 6 0 70 80 0 

y -γ (DYNES/CM) 

10 20 30 40 50 60 70 

X L V - y c (DYNES/CM) 

Figure 4. Wetting behavior of aliphatic hydrocarbons on 
low-energy surfaces of varied surface composition 

found to be the same order in which the slope of the limiting straight 
line becomes steeper; also, it is approximately the order of the de
crease in the maximum contact angle possible on a hypothetical surface 
of zero critical surface tension. 

Relatively few data are available for the wetting of low-energy sur
faces by liquid metals. Reliable contact angles are available, however, 
for mercury (y L V = 485 dynes per cm.) on three different surfaces. 
When plotted as a function of ( r L y - r c ) , their data points suggest that 
a linear limiting relation also characterizes the wetting properties of 
this liquid metal. 
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Discussion 

The same general pattern in plots of cos θ vs. (y L V - yc ) appears 
characteristic of the available data for the nine liquids discussed here. 
Furthermore, the parameters involved in the straight lines bounding 
such plots show systematic changes with the surface tension of the ref
erence liquid. Thus, as γLv decreases, the slope of the limiting straight 
line becomes greater, there is a decrease in the value of (y L V - yc ) 
required for a liquid to exhibit any given contact angle, and the maxi
mum contact angle indicated fora hypothetical surface with yc = 0 tends 
to become smaller. 

The effect of the liquid surface tension on the minimum value of 
(y L V - yc ) required for Θ = 90° is illustrated in Figure 5. Each datum 
point corresponds to a single reference liquid. The data for all nine 
liquids (from decane with the lowest value of y L V to mercury with the 
highest) plot very close to a straight line passing through the origin at 
y L V = 0. This result is remarkable when it is realized that y L V varies 
by 25-fold. Among the nine liquids studied, the minimum value of 
(y L V - yc ) required for a 90° contact angle was never less than half of 
the surface tension of the liquid; thus, the slope of the line in Figure 5 
is close to, but not quite as low as one half. From these data there re 
sults the following interesting generalization for the design of solid-
liquid systems in which capillary penetration is not possible-i .e. , 
Θ > 90°-the minimum value of (y L V - yc) which is required to get a 
90° contact angle must be more than half of the surface tension of the 
liquid and therefore the solid must be chosen for which yc is less than 
1/2 y L V . 

In Figure 5 a slight displacement upward (relative to the straight 
line) is observed for data points for some of the liquids of low y L V . 

S 3 0 0 , — . 

y L V LIQUID SURFACE TENSION (20 ·C) D Y N E S / C M 

Figure 5. Effect of liquid surface tension on a pa
rameter characterizing limiting wetting behavior 

Ο Hydrocarbons 
Δ Halocarbons 
• Formamide 
0 Water and mercury 
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For these liquids, the minimum difference between y L V and yc required 
for θ = 90° corresponds to a fraction of y L V larger than half and hence 
to a proportionately smaller yc ( « 1/2 y L V ) . Since y L V is already 
small for these liquids, this is a serious limitation; relatively few sur
faces are available for which yc is of the order of only a few dynes per 
centimeter. For example, the data of Figure 4,b, for n-decane indicate 
that, although a maximum contact angle of 100° is indicated for a hypo
thetical surface having yc =0, a solid would require yc < 3.6 dynes 
per cm. before there was any chance for decane to exhibit a 90° contact 
angle. The largest angle observed experimentally for decane is 70° on 
a perfluorolauric acid monolayer with yc = 5.6 dynes per cm. [15]. 

The maximum contact angle for a hypothetical surface having yc = 0 
also shows a marked dependence on 7 L V (Figure 6), increasing rapidly 
with the surface tension at low values of y L V , but becoming nearly con
stant at higher values. From the curve in Figure 6 a rough estimate 
can be made of the maximum contact angle fora liquid of any given sur
face tension on the least wettable surface (yc = 0); additionally, one can 
indicate the liquids for which a contact angle as large as 90° is not pos-
sible-namely, those with surface tensions less than about 20 dynes per 
cm. To indicate how realistic these maximum contact angles are, there 
are plotted in Figure 6 data points corresponding to the largest contact 
angles observed experimentally at this laboratory for each liquid on a 
surface for which critical surface tensions have been determined. 
These experimental values show the same correlation with y L V as do 
the values of the limiting contact angles extrapolated to yc = 0, although 
they are invariably smaller, since no real surface is available for which 
yc = 0. Examples of real surfaces having critical surface tensions 
approaching zero are the adsorbed monolayers of fully fluorinated acids, 
which show a linear decrease in y c with increasing chain length, Ν 
for homologs through perfluorolauric acid (yc = 5.6 dynes per cm.) 

27], 
15]; 

_ 

- /• ^ 
_ •• • f " 

_ / Δ A T 

_ / 
if 

11 
LIMITING Θ EXTRAPOLATED TO / c =0 

If 

1 l 

LARGEST 

1 1 1 

θ OBSERVED 

1 1 1 1 
3 100 200 300 400 

y L V LIQUID SURFACE TENSION (20 e C) DYNES/CM 

Figure 6. Effect of liquid surface tension on 
maximum contact angles 
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if this y c vs. Ν relation is extrapolated linearly, it intersects the y c = 0 
axis at a value of Ν corresponding to an acid slightly more than 24 car
bon atoms long. The cos θ vs. Ν data for hexadecane on perfluorinated 
acid monolayers are essentially linear through Ν = 12; extrapolation to 
Ν = 24 leads to a maximum contact angle of 92°. This is larger than 
the 78° observed experimentally on perfluorolauric acid monolayers 
but is still considerably smaller than the 109° predicted as the limiting 
angle on a surface of y c = 0. 

These values are of interest when compared with the contact angles 
recently reported by Ryan, Kunz,and Shepard for N-ethyl-N-perfluoro-
octane-sulfonylglycine monolayers chemisorbed on the one metal, alu
minum [25]. Their hexadecane contact angle of 110° is larger than any 
previously reported and is close to the limiting maximum indicated in 
Figure 6. The same surface, however, exhibited a methylene iodide 
contact angle of 160°, far above the limiting angle predicted here of 
121°. This suggests that although the adsorption experiments were 
carried out on initially smooth metal surfaces, chemisorption may have 
resulted in sufficient roughening of the surface to enhance the observed 
contact angle in accordance with WenzelTs equation [30]. If this is the 
explanation of the remarkably large apparent contact angles obtained, 
it indicates that the true angle for hexadecane on a completely smooth 
surface would still have to exceed 90°. 

Relations of the types graphed in Figures 5 and 6 are suggestive 
and may prove useful in predicting the limiting wetting behavior of new 
or unusual liquids. Using the surface tension value for gallium of 735 
dynes per cm. [21], extrapolation of the graphical relation in Figure 5 
indicates that a minimum value of (y L V - y c ) of more than 373 dynes 
per cm. would be required for gallium to exhibit a contact angle of 90°; 
this corresponds to a surface for which y c needs to be less than 362 
dynes per cm. The largest gallium contact angle possible on polyethyl
ene (yc = 31 dynes per cm.) is 153°, while that for Teflon (y c = 18.5 
dynes per cm.) is 157°. The maximum possible contact angle on a sur
face having y c = 0 is 163°, only slightly larger than that for mercury 
(160°) despite the 50% increase in liquid surface tension. 
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Evidence for Solid-Fluid Interfacial 

Tensions from Contact Angles 

J. C. MELROSE 

Field Research Laboratory 
Socony Mobil Oil Co., Inc. 
Dallas, Tex. 

Contact angle data for several low energy 
solids are examined, to estimate surface 
tensions for the bare solid, and solid-liquid 
interfacial tensions. A basic assumption is 
that film pressures for organic liquids may 
not be neglected. Evidence for this assump
tion is reviewed. In particular, information 
derived from contact angle observations in
volving two immiscible liquids is employed. 
For the solid-liquid interfacial tensions, es
timates are obtained from experiments in 
volving crystallization rate phenomena. Us 
ing these results and the assumptions, the 
surface tensions for the bare solids are 
estimated to be: polytetrafluoroethylene, 34; 
paraffin, 45; and polyethylene, 55 dynes per 
cm. The contact angle observations reported 
by Zisman and coworkers for homologous 
series of compounds are also discussed. The 
conclusion is that, when spreading occurs, 
Young's equation is no longer applicable. 

Contact angle measurements represent one of the oldest techniques 
for studying the nature of solid surfaces. Yet, until the recent contribu
tions of Zisman and coworkers [13,14,25,26,27,32-35,41,60,61,69], 
surprisingly little progress in the interpretation and use of such meas
urements had been made. Even at present, there is no general agree
ment as to the magnitude of the solid-vapor or solid-liquid interfacial 
tensions for any solid for which reliable contact angle observations have 
been reported. However, if Young fs equation is to be believed, the mag
nitude of the contact angle in a given case depends directly upon the 
values of these two parameters. Thus, there is yet to be achieved a 
systematic approach to the use of such data, when reliable values for 
the tensions subsisting in solid-fluid interfaces are desired. 

158 
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The difficulty encountered is well known. The use of Young's equa
tion together with measured values of the contact angle must be supple
mented by some additional technique or approach. The latter must yield 
information as to the value of one or the other of the two interfacial 
tensions involving the solid surface. To date suitable techniques have 
not been devised. 

The purpose of the present work is to bring together and to examine 
and assess information from several sources which bear upon this prob
lem. Evidence is presented which leads to the estimation of values for 
the solid-vapor and solid-liquid tensions for several cases of interest. 
The values thus obtained, although tentative, are consistent with a wide 
range of experimental facts. 

Relevant to the arguments put forward is the relationship introduced 
by Girifalco and Good [36, 39], Their expression relates the interfacial 
tension for two immiscible liquid phases to the surface tensions of the 
individual liquids. The application of this approach to the interpreta
tion of contact angle data was suggested in a later paper by these 
authors [38]. Our approach, however, is developed under somewhat 
different basic assumptions and with rather different results. 

Any discussion leading to the interpretation of contact angle meas
urements, such as that presented below, presupposes the existence of a 
body of reliable experimental data. Such data are now available, due to 
the efforts of Zisman and his collaborators at the Naval Research Labo
ratory. This situation is the result of solving a number of problems 
connected with the preparation of suitable solid surfaces. These prob
lems had presented major difficulties in the field of contact angle stud
ies ever since its inception and hence had prevented any substantial 
progress. 

In addition to overcoming experimental difficulties, the Naval Re
search Laboratory group has contributed many important generaliza
tions and new concepts-for example, the concepts of low energy solid 
[33,69], critical surface tension [33,61], and autophobic liquid [32,41]. 
These developments have also stimulated the search for an interpreta
tive scheme capable of yielding values of solid-vapor and solid-liquid 
interfacial tensions. 

Such an objective implies,, of course, an acceptance of the validity 
of Young's equation. (Although recent literature frequently refers to 
this relation as the Young-Dupré equation, no support for this designa
tion may be obtained from any adequate review of the classical work in 
this field, such as that of Bakker [4]. If any modification is justified, 
it would seem far more suitable to refer to the relation as the Young-
Gauss equation.) Support for this standpoint is provided by several 
recent discussions [21,47,49, 50, 52] of the theoretical foundation of the 
equation. Lester [49], in particular, has investigated the inadequacy of 
Young's equation when the solid phase is appreciably deformable. In 
this connection the experiments with silica aquagels reported by 
Michaels and Dean [53] are of interest. The evidence provided by 
these experiments suggests that in most cases the defect in Young's 
equation arising from solid phase deformability is not important. 

The exhaustive theoretical study of fluid interfaces, which is due 
to Buff [17], has clarified the complementary roles of hydrostatics and 
thermodynamics in the theory of capillarity. More importantly, the r e 
lationship of these phenomenological descriptions to rigorous molecular 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
01

0

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



160 ADVANCES IN CHEMISTRY SERIES 

theory is developed. In particular, the concepts of superficial tension 
and surface free energy, long confused in the literature, have been 
carefully and precisely differentiated. 

The viewpoint regarding Young's equation which follows from Buff' s 
investigation is that it provides the condition for hydrostatic equilib
rium at the three-phase line of contact, or confluent zone, at which a 
meniscus meets a solid surface. YoungTs equation thus constitutes a 
one-dimensional principle of hydrostatics, analogous to Laplace's equa
tion for fluid interfaces and to Pascal's law for bulk fluids. The sur
face and/or interfacial tensions in the equation refer specifically to the 
matter in the immediate neighborhood of the confluent zone. This local 
nature of the equilibrium condition given by Young's equation has i m 
portant consequences for the interpretation of contact angle data, as 
indicated below. 

Notation and Nomenclature 

Notation. The usual discussion of the thermodynamic surface prop
erties involved in Young's equation and related expressions employs a 
notation which is at best unwieldy. We introduce in the present discus
sion, therefore, a notation which appears to be somewhat simpler than 
those previously used. 

To handle the case of two immiscible liquid phases, in contact with 
each other and with a solid phase, it is necessary from the outset to 
distinguish between them. Hence, such phases are denoted by subscripts 
1 and 2. Phase 1 is taken to be that having the larger surface tension. 
Each of the two liquids is either pure, and hence has but a single com
ponent, or is saturated with the other liquid. Subscripts 1 and 2 then 
refer also to components 1 and 2. Finally, the solid phase is denoted 
by subscript 3. It is assumed that this phase is composed of a single 
component, which furthermore exists neither in the vapor nor in either 
liquid phase. 

A property referred to the interface between a given pure phase 
and its vapor is denoted by a single subscript. When the property r e 
fers to the interface between two phases, a double subscript is used. 
Either of the liquid phase components can, by adsorption from the 
vapor, modify the surface properties of the other liquid or of the solid. 
In similar fashion, adsorption from one of the liquid phases, when it is 
saturated with the other liquid, can modify the solid-liquid interfacial 
properties of that liquid. The surface and interfacial properties so 
modified are denoted by a subscripted comma, followed by 1 or 2, de
noting the component adsorbed. 

Nomenclature. To illustrate the notation adopted, let us write 
Young's equation for the three cases of interest. Using σ to denote 
either surface or interfacial tension and Θ to denote the contact angle, 
we have (see Figure 1): 

σ 3 , i = σ ί 3 + a i c o s 0 i 3 & = x > 2 ) ( l a ) 

σ 1 3 , 2 = σ 2 3 , 1 + σ 1 2 C O S 0 1 2 3 ( l b ) 

Here, the subscripts used for the contact angles denote either an angle 
measured through the liquid phase, for a single liquid in contact with 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
01

0

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



70. MELROSE Solid-Fluid Interfacial Tensions 161 

ONE LIQUID: φ i 3 = σ 3 > | - σ ί 3 ( Ί = Ι ,2) 

Vapor, phase i, 

plus diluent gas (air) 

Phase 3 

Phase i (liquid) 

TWO LIQUIDS: φ | 2 3 = σ , 3 > 2 - σ 2 3 > , 

Phase 2, sat . 
with phase I 

Figure 1. Notation and rector diagrams 
for Young's equation 

the solid (two subscripts), or else, for two liquids in contact, an angle 
measured through the phase denoted by the middle subscript. 

In accord with the critique of Young1 s equation introduced by 
Bangham and Razouk [7], Equations 1 explicitly recognize the adsorp
tion of components 1 and 2 at the appropriate interfaces. The notation 
just discussed permits this to be done with economy and precision. 

It is , of course, understood that Equations 1 are subject to the fol
lowing conditions: 

° i 2 5 1*3, i " * i 3 l (1 = 1,2) (2a) 

σ 1 2 - I σ ΐ 3 , 2 * σ 2 3 , 1 I ( 2 b ) 
These conditions arise from the interpretation of YoungTs equation as 
a condition for hydrostatic equilibrium at a three-phase line of contact. 
(The general status of conditions for hydrostatic equilibrium in the the
ory of capillarity is fully discussed by Buff [17].) When spreading oc
curs, such an equilibrium is not established. Hence, Young's equation 
is not applicable. 

One may thus interpret Equations 2, written with the inequality 
signs, as giving the condition for nonspreading, while the equality signs 
refer to a condition of metastable spreading. Some authors have ac
cepted the validity of YoungTs equation even in the absence of an equi
librium situation involving a three-phase line of contact. This point of 
view and evidence suggesting that it is not generally correct are dis
cussed below. There may, of course, arise cases of spreading where 
Equations 2, written with the equality signs, may be approximately true. 

We now turn to the representation of the film pressures associated 
with the adsorption processes at the various interfaces so far consid
ered. Taking the symbol π to indicate a film pressure, the usual defi
nitions give 

Phase I, sat. 
with phase 2 

Phase 3 
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? 3 , i = σ 3 " σ 3 , ί ft = 1,2) (3a) 

" i s . j = * i 3 - ^ i 3 , j ftJ = l,2) (3b) 

The film pressures defined by Equations 3 may be taken as refer
ring to physical contexts in which the vapor phases, as well as the l iq 
uid phases, are saturated with the adsorbing component. This is so 
because measured values of contact angles involving a single liquid 
phase, with which Equation l a is concerned, depend on the state of the 
interfacial matter in the immediate neighborhood of the three-phase 
confluent zone. Clearly, the vapor space in this region is saturated, or 
nearly so, with the liquid component. Hence the solid-vapor interface 
which is effective in establishing the value of the contact angle is sub
jected to a film pressure corresponding to saturation conditions. This 
point, not usually discussed in the literature, has been emphasized in a 
note by Adam and Livingston [2], The viewpoint that Young's equation 
has only a local validity is supported, as noted previously, by the the
oretical studies due to Buff [17]. 

In a fashion analogous to Equations 3 the several adhesion tensions 
can be written, choosing φ to represent this quantity. (The term "spread
ing pressure," as proposed by Harkins and Livingston [44], is perhaps 
to be avoided, since in the literature it is sometimes used to refer to 
the quantity denoted here by φ and sometimes to that denoted by ττ.) 
These definitions are as follows: 

Φ i 3 = ? 3 , i " σ ί 3 ft = 1,2) (4a) 

Φΐ23 = σ ΐ 3 , 2 - σ 2 3 , 1 ( 4 b ) 

The quantity φ123 has no well-established name; it is suggested that 
the term "two-liquid adhesion tension" be used. 

The definitions represented by Equations 3 and 4 can be combined 
to give the following relationships: 

+ σ . 3 + φ . 3 (1 = 1,2) (5a) ' 3 " " 3 , i T " 1 3 

σ π 2 3 , 1 + σ 23 + *123 ( 5 b ) 13 ~ " 13, 2 " 23, 1 τ "23 τ ^123 

Similarly, Equations 1 and 3 can be combined. Comparing the r e 
sult with Equations 5, it is seen that, whenever Equations 2 are satisfied, 

Φ is = σ ί c o s θ ί 3 ft = I , 2 ) (6a) 

0123 = σ ΐ 2 C 0 S θ123 ( 6 t )) 

Several interesting operations with Equations 5 now suggest them
selves. Writing 5a for each of the liquid phases 1 and 2, and then sub
tracting, we obtain 

σ ΐ 3 " σ 2 3 = ïï3,2 " π 3 ,1 + ^23 " *13 ( 7 ) 

Combining this result with 5b then gives 

0123 - (023 - Φ 1 3 ) = 7 Γ 3 , 2 " ï ï 3 , l " π ΐ 3 , 2 + 7 Γ 2 3 , 1 ^ 
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This result is recognized as the Bartell-Osterhof [9] relation. It is 
written, however, taking into account the various film pressures. As 
originally proposed, the equation neglected these terms; hence the 
right-hand side of Equation 8 was set equal to zero. 

Review of Assumptions 

Available Experimental Techniques. Examination of Equation 5a 
shows that in order to evaluate the surface tension of the bare solid, σ 3 , 
it is necessary to have independent knowledge of three quantities, ir 3 

φ j 3 , and o i 3 (i = 1, 2). Only the first two of these quantities are experi
mentally accessible by the conventional techniques of surface chemistry. 

The experimental approach to the quantity π 3 A is well known. As 
pointed out by Bangham [6], adsorption data can be employed, using the 
appropriate integrated form of the Gibbs adsorption isotherm. Accurate 
measurements thus require that the solid phase be in a finely divided 
form, so as to exhibit a large surface area. This, of course, means 
that identical samples cannot be used to measure both π 3 . and φ i 3 , 
since the latter quantity must be obtained from a contact angle meas
urement on an extremely smooth surface. Here, also, the limitation 
imposed by the requirement of nonspreading-i.e., Equation 2a-must be 
recognized. 

In view of these difficulties, it is hardly surprising that π 3 . and 
φ i 3 have rarely been obtained simultaneously for a given solid-liquid 
pair. The best known attempts have been made in the case of the 
charcoal-water and graphite-water systems [8, 16, 30,43, 67], 

Faced with these problems, previous authors have usually adopted 
one of two alternative assumptions. This paper discusses these two 
assumptions in some detail. 

HBL Assumption. The first of these may be called the Harkins-
Boyd-Livingston (HBL) assumption [16,44]. These workers focused 
their attention primarily (but not exclusively) on cases which involved 
liquids spreading on the solid surfaces chosen for investigation. This 
situation no doubt provided the motivation for the following assumption: 

If 0 i 3 = 0, then σ 3 . = σ. + σ . 3 (9) 

The implication of Equation 9 should be clearly understood. Whereas 
Equation 2a stated the conditions for nonspreading and also for the 
validity of Equation l a , the effect of Equation 9 is to relax these con
ditions, in so far as the validity of Equation la is concerned. In other 
words, even when spreading occurs, Young's equation retains its validity. 

The justification presented originally for the HBL assumption was 
not based on experimental evidence, nor can it be, with the present state 
of knowledge regarding solid-fluid interfacial tensions. The argument 
adduced is based upon a postulated equilibrium between a "duplex f i lm , " 
having a surface free energy of σ. + o i 3 , and the solid surface with its 
adsorbed film. But when spreading occurs, the physical basis of such 
a postulated equilibrium disappears. Thus the original argument pre
sented to support the HBL assumption is clearly circular and without 
foundation. 

The effect of adopting the HBL assumption is to make possible, 
for liquid-solid pairs which involve spreading, the computation of the 
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work of adhesion and the related surface properties defined by Harkins 
[42], Such computations under this assumption require only the experi
mental determination of the film pressure. 

The HBL assumption is equivalent to assuming that the Antonoff 
rule holds. This rule can be written as follows: 

σ ΐ 3 = Ισι "σ3,ίΙ (i = M ) (10) 

As pointed out by Elton [28], this may be combined with Equation l a to 
yield: 

I f σχ > σ3,ί> t n e n σ
3,ί = ! σ. (1 + cos 0. 3) (lia) 

If σ 3 > ί > σί9 then 0 i 3 = 0 (lib) 

But in the latter case, Equation 10 is identical with Equation 9. This 
implies that Young's equation is valid for situations involving spreading, 
as well as for nonspreading. Elton's proposal that the Antonoff rule be 
applied to solid-liquid pairs is thus seen to lead to the HBL assumption 
as a special case. 

The range of validity of the Antonoff rule, as applied to the spread
ing of organic liquids on water, has been studied by Donahue and Bartell 
[23]. Their work indicates that the rule is followed only for those l i q 
uids which, when the phases are mutually saturated, do not form lenses-
i.e., exhibit spreading. This would suggest that the Antonoff rule might 
be applicable under the condition of Equation l i b but not under that of 
Equation 11a. 

Fox and Zisman [34] have demonstrated the failure of Equation 11a 
for the low energy surfaces studied by them. They further concluded, 
however, that the rule has no validity, even for cases of spreading. This 
position was based on the fact that their results involved various homol
ogous series of organic liquids. Thus accepting the Antonoff rule only 
for those members of a given series which spread, while rejecting it 
for higher members which do not spread, can hardly be justified. 

F Z Assumption. We now turn to an alternative assumption which 
we shall call the Fox-Zisman (FZ) assumption [33]. These workers 
studied the effect of the partial vapor pressure of the liquid phase com
ponent on the contact angles of several organic liquids on polytetra-
fluoroethylene. No difference was observed between the angles meas
ured in air having a negligible partial vapor pressure and those measured 
in air saturated with vapor. This result led to the conclusion that the 
film pressures were of vanishing magnitude for the cases studied. Gen
eralizing from this experimental evidence, we may state the following 
assumption: 

If 6>i3 >0, then π 3 ί = 0 (12) 

Under this assumption, it is again possible to compute the work of ad
hesion and other related properties. 

Any effort, such as that of Good and Girifalco [38], to interpret 
contact angle data in terms of the relevant solid-fluid interfacial ten
sions, is also faced with a similar problem with respect to assigning 
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values to the film pressures. Good and Girifalco, and also Fowkes [29], 
have adopted the F Ζ assumption in their discussions. 

On the other hand, in the earlier literature opinions to the contrary 
have been expressed. Both Bangham [5] and Cassel [18] have suggested 
that systems exist for which the F Ζ assumption cannot hold. Further, 
one may cite the adhesion tension data for water on graphite reported 
by Fowkes and Harkins [30] and the corresponding film pressures de
termined by Harkins, Jura, and Loeser [43]. 

Adsorption isotherm measurements for water on a partially graphi-
tized carbon black, Graphon, have also been reported by Young et a l . 
[67]. The contact angle for this system is close [19] to that found by 
Fowkes and Harkins for graphite. In this case, as for the adsorption of 
water on polytetrafluoroethylene [19], the observed adsorption has been 
attributed to hydrophilic heterogeneities in the solid surface. Thus, 
the experimental evidence for the general validity of the F Ζ assumption 
is somewhat conflicting and is subject to various interpretations. 

More pertinent, however, is the consideration introduced above 
relating to the vapor saturation conditions applicable to experimental 
measurements of contact angles. Such a measurement involves a liquid 
drop resting on a solid surface and forming a three-phase line of con
tact. But in the immediate vicinity of the contact line, the adsorbed 
film on the solid surface must be exposed to vapor which is saturated 
[2], Hence, the insensitivity of the contact angles in the experiments 
reported by Fox and Zisman [33] to the saturation conditions of the bulk 
vapor is to be expected. The results, therefore, are not conclusive 
evidence for negligible values of the film pressures. 

Assumptions Used in Present Work. In view of the criticism of 
the F Z assumption just discussed, this paper proposes and uses below 
a less restrictive form of this assumption. Instead of Equation 12, we 
adopt the following: 

Modified F Z assumption: If φ13 <0, then π 3 . = 0 (13) 

Since negative adhesion tensions arise when the contact angle θ i 3 

is greater than 90°, this assumption has reference only to water or 
other highly associated liquids in contact with the most hydrophobic of 
low energy solids [33, 34,35], This assumption is in accord with the 
dictum of Pierotti and Halsey [56]. These authors suggested that water, 
because of its very high self-interaction, would not adsorb on any solid 
surface with which it could not form hydrogen bonds. 

For the adhesion tension data considered below, the liquid phase 
denoted by subscript 1 will in all cases be water. Hence, for present 
purposes, Equation 13 can be written as 

* 3 , 1 = 0 ( 1 4 ) 

The liquid phases denoted by subscript 2 will in all cases, where ad
hesion tension data are concerned, be restricted to hydrocarbons. 

Attention is now drawn to a further assumption which will prove 
useful in dealing with two-liquid adhesion tension data. It involves the 
film pressures defined by Equation 3b, which refer to adsorption at 
solid-liquid interfaces. This further assumption is that these film 
pressures are also of negligible magnitude. Thus, 
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* i 3 l j
 Ξ 0 (i,j =1,2) (15) 

As a justification for this assumption, let us consider first the case 
of 7123,ι· Consistency with Equation 14 requires that the assumption 
represented by 15 be valid in this case. 

In the other case, the possibility of the adsorption of the organic 
liquid component at the interface between liquid water and a low energy 
solid is more difficult to exclude. Such adsorption would give rise to a 
film pressure denoted by π 1 3 2 . In this case, however, it may be argued 
that the solid-liquid water ihterfacial tension would be of the same 
order of magnitude as water-hydrocarbon liquid interfacial tensions. 
Hence, an appreciable decrease in interfacial tension could not be ef
fected by an adsorption process. 

As a result of the various assumptions introduced in this section, 
the basic relations given in the previous section can be somewhat s i m 
plified. Under the assumption given by Equation 14, Equation 5a can 
now be written as 

σ 3 = σ ΐ 3 + Ψΐ3 

σ 3 = π3,2 + σ23 + Φ: 23 

(16a) 

(16b) 

Similarly, Equation 5b becomes, using Equation 15, 

σ!3 = σ23 + Φΐ23 ( 1 7 ) 

while Equation 8 now reads 

0123 " ^23 " Φ13) = ïï3,2 ( 1 8 ) 

Survey of Adhesion Tensions and Related Data 

Adhesion Tensions. Among the surfaces chosen for discussion are 
the glassy fluorocarbon studied by Fowkes and Sawyer [31] and poly-
tetrafluoroethylene,for which extensive data have been reported by Fox 
and Zisman [33]. For the latter material values of the adhesion ten
sions with a series of alkylnaphthalenes and a series of alkyl biphenyls 
have also been presented by Bascom and Singleterry [10]. These data, 
along with the glassy fluorocarbon data and a selection of the Fox and 
Zisman polytetrafluoroethylene data, are given in Table I. 

For the two surfaces in question, plots of adhesion tension versus 
the surface tension of the liquid phase are given in Figure 2. Of special 
note are the nearly constant values of the adhesion tensions for various 
homologous series of hydrocarbon liquids in contact with polytetra
fluoroethylene. 

Regarded from the point of view of Young's equation, Equation 16b, 
three important aspects of the behavior illustrated in Figure 2 emerge. 
The first concerns the approximately constant value for the adhesion 
tension for a given homologous series. This suggests that either the 
film pressure, π 3 2 , and the solid-liquid interfacial tension, σ 2 3 , are 
individually nearly constant for a given series, or alternatively, that 
the sum of the two quantities is nearly constant. 
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T A B L E I. Adhesion Tensions for Solid Surfaces 

Liquid 

η-Alkanes 
Hexane 
Heptane 
Octane 
Nonane 
Decane 
Undecane 
Dodecane 
Tetradecane 
Hexadecane 

Liquid 
Surface 
Tension, 

ai> 
Dynes/ 

Cm. 

18.4 
20.3 
21.8 
22.9 
23.9 
24.7 
25.4 
26.7 
27.6 

Observed Adhesion Tensions, < 
Dynes/Cm. 

Glassy 
Fluoro
carbon 

[31] 

Polytetra-
fluoro-

ethylene a 

18.1 
19.1 
19.6 
19.4 
19.6 
19.2 
18.9 
19.2 
19.2 

Poly-
P a r - ethyl-
affin b ene D 

Sp 
23.7 

24.3 
24.6 
24.6 Sp 

n-Alkylbenzenes 
Benzene 28.9 15.5 
Methylbenzene 28.5 
Ethylbenzene 29.0 
Propylbenzene 29.0 
Butylbenzene 29.2 
Hexylbenzene 30.0 

Alky lnaphthalene s 
Dinonylnaphthalene 31.2 
Nony lnaphthalene 32.6 
t-Buty lnaphthalene 33.6 
t-Amylnaphthalene 34.3 
1 -Ethy lnaphthalene 37.6 
1,6-Dimethy lnaphthalene 37.7 
1-Me thy lnaphthalene 38.5 9.0 

Alkyl biphenyls 
Diphenyldodecane 32.5 
Amylbiphenyl 34.2 
Isopropylbiphenyl 3 4-. 8 
α-Methylbiphenyl 36.4 
1,1-Diphenylethane 37.7 

Water 72.8 -32.7 

20.1 
20.9 
19.4 
19.0 
19.2 
18.5 

12.2 
12.2 
12.6 
12.3 
11.6 
11.0 
11.3 

10.6 
10.6 
10.2 
10.0 
9.8 

-22.5 

26.4 28.9 

26.6 

-22.5 

33.4 

31.8 

32.2 
32.2 
32.3 

-5.1 

a n-Alkanes, n-alkylbenzenes, and water [33]; alky lnaphthalene s and alkyl b i 
phenyls [10]. 

bAll liquids except alkyl biphenyls [35]; for latter [10]. 

The second aspect which deserves comment is the appreciable de
crease in values of the adhesion tensions shown by the alky lnaphthalene s 
and alkyl biphenyls. In the light of Equation 16b, the reason for this 
must be a corresponding increase in either the film pressure or the 
solid-liquid tension (or in their sum). 

The final aspect of the adhesion tension data to be discussed here 
is the following. The diagonal line shown in Figure 2 represents values 
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Figure 2. Adhesion tensions for 
fluorocarbon surfaces 

of the adhesion tension corresponding to contact angles equal to zero. 
According to the discussion of the validity of Young's equation presented 
above, points lying to the left of this line represent liquid-solid pairs 
for which spreading occurs. The adhesion tensions for such pairs can
not, of course, be observed. On the other hand, if Young's equation is 
assumed to retain its validity for situations involving spreading, with 
zero values for the contact angles, the points representing such systems 
will lie on the diagonal line of Figure 2. Now, in a homologous series 
of liquids, with those of lower surface tension spreading and those of 
higher surface tension exhibiting finite contact angles, there seems to 
be no reasonable basis for supposing that the plot of adhesion tension 
vs. surface tension would show a sharp change in slope. This is strong 
evidence for the contention that Young's equation is in fact limited in 
validity to cases of nonspreading. This argument, of course, is closely 
related to the point of view expressed by Fox and Zisman [34] and dis
cussed above. 

In addition to the two fluorocarbon surfaces, it is informative to 
consider data for two hydrocarbon solid surfaces: paraffin and poly
ethylene. Adhesion tension data for these surfaces have been presented 
by Fox and Zisman [35], Selections of these data are given also in 
Table I, as are some additional data of Bascom and Singleterry for 
polyethylene [10]· 

Although the data available are not so extensive as those for poly-
tetrafluoroethylene, similar behavior for several homologous series 
of hydrocarbon liquids is observed. This is also shown in Figure 3. 
There are, however, some differences in behavior to be noted. For both 
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Figure 3. Adhesion tensions for 
hydrocarbon surfaces 

paraffin and polyethylene the results for the homologous series having 
higher liquid surface tensions do not exhibit a decrease in the values of 
the adhesion tension, as compared with series having lower surface 
tensions. Of interest, also, is the value for benzene on polyethylene. 
In comparison with the bulk of the data presented, this value seems 
somewhat low. Its magnitude, however, has been confirmed by meas
urements reported by Speece, Rutkowski, and Gaines [63]. 

Interaction Parameters. A valuable approach to the problem of 
interpreting contact angle data has been initiated by Good and Girifalco 
[38]. As noted above, this approach is based on an expression relating 
the interfacial tension for two immiscible phases to the surface tensions 
of the individual phases [36,37]. If one of the phases is a solid, this ex
pression is 

σ 1 3 = σ ί + σ 3 - 2 Z i 3 (^ σ 3 ) 1 / 2 (1 = 1,2) (19) 

The factor denoted in these equations by Z i 3 is called here the inter
action parameter. (The symbol Φ was employed for this quantity by 
Good and Girifalco.) 

Considerations arising from statistical mechanics and the theory 
of intermolecular forces can be used to estimate values of the inter
action parameter. The pertinent theory has been discussed by Girifalco 
and Good [36] and independently by Moelwyn-Hughes [54], However, 
this approach can be justified only for phases composed of spherical 
molecules which do not differ greatly in size. The actual importance 
and usefulness of the interaction parameter are consequently for pur
poses of correlating existing experimental data. 

This application has only a limited scope in connection with adhe
sion tension studies, because of the need for an independent approach 
to the solid-vacuum and solid-liquid interfacial tensions. There exists, 
however, one case where an application of this approach is of consid
erable use: the glassy fluorocarbon solid surface studied by Fowkes 
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and Sawyer [31] (see Table I). The interaction parameters can be esti
mated here because interfacial tension data were also obtained for a 
series of liquid fractions of the fluorinated lubricating oil from which 
the glassy fraction was obtained. This fact has also been exploited in 
the work of Good and Girifalco [38], 

These authors, as noted above, adopted the F Z assumption regard
ing the magnitude of the film pressures. They did not choose to use 
the adhesion tension value for water, φ 1 3 * . The present approach, on 
the contrary, uses the value of φ 1 3 , since it is assumed that π 3 ί can 
be neglected. Thus, eliminating σ 1 3 between Equations 16a and 19'yields 

σ-3 = (σι + Φι3)2/*<Ά (2°) 

Upon the establishment of the value of the surface tension for the bare 
solid, the assumption of negligible film pressures for the other two 
liquids may be relaxed. Equation 19 is used to obtain values of the 
solid-liquid tension, σ 2 3 , and Equation 16b can then be solved for the 
film pressure, π 3 2 . 

The results found by this approach, as well as the liquid-liquid 
interfacial tensions upon which they are based, are given in Table II. 
The film pressures for the hydrocarbon liquids, although small, are 
not negligible. The values of the solid-liquid interfacial tensions are 
essentially identical with the corresponding liquid-liquid values. The 
solid-vacuum tension, however, is slightly increased. 

Two-Liquid Adhesion Tensions and Film Pressures. Another ave
nue leading to information bearing on the problem under discussion has 
recently been opened by the studies of Bascom and Singleterry [11] on 
two-liquid adhesion tensions. Here, the concern is with the phenomena 
of relative spreading. Water may spread completely over a surface 
which is, originally, in contact with a hydrocarbon liquid, or the reverse 
may occur, or the two liquid phases may form a stable three-phase line 
of contact, with a corresponding measurable value of the contact angle, 
θ 123* 

T A B L E Π. Interaction Parameters for Fluorocarbon Fractions [31] 

Interfacial Tensions, σ 1 2 , Dynes/Cm. 
and Interaction Parameters, Z 1 2 

Liquid 
Fraction 

Liquid Surface 
Tension, σ 2 , Benzene 

1-Methyl-
naphthalene Water 

Liquid 
Fraction Dyne s / C m . σ12 Z 12 σ12 Z 12 σ12 Z 12 

124-135 BPR 
135-145 BPR 
145-155 BPR 
155-165 BPR 

Average Z 1 2 

21.8 
22.3 
22.8 
22.6 

7.8 
7.8 
7.9 
7.5 

0.853 
0.853 
0.852 
0.859 
0.854 

12.7 
12.5 
12.9 

0.813 
0.816 
0.809 

0.813 

57.0 
56.3 
58.4 
59.3 

0.465 
0.474 
0.449 
0.438 
0.456 

Computed Quantities3-

σ 3 σ23 ^3,2 σ23 ^3,2 σ 13 π3, 1 
Glassy fr . 25.7 8.0 2.2 12.7 4.0 58.4 0 

aSurface and interfacial tensions, σ 3 and σ.χ 3 , and film pressures, ή 3 v dynes/cm. 
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The present discussion is restricted to two of the surfaces studied 
by Bascom and Singleterry-i.e. , polytetrafluoroethylene and polyethyl
ene. Data for two hydrocarbon liquids-n-decane and isopropylbiphenyl -
which had nonzero contact angles on each of these surfaces are given 
in Table ΙΠ. Also given are the appropriate one-liquid adhesion tensions 
from Table I. 

The two-liquid adhesion tension data are of particular value in the 
event that the one-liquid values for each of the liquids are also avail
able. From Table III it is seen that this is the case for both liquids on 
polytetrafluoroethylene and for isopropylbiphenyl alone on polyethylene. 
Application of the modified Bartell-Osterhof relation, Equation 18, gives 
values for the film pressure, π 3 2 , which are recorded in Table ΙΠ. 

T A B L E ΙΠ. Two-Liquid Adhesion Tensions and Film Pressures 

Interfacial 

Adhesion Tensions and F i l m Pressures, 
Dyne s / C m . 

Polytetrafluoro
ethylene Polyethylene 

Liquid , -
Dyne s / C m . * i 3 ^ 1 2 3 " 3 . 1 ^ 1 3 ^ 1 2 3 

n-Decane 51.1 19.6 a 50.9 b 8.8 s P
c 50.8b 

Isopropylbiphenyl 42.8 10.2 d 42.5 b 9.8 32.2 d 42.6 b 

Water - -22.5 a - 0 -5 .1 c -
a[33]. b [ H ] . c[35]. d[10]. 

77-3, i 

? 

5.3 

0 

Use of the Bartell-Osterhof relation to arrive at values for the film 
pressure of an organic liquid in contact with a low energy solid has not 
been attempted before. The assumptions under which this approach can 
be used are those leading to Equation 18, as discussed above. It is 
therefore appropriate to turn to the question of the reliability of the 
two-liquid adhesion tension data. The film pressures found for each of 
the two liquids on polytetrafluoroethylene are of the order of 10 dynes 
per cm. Hence, if the film pressures, π 3 2 , were in fact negligible, the 
reported two-liquid adhesion tensions would be necessarily about 10 
dynes per cm. too large. But this would imply that the true contact 
angles, measured through phase l ,are in the range of 140° to 145°. The 
difference between such values and those reported (173° to 175°) is 
clearly far greater than any possible experimental error. Further
more, the Bascom and Singleterry measurements have been confirmed 
in our laboratory [24] by a method involving large sessile drops of water. 

A possible objection to the results in question lies in the nearness 
with which a spreading condition is approached. It might conceivably 
be argued that a continuous thick film of hydrocarbon liquid (phase 2) is 
trapped on the solid surface by some mechanism such as surface rough
ness. Such a situation would lead to a contact angle which is actually 
zero, measured through phase 2. That this is not the case, however, 
has been demonstrated by Baker, Bascom, and Singleterry [3]. True 
spreading of phase 2 may be detected by comparing the behavior of 
large sessile drops of water immersed in the hydrocarbon or organic 
liquid in question with similar drops immersed in benzene. In the latter 
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case, the interfacial tension is sufficiently low that benzene may be ex
pected to spread, in competition with water, on a wide variety of low 
energy solids. 

The evidence obtained from measurements of two-liquid adhesion 
tensions seems to point very strongly to the existence of film pressures 
of the order of 5 to 10 dynes per cm. on low energy surfaces. In fact, 
no alternative explanation of the observations suggests itself. There
fore, there follows a discussion of some direct measurements of film 
pressures which have been reported and which bear on the problem. 

Unfortunately, adsorption studies on low energy surfaces have been 
limited in number and in scope. Pertinent to the present work are the 
measurements reported recently by Graham [40]. In this work adsorp
tion isotherms were obtained for argon, nitrogen, and carbon tetra-
fluoride on polytetrafluoroethylene. The portions of the isotherms out 
to monolayer coverage were used to compute film pressures corre
sponding to such coverage. For each of the adsorbates, the film pres
sure was from 9.5 to 10.0 dynes per cm. Another case of interest is 
the study of Zettlemoyer, Chand, and Gamble [68], of the adsorption of 
nitrogen and krypton on polyethylene. In this work film pressures were 
not reported. The data were, however, fitted to a B E T isotherm and 
the B E T constants evaluated. Based on the assumption that the fit is 
good out to monolayer coverage, an analytical integration gives a value 
of 13.6 dynes per cm. for the film pressure of nitrogen at this coverage. 

Two questions arise in attempting to extrapolate the information 
from the studies just quoted to the case of high boiling liquids adsorbed 
on low energy solids. The first is how much additional film pressure 
results from adsorption beyond monolayer coverage, and the second is 
how can a film pressure for a substance like n-decane be related to 
that for nitrogen. For answers to these questions it is necessary to 
turn to adsorption studies on a material such as graphite, where much 
more experimental information is available. The application of these 
results to such low energy surfaces as are of interest in the present 
discussion can, however, only be qualitative. 

The adsorption of nitrogen on graphite and closely related mate
rials , such as Graphon, has been widely studied. Joyner and Emmett 
[48] treated their data for Graphon according to the B E T prescription. 
Assuming again that the fit is sufficiently good below monolayer cover
age permits the reported B E T constants to be used with analytical in 
tegration to find afilm pressure of 19.1 dynes per cm.at this coverage. 
For the higher coverages, adsorption data in this region have been dis
cussed by Pierce [55], Since the Frenkel-Halsey-Hill isotherm can be 
used to fit such data, again an analytical integration can be employed. 
From the constants reported by Pierce, the film pressure correspond
ing to the region from monolayer coverage to saturation was found to 
be 31.7 dynes per cm. Combiningthis value with the Joyner and Emmett 
results yields a film pressure at saturation of about 51 dynes per cm. 

As an example of a high boiling adsorbate, adsorption data for n -
heptane on graphite may be considered. Harkins, Jura, and Loeser [43] 
reported afilm pressure at saturation of 63 dynes per cm.for this sys
tem. For comparison, we may cite the value for monolayer coverage 
given by Chessick, Zettlemoyer, and Wu [20], which was 27.6 dynes per 
cm. Thus, the relative contributions of monolayer adsorption and multi
layer adsorption to the film pressures at saturation are quite comparable 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
01

0

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



70. MELROSE Solid-Fluid Interfacial Tensions 173 

for nitrogen and η-heptane on graphite. Also, the film pressure for n -
heptane is only some 20 to 50% greater than that for nitrogen on this 
surface. 

The various results quoted do not provide conclusive evidence as 
to the magnitudes of film pressures of high foiling liquids on low energy 
solids such as polyethylene and polytetrafluoroethylene. On the other 
hand, film pressures of the order of 10 dynes per cm. , as obtained by 
use of the Bartell-Osterhof relation, do not seem unreasonable. Other 
adsorption studies in which film pressures have been reported and which 
support the arguments just presented are those of Harkins and cowork
ers [12,45,51]. 

Yet another interesting conclusion may be derived from the two-
liquid adhesion tension data of Bascom and Singleterry [11] which are 
recorded in Table III. If Equation 17 is applied to each of two different 
hydrocarbon liquids, the difference between the two solid-liquid inter-
facial tensions is just the (negative) difference between the respective 
two-liquid adhesion tensions. Thus, from the values given in Table IH, 
the solid-liquid tension for isopropyl biphenyl is 8 dynes per cm. greater 
than that for n-decane. This difference is the same for both polytetra
fluoroethylene and polyethylene. 

In relation to this result, it is of interest to refer to the solid-liquid 
interfacial tensions evaluated previously for the glassy fluorocarbon 
surface studied by Fowkes and Sawyer [31]. From Table II, we note 
that the difference between the solid-liquid tensions for benzene and 1-
methylnaphthalene on this surface is about 5 dynes per cm. 

Solid-Liquid Interfacial Tensions. For such systems as are of i n 
terest in the present discussion, the solid-liquid interfacial tensions, 
like the surface tensions of the bare solids, cannot be evaluated by the 
usual techniques of surface chemistry. In the case of the solid-liquid 
tensions, however, there remains an avenue of approach which has been, 
as yet, rather ignored by workers in this field: the study of crystalli 
zation rate phenomena. 

The approach in question has been pursued primarily by investi
gators interested in metals, notably Turnbull [65]. According to the 
theory of homogeneous nucleation in supercooled liquids, the frequency 
of nucleation is related to the amount of undercooling and also to the 
solid-liquid interfacial tension. Thus measurements of frequency as a 
function of undercooling can be utilized to evaluate the solid-liquid ten
sion. In some cases the measurement of the undercooling alone suf
fices. It has been found from studies of this type with liquid metals [65] 
and with a number of organic liquids [64] that the solid-liquid tensions 
so obtained correlate well with molar heats of fusion. Molecular theory, 
utilizing a rather crude model, tends to confirm this correlation [46]. 

Fortunately, several hydrocarbon liquids which are of interest in 
the present discussion have been among those studied. Turnbull and 
Cormia [66] report a value of 9.6 dynes per cm. for the solid-liquid 
interfacial tension of n-octadecane and 7.2 dynes per cm. for n-hepta-
decane. They suggest that these two values are characteristic of the 
higher n-alkanes with even and odd numbers of carbon atoms, respec
tively. That is, for each series, the solid-liquid tension is independent 
of the number of carbon atoms. Data for other hydrocarbons are given 
by Thomas and Stavely [64]. They report values of 20.4 dynes per cm. 
for benzene, 24.0 for biphenyl, and 30.1 for naphthalene. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
01

0

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



174 ADVANCES IN CHEMISTRY SERIES 

In the method employed in obtaining these data, any effect of tem
perature on the solid-liquid interfacial tension is ignored. For the n-
alkanes [66] the amount of undercooling was only 12° to 13°C. Hence, 
applying any reasonable temperature coefficient-e.g.,-0.05 dyne per 
cm. per degree-would not have a significant effect. It is therefore sug
gested that a satisfactory estimate of the solid-liquid tension for n-
decane on solid hydrocarbon surfaces would be 10 dynes per cm. 

In the case of benzene [64], the observed undercooling was about 
70°C. Hence, we might expect an interfacial tension which is several 
dynes less than the value quoted. On the other hand, Skapski, Billups, 
and Casavant [62] have reported a direct determination of the solid-
liquid interfacial tension for benzene. The value found is about 22 dynes 
per cm. This is the only direct measurement known to the writer, and 
it provides an interesting confirmation of the result obtained from 
undercooling experiments. 

In view of the uncertainty regarding the effect of temperature on 
the benzene result and because the hydrocarbon surfaces of interest 
are paraffinic rather than aromatic, any estimate for the solid-liquid 
tension for solid-benzene pairs is less satisfactory than the n-decane 
value. Nevertheless, it is of interest to make such estimates for sev
eral other hydrocarbon liquids as well as for benzene. The increase in 
solid-liquid interfacial tension for aromatic compounds, which is indi
cated by the undercooling experiments, can at least be reflected in such 
estimates. Since both one-liquid and two-liquid adhesion tension data 
are available for isopropylbiphenyl, an estimate for this liquid is de
sirable. For comparison, and because one-liquid adhesion data exist, 
tert-butylnaphthalene has been chosen as another case for which an 
estimate of the solid-liquid interfacial tension has been made. 

These estimates are given in Table IV. Also presented are esti
mates appropriate to fluorocarbon surfaces. In the latter case, the 
values for benzene and tert-butylnaphthalene are chosen to correspond 
with the results obtained by use of the interaction parameter method, 
as given in Table Π. For both the fluorocarbon surfaces and the hydro
carbon surfaces, the estimates given are also in agreement with the 
differences between the values for n-decane and isopropylbiphenyl, as 
deduced from two-liquid adhesion tension data. 

The estimates given in Table IV are based on evidence which is 
admittedly indirect in nature. Yet, the values have the virtue of being 
consistent with several independent lines of evidence. 

T A B L E IV. Estimates for Solid-Liquid Interfacial Tensions 

Solid-Liquid Interfacial Tensions, 
σ 2 3 » D y n e s / C m . 

Liquid 
Fluorocarbon Hydrocarbon 

Surfaces Surfaces 

n-Decane 6 10 

Benzene 8 12 

tert-Butylnaphthalene 
Isopropylbiphenyl 

13 17 

14 18 
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Estimates for Solid-Vacuum Tensions and Related Quantities 

Referring to the form in which Young's equation was finally ex
pressed (Equation 16b), it is seen that with the information at hand it is 
possible to obtain estimates of the surface tensions of the bare solids. 
The discussion is restricted to three of the solid surfaces for which 
data were given in Table I. The data for the glassy fluorocarbon surface 
have been fully treated by the method of interaction parameters, as 
given in Table II. The liquids of interest for the three surfaces are 
those for which solid-liquid interfacial tension estimates are given in 
Table IV, and, in addition, water. 

According to Equation 16b, the remaining quantity for which knowl
edge is required is the film pressure, π 3 2 . This quantity should be 
known for at least one liquid in contact with each solid. Data for π 3 2 

are given in Table ΙΠ for two of the liquids on polytetrafluoroethylene 
and for one liquid on polyethylene. Employing these results and those 
of Tables I and IV allows values of the solid-vacuum tensions to be cal 
culated from Equation 16b. The results are presented in the first row 
of Table V . The solid-liquid interfacial tensions for water in contact 
with the solids are given in the second row. These are computed from 
the solid-vacuum tensions, using Equation 16a. 

In the case of paraffin, no film pressures are available, since two-
liquid adhesion tension data are lacking. Thus, it was necessary to as
sume a film pressure for one of the liquids in contact with paraffin. 
For this, a value of 1 dyne per cm. was taken as the film pressure of 
tert-butylnaphthalene. If a higher value had been chosen, the solid-
vacuum and solid-liquid water tensions would have been correspondingly 
higher. Since the interfacial tension with water in this case seems a l 
ready high, in comparison with liquid-liquid interfacial tensions for 
paraffin hydrocarbons [23], the quoted film pressure was adopted. 

The film pressures which were either taken from Table ΙΠ or else 
assumed are also given in Table V . In the other cases, the film pres
sures were computed from Equation 16b, using the tabulated values of 
the solid-vacuum surface tensions. 

Table V . Estimated Solid-Vacuum Interfacial Tensions 
and Related Quantities a 

Polytetra-
fluoroethylene Paraffin Polyethylene 

σ 3 , dynes/cm. 34 45 55 

σ 1 3 , dynes/cm. 57 68 60 

π 3 , ί Zi3 W 3 , i Zi3 π 3 , i Z i 3 

n-Decane 9b 0.91 11 0.90 ? 0.95 

Benzene 6 0.88 7 0.86 14 0.90 

tert-Butylnaphthalene 8 0.81 I e 0.79 5 0.83 

Isopropylbiphenyl 10 b 0.80 ? 0.78 5 b 0.82 

Water o c 0.51 o c 0.44 0 C 0.54 

a F i l m pressures, π i t dynes/cm.; interaction parameters, Z i 3 « 
b F r o m Table III. 
c Assumed. 
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It is possible, from the estimates obtained, to proceed to evaluate 
the interaction parameters for the systems considered. For this, Equa
tion 19 is employed, and the results are also given in Table V . The 
trend of estimated solid-liquid interfacial tensions for the series of five 
liquids on each of the solids is roughly parallel to the trend of liquid 
surface tensions (Table I). Hence, the similar trends found for the 
interaction parameters on each of the solids are to be expected. 

Discussion and Conclusions 

The estimates given in Table V for the solid-vacuum tensions of 
the three solids vary considerably among themselves. Also, the poly
tetrafluoroethylene result is somewhat higher than the estimate found 
by Good and Girifalco [38], which was 28 dynes per cm. These authors 
also give 30 dynes per cm. as the surface tension of an octadecylamine 
monolayer adsorbed on platinum. This is markedly lower than the 
present estimate for paraffin. 

It is not possible to cite other estimates for the quantities in ques
tion. To the writer's knowledge, no previous discussions suggesting 
magnitudes for the surface tensions of low energy solids, other than 
those quoted, have been published. 

Good and Girifalco assign to the values estimated by them an un
certainty of ± 2 dynes per cm. An uncertainty of perhaps ± 4 dynes per 
cm. applies to the present estimates. Thus, there remains a wide 
divergence between the values estimated here and those of Good and 
Girifalco. This is to be accounted for by the difference in basic as
sumptions adopted and in procedures followed. 

Possibly the most direct route to resolving discrepancies of the 
magnitude in question would be a theoretical calculation of the surface 
tension of one of the solids under discussion. For this purpose a cal 
culation for the case of paraffin would offer distinct advantages. These 
arise as the result of considerable prior effort which has been devoted 
to carrying out such calculations for the energy of sublimation of paraf
fin crystals. Recently, these calculations have been reviewed and ex
tended by Salem [57], who obtained good agreement with experiment [15]. 

In view of the close chemical similarity between paraffin and poly
ethylene, the large difference in the estimates of the solid surface ten
sions is rather unexpected and deserves comment. This difference is, 
by virtue of the assumptions and related estimates used in the present 
approach, reflected in the rather different contact angles observed for 
water on these two solids. This contact angle difference has been con
firmed and commented on by Adam and Elliott [1]. They attribute the 
difference from the expected behavior for polyethylene to the presence 
of traces of polar impurities. 

An alternative possibility arises from considerations related to the 
development of crystalline structure in polyethylene [22]. The main 
feature of this structure is the periodic folding of the polymer chains 
in the crystal. Theoretically this is explained within the context of the 
kinetics of crystal nucleation and growth from solution. According to 
Cormia, Price, and Turnbull [22], the fold-surface energy in poly
ethylene crystals is comparable to the end-interfacial energy of rod-
shaped nuclei. These surface free energies are of the order of 10 to 
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15 times larger than the solid-liquid interfacial tensions for unfolded 
chains. Hence, even if only a small fraction of the solid surface is 
occupied by chain-folding sites, the surface tension of the bare solid 
should be appreciably larger than for crystals in which such sites are 
absent. 

Complications such as these extend also to the case of polytetra
fluoroethylene. The large difference in estimated solid-vacuum tensions 
between this polymer and polyethylene is not unexpected, since a pro
portionately large difference exists for the liquid surface tensions of 
hydrocarbons and fluorocarbons having five to eight carbon atoms [58], 
The underlying cause of this difference is , however, more obscure. The 
intermolecular forces for fluorocarbons apparently have features waich 
lead to anomalous behavior, at least from the point of view of solubility 
parameter theory [59], Thus, theoretical calculations of the surface 
tension for the bare solid in the case of polytetrafluoroethylene would 
face a number of difficulties not encountered with paraffin crystals. 

Conclusions. The present paper offers an approach to an interpre
tive scheme by which contact angle measurements can furnish informa
tion as to more fundamental properties of interfaces involving solid 
phases. As in most other approaches, the basis chosen for the inter
pretation is Young's equation. The following conclusions are reached: 

When spreading occurs, Young's equation is no longer valid. 
When spreading does not occur, the film pressure for the (single) 

liquid phase cannot be neglected, unless the contact angle is greater 
than 90°. 

For two liquid phases in contact with a solid, both film pressures 
can be neglected. 

Based on Young's equation and the conclusions just stated, the in 
terpretation of available experimental evidence leads to the following 
further conclusions: 

Film pressures can be estimated from a combination of one-liquid 
and two-liquid adhesion tension data, using the modified Bartell-Osterhof 
relation. For high boiling liquids on low energy solids, film pressures 
in the range of 5 to 10 dynes per cm. are obtained. 

Solid-liquid interfacial tensions can be estimated from experiments 
involving crystallization rate phenomena. For hydrocarbon surfaces, 
the estimated values range from 10 to 18 dynes per cm. , while for flu
orocarbon surfaces the range is from 6 to 14 dynes per cm. 

Surface tensions for the bare solids are estimated to be: polytetra
fluoroethylene, 34; paraffin, 45; and polyethylene, 55 dynes per cm. 

Verification of the estimates presented will be aided by further 
experimental studies, particularly direct measurements of film pres
sures. Also of distinct interest will be theoretical calculations of the 
solid-vacuum tension for a paraffin crystal. 
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11 
The Relationship between 

Wetting and Adhesion 

J. R. HUNTSBERGER 

Fabrics and Finishes Department 
Ε. I. du Pont de Nemours & Co., Inc. 
Wilmington 98, Del. 

Adhesion of polymers was determined as a 
function of temperature. The influence of the 
bonding times and temperatures indicates 
that the performance is established largely 
by the extent of wetting at the polymer
-substrate interface. Considerations based 
on surface free energies show that most 
practical systems should exhibit complete 
wetting at equilibrium. The problem appears 
to involve establishing factors which retard 
or preclude wetting. Low substrate surface 
energy, high polymer viscosity, substrate 
topography, selective adsorption, and coac-
ervation may be involved. 

When two solid materials are brought together in such a way that 
intimate molecular contact between the phases is achieved, they should 
adhere strongly to each other. Many authors have shown that disper
sion forces alone are sufficient to lead to high values for the work of 
adhesion; consequently, relatively good adhesion should be exhibited 
despite the chemical nature of the materials. 

In practice examples of very poor adhesion are frequently ob
served. The objective of this paper is to show that in many such cases 
interfacial equilibrium has not been achieved and that incomplete wet
ting is a major factor in establishing the performance. This proposal 
is based on the adhesive performance of many polymer-substrate com
binations observed as a function of temperature [4]. 

Discussion 

Wetting may be thought of as the process of achieving molecular 
contact. The extent of wetting may be defined as the number of molec
ular contacts between the two phases comprising the system relative to 
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that exhibited when wetting is complete. This definition, in contradis
tinction to one which equates wetting with spreading, is preferable for 
discussion of relationships between wetting and adhesion. 

Equilibrium contact angles are functions of the surface free ener
gies of the solid substrate and the liquid in contact with it and of the 
free energy of the interface between the two phases. Much useful i n 
formation can be obtained through studies of contact angles. This 
equilibrium, however, represents the extent to which a liquid spreads 
over the substrate and not the extent of wetting at the interface. 

In practice the fluid adhesives are spread over the substrates and 
constrained in some way so that the problem is to determine whether 
the surface free energies and interfacial energy of the phases in ques
tion will lead to complete wetting. A fluid adhesive spread over a 
" r e a l " (nonplanar) substrate is shown schematically in Figure 1. The 
system is depicted in a state in which the solid is not completely wetted 
(upper) and the wetted state (lower). 

Figure 1. Wetting of solid 
substrate by fluid adhesive 

Upper. Substrate incompletely 
wetted 

Lower. Substrate completely 
wetted 

Johnson and Dettre [5] have investigated the thermodynamics of 
wetting for specific nonplanar surfaces and have shown that both stable 
and metastable equilibria can be encountered in systems exhibiting i n 
complete wetting. 

By considering the change in surface free energy associated with 
the change from any given nonwetted state to the wetted state for a 
single asperity, it is easy to find a criterion for wetting. Energy 
changes in other parts of the system will be negligible if the volume of 
the asperity or not wetted void is small compared to the total volume 
of the adhesive layer and will not invalidate this treatment. 

Neglecting gravitational effects, adsorption, and any thermal ef
fects associated with the morphology of the adhesive, the change in 
free energy accompanying the wetting of the substrate in any single 
asperity is given by: 

AF = fisvFSL - [ f l s v F s v + A L V F L V ] (1) 

where Ω ̂  and A L V are the integrated or actual area of the solid-vapor 
interface and the area of the liquid-vapor interface, respectively, in 
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the nonwetted state. and F ^ y are the surface free energies of the 
solid and liquid phases, respectively, in equilibrium with the saturated 
vapor phase. F ^ is the free energy of the solid-liquid interface. 

Under the above assumptions the Young-Dupre' equation can be 
written in terms of surface free energies: 

F S V - F S L " F L V C 0 S Θ ( 2 ) 

substituting this value for F ^ - F ^ in Equation 1 gives: 

A F = - F L V [l + ( Ω ^ / Α ^ ) cosfl] (3) 

Equation 3 shows that at equilibrium complete wetting is expected 
unless ( Ω ^ / Α 1 ^ ) cos θ < -1. It is important to note that this criterion 
establishes whether the minimum surface free energy is exhibited by 
the wetted or the particular given nonwetted state. Some surface geom
etries could be found which during the wetting process would lead to 
stable equilibria exhibiting surface free energies lower than either the 
initial or wetted states given above [5]. For most practical adhesive 
systems, the adhesive will exhibit equilibrium contact angles with the 
substrate of less than 90°. Cos θ will be positive; and thermodynamic 
equilibrium will correspond to a completely wetted state. 

Experimental Procedures and Results 

The adhesive performance of poly(n-butyl methacrylate) adhered 
to cold-rolled steel substrates was determined as a function of tem
perature. The polymer exhibited an inherent viscosity of 0.57 (0.5% in 
chloroform). Films were applied to the steel substrates by casting 
from 40% solid solution in reagent grade toluene. To obviate stretch
ing and tearing during testing, 2-mil-thick glass fabric was embedded 
within the polymer by casting two coats, pressing the glass fabric into 
the second coat immediately after casting the film. The films were 
applied using an applicator with a 20-mil clearance. The resulting 
structure was 9 mils thick with approximately 7 mils of polymer below 
the fabric. The cold-rolled steel was abraded with 600A silicon car
bide abrasive and rinsed in acetone. 

The peel strength was determined using the apparatus shown in 
Figure 2. The 1-inch-wide substrate panels were placed in Teflon 
TFE-fluorocarbon resin lined tracks. The free end of the film was 
passed around the roller and attached to a line which extended through 
a small tubular opening out of the oven and around a ball-bearing pulley 
to the loading container. 

Tests were carried out by adding lead shot slowly to the container 
until peeling proceeded at a rate of 2 to 3 mm. per minute. As the 
films were peeled, the substrate panels slid in the tracks under a sec
ond small retaining roller. The peel angle was set by the nature of the 
system and was observed to be somewhat less than 90°. 

The precision of this test is a function of the temperature and of 
the strain geometry. It can be defined most conveniently by grouping 
the data for cohesive failures and for apparent interfacial failure sepa
rately. The coefficient of variation for the mean of duplicate tests was 
±4.3% when failure was cohesive and ± 9.0% when failure appeared to 
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OVEN CHAMBER 

Figure 2. Schematic diagram of appa
ratus for measuring peel strength at 
various temperatures 

occur at the interface. The data are plotted as the log of the load re 
quired for peeling vs. reciprocal absolute temperature. The points are 
based on the mean values of the duplicate tests. 

Two sets of samples were prepared. After 3 hours had been a l 
lowed for solvent evaporation, the adhesive bonds were formed by hold
ing one set for an hour at 100°C. and the second for an hour at 150°C. 
The results are shown in Figure 3. 

I20°C 100 °c 80 ec 60 e C 40 *C 
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SAMPLE 1-BAKED 1 hr. AT 150 °C 
SAMPLE 2-BAKED 1 hr. AT 100 °C 

• COHESIVE FAILURE 
« APPARENTLY INTERFACIAL 1 ^ — ° 

FAILURE 

0.0025 0.0027 0.0029 0.0031 
l/T (RECIPROCAL ABSOLUTE TEMPERATURE) 

Figure 3. Force required to peel poly(n-butyl methac-
rylate) from steel vs. reciprocal absolute temperature 
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At temperatures above ~72°C. the performance was identical for 
the two samples. Failure occurred cohesively within the polymer. At 
temperatures below -72°C. the peel strength of the sample bonded at 
150°C. continued to increase with decreasing temperature but at a re 
duced rate, and the locus of failure shifted to or close to the interface. 
The sample bonded at 100°C, however, exhibited decreasing peel 
strength with decreasing temperature, reaching a minimum at ~50°C. 
Below 50°C. the peel strength again increased. Below 72°C. the failure 
appeared to occur at the interface. 

This behavior appears to be satisfactorily explained by the follow
ing hypothesis: 

The two major factors influencing the performance are the visco-
elastic response of the polymer and the extent of interfacial contact. 
The difference in the behavior of the two samples is attributed to the 
fact that the sample bonded at 150°C. had reached or at least very 
closely approached interfacial equilibrium and had achieved nearly 
maximum interfacial contact or "wetting." The sample bonded at 
100°C. did not approach equilibrium, and discontinuities existed in the 
interface of such magnitude that stress concentration occurred at their 
edges when the effective strain rate of the test exceeded the relaxation 
rate of the polymer. For this test and with these particular samples 
the effective strain rate and relaxation rate were equal at -72°C. 
Above this temperature cohesive failure occurred through polymer re 
laxation. At temperatures below 72°C. stress concentration arose and 
increased with decreasing temperature as the relaxation rate of the 
polymer decreased and its modulus increased. Failure occurred when 
the stress at the "microedges"of the discontinuities in the sample pre
pared at 100°C. exceeded either the interfacial bond strength or the 
cohesive strength of the polymer, depending on the locus of failure. 
For the sample prepared at 150°C. concentration of normal stresses 
occurred only at the sample edges; hence only a small deviation in the 
performance was observed at temperatures below 72°. The stresses 
were greatest at or very near the interface, however, because of the 
nature of the deformation of the sample during testing. This resulted 
in the shift of the locus of failure. 

The preceding hypothesis is substantiated by data for many sys
tems obtained through peeling tests and tests involving cleavage of lap 
joints. A particularly interesting example is provided by the behavior 
of poly(n-butyl methacrylate) bonded to a substrate exhibiting a low 
surface energy. The low energy substrate was achieved by coating a 
steel panel with 52% soybean oil alkyd resin with an acid number of 6. 
The resin was cured by baking for 0.5 hour at 200°C. The surface 
energy was appraised using the technique of Fox and Zisman for evalu
ating y c . This gave a value of y c -31 dynes per cm. Three sets of 
samples were prepared using bonding temperatures of 120°, 150°, and 
180°C. Bonding time was 1 hour. The data are shown in Figure 4. 
The point of greatest interest is the similarity of the performance as 
compared with that exhibited on the high energy steel substrates. The 
important difference is that higher temperatures were required at 
equal bonding times to reach equivalent performance. This is what 
would be expected if the bonding were a "wetting" process. 

Another interesting example is given by the behavior of 0.5 x 0.5 
inch lap joints comprising 0.25 χ 0.5 x 5 inch steel bars bonded with 
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Figure 4. Force required to peel poly(n-butyl meth-
acrylate) from an alkyd resin vs. reciprocal abso
lute temperature 

poly(methyl methacrylate) exhibiting a viscosity average molecular 
weight of ~90,000 and plasticized with various amounts of benzyl butyl 
phthalate. The samples were bonded by holding under a load of 10 
pounds for 3 hours at 150°C. After this time the samples were cooled 
slowly and tested in situ at various temperatures as the cooling pro
ceeded. This avoided a history of thermal cycling. The apparatus is 
shown diagrammatic ally in Figure 5. (The sample-holding device has 
been eliminated for clarity.) The tests were carried out by adding lead 
shot to a container attached to the end of the test line at a rate of 100 
grams per second. The data are shown in Figure 6. The solid lines 
again indicate cohesive failure, and the dashed lines indicate apparent 
interfacial separation. 

The shift of the position of the maximum to lower temperatures 
with increasing plasticizer content is consistent with the interpretation 
given above. The smaller decrease at temperatures below the maxima 
with increasing plasticizer content may reflect increasing proximity to 
equilibrium, since all samples were prepared by holding at 150°C. for 
3 hours. 

These three sets of experiments all appear to be in complete har
mony with the proposed explanation. A satisfactory independent deter
mination of the extent of interfacial contact would be very desirable, 
however, in order to establish the validity of the hypothesis. 

The physical dimensions of the interfacial discontinuities appear 
to be such that they cannot be detected by visible optics, nor have first 
attempts to show their existence by capacitance measurements been 
fruitful. Thus far it has been necessary to rely on data which support 
the proposition but do not provide unequivocal evidence that incomplete 
"wetting" is primarily responsible for the observed performance. An 
example is the "activation energy" of the bonding process. This has 
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w 

Figure 5. Schematic diagram of appa
ratus for measuring force required 
to cleave lap joints at various tem
peratures 

L . Line for application of load for bond for
mation. T . Line for application of test load 

120 e C 
" I 

100* 
ι— 

80 e C 60 e C 
1 

40 e C 

1 - PMMA 
2» PMMA/BBP-95/5 
3- PMMA/BBP» 90/10 
4- PMMA/BBP* 80/20 
5» PMMA/BBP» 70/30 

0.0025 0.0027 0.0029 0.0031 
l / T (RECIPROCAL ABSOLUTE TEMPERATURE) 

Figure 6. Force required to cleave 0.5 x 0.5 inch lap 
joints comprising 0.25-inch thick steel rods bonded with 
plasticized polyfmethyl methacrylate) vs. reciprocal 
absolute temperature 
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been determined for the bonding of p o l y v i n y l acetate) to steel, giving a 
value of 42 kcal. This appears to be in fair agreement with data r e 
ported for the activation energy for flow (39 kcal.). A similar obser
vation has been made recently by Gusman [3], 

If the wetting process involves viscous flow, at some thickness 
level the thickness of the polymer film should exert a detectable inf lu 
ence on the rate of bonding. The rate of leveling of surface scratches 
in lacquer films, for example, has been shown to increase with i n 
creasing film thickness. By analogy the rate of bonding at the liquid-
solid interface might be expected to decrease with decreasing film 
thickness. Such an effect was observed with both poly(n-butyl methac-
rylate) and polyethylene films when they were 50 to 1000 A . thick. 
This lends strong support to the concept that wetting rather than chem
ical interaction is frequently involved in the bonding process. 

If these hypotheses are correct, one of the major problems is to 
establish the factors which restrict or limit the interfacial contact. 

Consider first the case of fluid low molecular weight polymers of 
moderate viscosity which may be applied without solvents and "cured" 
in situ to give useful films or adhesives. If no external pressure is 
applied, the only driving force leading to wetting is the capillary pres
sure. Zisman [6] has shown that a maximum capillary pressure exists 
for capillary pores in a given material when 

1 1 
? L V = 2b + 2 Ύο 

Constant b in Equation 4 is a measure of the interaction between 
the solid and liquid phases when cos Θ is approximately a linear func-

tension" of wetting of the solid [l]?" 
y c is related to the surface free energy of the solid: 

tion of y L V , cos 0 = 1 + b(y c - y L V ) , and y c is the "critical surface 

yc = * 2 f w (5) 

where φ is a measure of the departure from regularity in the inter-
facial interaction between the solid and the liquid [2]. 

The maximum capillary pressure is given by: 

ϊ) ( H ) 
where r x and r 2 are the principal radii of curvature of the liquid-vapor 
interface in the nonwetted regions of the solid-liquid interface. 

For organic substrates the first term will generally be about 20 to 
70 dynes per cm. The second indicates a profound influence for sur
face topography. This term could have a large positive value for small 
porelike asperities but very small or even negative values for some 
configurations. This may explain in part the improved adhesion often 
observed for sand-blasted or etched surfaces in contradistinction to 
sanded or polished surfaces. Certain topographical configurations may 
lead to metastable mechanical equilibria which would halt the wetting 
process. 
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The nonwetted portions of the interface comprise small closed 
gas- or vapor-filled volumes bounded by the substrate and the adhe
sive. If these volumes are of such size that they contain a sufficiently 
large number of molecules in the vapor phase to exert nearly normal 
pressures, these will act against the capillary pressures and diminish 
the rate of wetting. It is conceivable that diffusion of these molecules 
into the adhesive layer could be rate-limiting under certain circum
stances. 

Also in general the resistance to viscous flow will increase at a 
faster rate than the capillary pressures increase as the pore or chan
nel dimensions become smaller. This is of real significance in the 
case of hot-melt adhesives, which are frequently applied at relatively 
high viscosity and remain fluid for only a brief time. 

For polymers applied from solution there is a possibility that the 
solvent may be selectively adsorbed. If this were the case, intimate 
contact between the polymer and substrate could be achieved only after 
desorption of the solvent. If desorption occurred when the solvent con
centration was relatively small, the viscosity of the solution could be 
very high, precluding wetting within the time the solution exhibited 
sensible fluid characteristics. 

If coacervation were to occur in the solution in the vicinity of the 
solution-substrate interface, the fluid phase containing relatively little 
polymer would wet and fill the surface asperities. After evaporation of 
the solvent the voids would remain unfilled. 

Conclusions 

Virtually all practical systems should exhibit complete wetting at 
equilibrium. In practice, however, interfacial equilibrium is frequently 
not achieved. Under these circumstances high stress concentration at 
the interfacial discontinuities leads to poor performance. The stress 
concentration is determined by the viscoelastic response of the adhe
sive and the time-temperature characteristics of the test used to as
sess the performance. 

Some factors which may retard the wetting and preclude attainment 
of equilibrium are a combination of low capillary pressures and high 
fluid viscosities, metastable equilibria, selective adsorption, and co
acervation. 
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12 
Surface Energetics, Adhesion, and 

Adhesive Joints 

LOUIS H. SHARPE and HAROLD SCHONHORN 

Bell Telephone Laboratories, Inc. 
Murray Hill, N. J. 

Certain aspects of the adsorption theory of 
adhesion are developed more fully than has 
been done previously. The consequences of 
nonreciprocity of spreading are pointed out, 
and are used to develop a more general prac
tical point of view with respect to the adhe
sive bonding of materials of low-surface free 
energy. The system epoxy adhes ive -
(nonsurface-treated) polyethylene, normally 
considered nonadherent, is investigated ex
perimentally in some detail. It is shown how 
this system, without material modification, 
can be made adherent. An area of study for 
possible adhesives for materials of low-
surface free energy is suggested. 

At present three theories of adhesion exist—the adsorption theory 
[9], the diffusion theory [24,25, 26], and the electrostatic theory [10, 23], 
The majority of those who have concerned themselves with the subject 
of adhesion lean toward the adsorption theory, if for no other reason 
than a recognition that the phenomenon of wetting is intimately related 
to adhesion. The word "adhesion" (unmodified) here means strictly an 
interfacial phenomenon, while "practical adhesion" means the strength 
with which two materials stick together—that is, the force required to 
separate them, or joint strength. 

We develop certain aspects of the adsorption theory of adhesion 
more fully than has been done previously, based solely on (free) sur
face energetics, and show how they can be applied to real or practical 
systems. As a consequence, it is shown that the deBruyne adhesion rule 
[7] is incorrect in part. Our concern is mainly with what we believe to 
be the most important problem in the making of adhesive bonds—that is, 
the achievement of extensive and proper (no intermediate phase) inter-
facial contact. We discuss also the breaking strength of certain adhe
sive joints where this is necessary to the development of our thesis. 
However, the processes of making and breaking adhesive joints bear no 
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direct fundamental relation to each other, although the breaking strength 
of an adhesive joint is, in general, a consequence of how it is made. 

The adhesion and practical adhesion of combinations of (organic) 
low-surface free energy materials (< 100 ergs per sq. cm.) mainly are 
discussed, since these, in general, present the most difficulty in bond
ing, and there exists the most confusion concerning them. High-surface 
free energy materials (metals, metal oxides, glasses, etc.) are not dis
cussed in detail, since the principles discussed can be directly extended 
to include these materials. 

Theoretical 

Thermodynamics. Consider an equilibrium closed system of a l iq 
uid, L 2 , in contact with a plane surface of an isotropic solid, S 1 (which 
is not soluble i n L 2 ) , and saturated vapor, ν 2 , of liquid L 2 . The Young-
Dupre* equation is 

V S 1 V 2 - ^ S l L 2 = ^ L 2 V 2 c o s Θ ( ! ) 

where the y's are surface tensions and θ is the usually defined contact 
angle. Let us further consider the surface of the solid to be an equil
ibrium surface. Under these circumstances the surface tension and 
surface free energy of the solid are the same and we can write 

F S l V 2 - F s l L 2 = F L 2 V 2 c o s 0 (2) 

where the F f s are now surface free energies. 
The maximum reversible work of adhesion of L 2 to S x is 

w a d h = F S J + F L 2 V 2 - F S i L 2 (3) 

where F s ° is the surface free energy of the solid, Sl9 in vacuum. Upon 
substituting in Equation 3 the value of F S l L a from Equation 2, we ob
tain 

W a d h = ( F s ; - F S i V ° ) + F L 2 V o (1 + cos θ) (4) 

As has been pointed out by Bangham and Razouk [3], this is the work re 
quired to strip the liquid from the solid so as to leave a surface on the 
solid which is identically the equilibrium surface on the solid in a vac
uum. This work of adhesion is different from the work of adhesion re 
quired to strip the liquid from the solid so as to leave the equilibrium 
adsorbed film of vapor V 2 on the solid surface. This latter work of 
adhesion is 

W a ' d h = F L 2 V ° (1 + cos Θ) 

and differs from W a d h by the term ( F S J - F S l v 2 ) - N ° w F s ? must 
always be greater than F S l V ° ; hence the term ^F s° - F S l V ° ^ is always 

positive [3]. This means that the work required to strip the liquid from 
the solid completely is greater than that required to strip the liquid 
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7 2 . SHARPE AND SCHONHORN Surface Energetics and Adhesion 191 

from the solid so as to leave an equilibrium film of adsorbed vapor of 
the liquid. 

Since the work of cohesion of L 2 is given by 

W c o h = 2 F L 2 V ° (6) 

Equation 4 tells us that if θ = 0—that is, if liquid L 2 spreads on solid 
S ^ t h e maximum reversible work of adhesion is always in excess of 
the work of cohesion by an amount at least ^ F S J - F S l V ^ ; we say at 

least because Equation 4 is valid only for θ > 0. 
Now assume that by some means we cause liquid L 2 to solidfy on 

solid S x in such a manner that we again have an equilibrium system, 
this time of solid S x in contact with solid S 2 in the presence of satur
ated vapor of S 2 . The Young-Dupré equation for this system is 

where the y T s are again surface tensions and the prime on the subscript 
indicates that the saturation vapor pressure of S 2 is different from that 
of L 2 . We again assume that Si and S 2 are equilibrium surfaces, so 
that we may write 

F S i v S ' - F S l S 2 = F S A V ; - cos θ (8) 

where the F f s are again surface free energies. 
The maximum reversible work of adhesion of S 2 to S x is 

W a d h = F s o + F S A V ; > - F S l S 2 (9) 

Substituting in Equation 9 the value of F S I S from Equation 8 we get 

w a d h = ( F S ; - F S I V ; . ) + F S A V ; - (l + cose) (10) 

This is the equation for the maximum reversible work of adhesion 
for two solids in contact and is the counterpart of Equation 4 for the 
case of a liquid in contact with a solid. Our definition of the final solid-
solid state as an equilibrium state implies that there are no residual 
stresses in either solid produced by the solidification of L 2 . 

Equation 10 could just as well have been derived on the basis of 
bringing into contact with each other an equilibrium planar surface of 
solid S 2 and a similarly defined surface of solid S x and then separating 
them in the appropriate fashion. 

We showed that if L 2 spreads on Si9 the maximum reversible work 
of adhesion of L 2 to S1 is greater than the work of cohesion of L 2 . Con
versely, if the maximum reversible work of adhesion of L 2 t o S x is 
greater than the work of cohesion of L 2 , then L 2 must spread (initially) 
on S i . We can write, then, from Equations 3 and 6, 

W a d h - W c o h = F s ° - F L 2 V ç - F S i L 2 = Sp ( I D 
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where Sp is the initial spreading coefficient [6, 16, 17]. 
We said, however, that if W a d h - W c o h >0, L 2 must (initially) 

spread on S1—that is, for spreading to occur 

or 

F ° - F ° - F > 0 
r S i r L 2 V 2

 r S i L 2 ^ U 

F S ? > F L 2 v S + F S l L 2 < 1 2 > 

This relationship says that for spreading of liquid L 2 on solid S x 

to occur, the surface free energy of S x must exceed the sum of the 
surface free energies of the liquid (in contact with its saturated vapor) 
and of the solid-liquid interface. 

Formation of Interface. Two materials probably adhere, at least 
initially, because of van der Waals attractive forces acting between the 
atoms in the two surfaces. Now interfacial strengths, based on van der 
Waals forces alone, far exceed the real strengths of one or other of the 
adhering materials. This means that interfacial separation probably 
never occurs to any sensible extent when mechanical forces are used to 
separate a pair of materials which have achieved complete interfacial 
contact (probably a highly unlikely situation), or a number of separate 
regions of interfacial contact. It follows, then, that breaking a joint 
mechanically, in general, tells nothing directly about interfacial forces. 

Van der Waals forces are operative over very small distances. 
Hence, in order that materials adhere, the atoms in the two surfaces 
must be brought close enough together for these forces to become oper
ative. If we had a piece of A (solid) and Β (solid) and each had an ab
solutely smooth (on an atomic scale) planar surface which we then 
brought together in a perfect vacuum, all attempts to get them apart 
mechanically would result in failure in the bulk of either A or B. But 
real surfaces differ from these ideal surfaces in that they are rough and 
contaminated and both of these imperfections contribute to a greatly de
creased real area of contact between the surfaces of A and B. In gen
eral, however, where they have achieved contact—that is, where they 
have been brought close enough for van der Waals forces to become 
operative—they have adhered, and when they are separated mechanic
ally a little of A remains on B, and Β on A, depending on the geometry 
in the neighborhood of each area of contact. The general reaction based 
on visual examination is that the solids did not adhere or the failure was 
in adhesion. The first statement, we believe, is incorrect, because 
surely some areas of A and Β achieved interfacial contact, and the sec
ond is incorrect because where the surfaces were not in contact there 
was no adhesion and it makes no sense to talk about the failure of some
thing that did not exist. 

This point of view leads to the conclusion that to get A and Β to make 
a stronger joint we need to increase their real area of contact. This 
means that one or both of the materials must be made to conform better 
to the surface roughness of the other. This implies, in a practical 
sense, that one of the materials should be fluid when placed in contact 
with the other. However, that one of the materials be liquid is a neces
sary, but may not be a sufficient, condition for if the liquid makes a 
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nonzero contact angle with the solid, its tendency to create a large inter-
facial area of contact is relatively small. The result is that the liquid 
may do a great deal of bridging, trap a great deal of air, and achieve 
little penetration into the surface roughness of the solid, and stress 
concentrations due to a nonzero contact angle become important. How
ever, if the liquid member spontaneously spreads on the solid, the in 
terfacial area of contact increases, because the liquid can now flow 
more completely into the micro or submicro pores and crevices in the 
surface of the solid and can displace adsorbed gases and other contam
ination. In addition, the zero contact angle tends to minimize stress 
concentrations. The effect of creating a spontaneous spreading situa
tion, then, is twofold—the real area of contact is increased and stress 
concentration is minimized [11]. 

It becomes important now to point up the fact that spreading is a 
nonreciprocal phenomenon—that is, for two liquids, the fact that pure A 
spreads on pure Β means that pure Β positively will not spread on pure 
A (see, for example, Harkins [14]) and the same appears to be true of 
adhesion in a practical sense. In a practical sense, if A adheres strongly 
to B, then Β will not adhere strongly to A . What, of course, we really 
mean is that if we can make a strong joint between A and Β when A is the 
liquid member (subsequently solidified) and Β the solid, then it appears 
that we cannot, in general, make a strong joint when Β is the liquid 
member and A the solid, for reasons mentioned above. It may be pos
sible to make a strong joint if both are fluid simultaneously. 

It may appear that we have said that spreading of the liquid mem
ber is the sine qua non of adhesion and, also, of practical adhesion. In 
a sense we have, but this requires qualification. From a purely ther
modynamic point of view, it makes no difference for an ideal system 
A - B , in the final state, whether the final state was achieved by making 
A fluid, or Β fluid, or both fluid, or both solid, if we define the final 
state as being that of complete interfacial contact of A and B. But, in a 
real or practical sense, the achievement of adhesion and practical ad
hesion is time-dependent and, in general, it may make a difference how— 
that is, from which side—we attempt to approach the equilibrium state. 
If we work from the side of the low-surface free energy solid and the 
high-surface free energy liquid the rate of approach to equilibrium may 
be intolerably slow, or in the-case of a liquid which sets to a solid (as 
by cross linking) in a relatively short time span, the rate may become 
essentially zero. This is the case in the epoxy adhesive-polyethylene 
joint, to be discussed shortly. If, however, the low surface free energy 
solid can be made fluid, the rate of approach to equilibrium may be 
greatly accelerated. The rate of approach to equilibrium may (and, in 
general, should) be rapid if both phases are fluid simultaneously. 
Stresses induced by differential shrinkage have been neglected in this 
discussion. However, we are mainly concerned with the conditions for 
creation of extensive and proper interfacial contact, and the subject of 
shrinkage-induced stress concentrations is treated extensively else
where [9,11]. 

We have specifically mentioned only van der Waals forces in con
nection with the preceding treatment. This is not to be construed as 
meaning that other molecular forces may be excluded from participa
tion in adhesion. In the initial process involving the establishment of 
interfacial contact, all those molecular forces involved in wetting 
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phenomena can be considered to be important. Chemisorption is not ex
cluded, but if it is to occur molecular contact must have already been 
established—that is, van der Waals forces must already be operative. 
Therefore, any such chemical reaction as does occur, occurs after ad
hesion is a fait accompli. Further, since we believe that sensible inter-
facial separation does not occur under mechanical influences even when 
only van der Waals forces are operative, it follows that we do not be
lieve that chemisorption has any positive influence on the mechanical 
strength of an adhesive joint. It may have negative influence on strength 
if weak boundary layers [5] are formed. However, chemisorption may 
increase the permanence of an adhesive joint by retarding or prevent
ing destruction of the interface as by dewetting by moisture, low sur
face tension liquids, etc. 

In order to be able to use Expression 12 it is necessary to determine 
F S J , F L 2 V ° , and F S l L 2 . There exists a good method only for the deter
mination of F L a V ° , the surface free energy (surface tension) of the l iq 
uid, but no satisfactory method for determining directly either F s ° or 
F S l L 2 . Zisman Ts [27] work on wetting and his concept of y c , the cr i t i 
cal surface tension of wetting, provide us with some characterization of 
F s ° or F S i V ° . However, if we are willing to accept the empirical re 
lationship which Zisman has established between y c and F L 2 V J (or 
y L 2 V ° ), it is unnecessary to concern ourselves with either F S J or F S l L 2 . 
If we admit that y c S i , the critical surface tension of wetting, is the sur
face tension which a liquid, L 2 , would have to possess in order just to 
spread o n S j , then the criterion for spreading, Expression 12, may 
be replaced by the criterion [13,27]. 

rcsl >7LavS (13) 

the terms of which are experimentally much more accessible than the 
thermodynamic quantities which we have been discussing. Expression 13 
provides a useful working relationship. It may be possible to decide, a 
priori, whether A will adhere strongly to B—that is , form a strong joint—or 
will not, from a knowledge of the parameters y c S i and y L 2 V ° at the 

temperature at which the bond is to be made. 
Table I gives representative values of 7 c S i and 7 L 2 V 2 for a num

ber of polymers. The values of γ c given have been determined at20°C. 
At present, there exist no data concerning the value of γ c for various 
substrates at elevated temperatures. Strictly speaking, therefore, pre
dictions based on the above relationship are limited to 20°C. However, 
since the temperature coefficient of surface tension for a large number 
of organic materials, as given by Harkins [15], appears to be approxi
mately 0.1 dyne per cm.per ° C , the same relative surface tension re 
lationship between liquid and solid will probably exist at somewhat ele
vated temperature as exists at 20°C. 

One further note of caution with respect to the use of the critical 
surface tension in this context is necessary. The precise value of γ c 
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Table I. Critical Surface Tension (y c ) and Surface Tension 
(7LV) o f Selected Systems 

γ , Dynes/Cm., y , Dynes/Cm., 
System 20°C. L 25 C. 

Teflon F E P 16 a 

Teflon T F E 18.5 a 

Polyethylene 31 a 

Polystyrene 33 a 

DER332LC epoxy resin , - 47.2 
DER332LC epoxy resin, 100 pbw 

+DEAPA C , 7pbw - 32.9 
Fluorinated epoxy resin - 40.3 
Fluorinated epoxy resin, 100 pbw 

+DE ΑΡΑ, 7 pbw - 38.8 
DE ΑΡΑ - 23.6 

^Values from [27]. 
Parts by weight. 
Diethylaminopropy lamine. 

obtained for a surface is dependent, in general, upon the particular 
series of liquids used to determine it. A series of liquids which inter
acts more strongly with a surface will, in general, give a higher y c than 
another series which interacts less strongly with the same surface. 
One should, therefore, use for prediction the yc value obtained by use 
of a series of liquids which is, in general, characteristic of the liquid 
material in the system for which the prediction is being made. This is 
necessary in light of the findings of Fowkes [12], that a low-energy l i q 
uid will spread on a high-energy solid only if the intermolecular forces 
in the solid and the liquid can interact with each other. For example, if 
a liquid exhibiting only a dispersion force contribution to its surface 
tension is placed on a solid which exhibits both dispersion and hydrogen 
bonding forces, then, in general, the only interaction between the two 
phases will be a dispersion force interaction, and the simple spreading 
criterion must be modified to take this into account. 

Experimental 

Experiments concerning the practical adhesion between a conven
tional epoxy adhesive and a conventional polyethylene illustrate some of 
the principles which we have been discussing. 

Materials. Epoxy resin DER332LC (Dow Chemical Co., Midland, 
Mich.) is a very pure diglycidyl ether of bisphenol A , having an epoxy 
equivalent weight of 179 maximum (the pure material would have an 
epoxy equivalent weight of 170), a total chloride content less than 0.1% 
by weight, and a viscosity of 6400 centipoises maximum at 25° C. 

Diethylaminopropy lamine (Miller-Stephenson Chemical Co., Inc., 
Philadelphia) was distilled under nitrogen through a 6-inch Vigreux 
column and the first fraction discarded. The product, distilling at 68 °C. 
and 26-mm. pressure, was stored in the dark in tightly stoppered glass 
containers prior to use. 
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The epoxy adhesive consisted of 100 parts by weight of the above 
resin and 7 parts by weight of the diethylaminopropylamine, thoroughly 
mixed and used immediately. 

Polyethylene (Marlex 5003, Phillips Petroleum Co., Bartlesville, 
Okla.) was formed from powder into 0.009-inch-thick sheets between 
specularly smooth Mylar sheets in a metal mold at a temperature of 
150°C. and pressure of 1000 p.s.i . for approximately 5 minutes. The 
polymer has a density of 0.95 and a melt index of 0.3. 

The above polyethylene was irradiated in 0.009-inch-thick sheet 
at 21° to 23°C. in a nitrogen atmosphere with 1-m.e.v. electrons to a 
total dose of 20 megarads to give the material which is termed i r r a 
diated or cross-linked polyethylene. 

The metal tensile-shear adherends were of 2024-T3 aluminum 
(Aluminum Co. of America). Their dimensions were 5 by 1 by 1/16 
inch. The surface of the aluminum was prepared by first vapor-
degreasing in trichloroethylene and then etching for 7 minutes at 65°C. 
in the following solution: 

Sodium dichromate (Na 2 Cr 2 0 7 *2H 2 0) 
Water 
Sulfuric acid (95%) 

1 part by weight 
30 parts by weight 
10 parts by weight 

After etching, the specimens were rinsed for 5 minutes in running 
tap water and for 1 minute in running distilled water, and then dried in 
a forced air oven at 60°C. Specimens were stored in desiccators over 
Ascarite and removed just prior to use. 

Procedures. For the measurement of tensile-shear strengths, 
standard composite test pieces consisting of aluminum—epoxy adhesive-
polyethylene sheet-epoxy adhesive-aluminum were prepared for bonding 
in a special device designed to maintain a half-inch overlap. The thick
ness of the epoxy adhesive was maintained constant by insertion of a 
piece of 0.003-inch-diameter gold wire in each glue line between the 
aluminum and the polyethylene. Clean gloves and tweezers were used 
in all specimen preparations to avoid possible contamination. Bonding 
was accomplished, at approximately 20-p.s.i. pressure, by placing 
stacks of composites in forced air ovens at specified temperatures for 
16 hours. The bonded specimens were tested in tensile shear in ac
cordance with A S T M D 1002-53T, except that the strain rate was 0.1 
inch per minute. 

A DuNouy tensiometer was used to measure the surface tension of 
the epoxy resin and curing agent. The instrument was calibrated with 
water and benzene. Prior to each determination, the surface tension of 
water was measured. Mixtures of the epoxy resin and curing agent were 
equilibrated for a few minutes after mixing before the surface tension 
was determined. Since the mixtures had high viscosities, the DuNouy 
ring was equilibrated in the surface of the liquid for a few minutes at a 
stress several tenths of a dyne below the point of maximum stress, to 
permit the material to relax. The break point was approached slowly 
until rupture occurred. Three readings were taken for each mixture. 
Deviations of the order of ±0.2 dyne per cm. or less were obtainable by 
this procedure. The surface tensions were calculated using the appro
priate correction parameter of Harkins and Jordan [18]. 
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Results. Figure 1 shows the effect of the ultimate temperature of 
bond formation on the tensile-shear strength of the aluminum - epoxy -
polyethylene composite structure described previously. It is rather ob
vious that at temperatures close to 100°C. the epoxy, even though its 
viscosity is low, has not formed a strong bond with the polyethylene, 
for the reason, we believe, that it has not achieved extensive interfacial 
contact with the polyethylene before solidification occurs. If, however, 
one first solidifies the epoxy at some temperature below 100°C. and 
then raises the temperature close to, or above, the melting point of the 

4000 k 

01 ι I I I I J 1 1 
0 25 50 75 100 125 150 175 
ULTIMATE T E M P E R A T U R E OF BOND FORMATION IN °C. 

Figure 1. Dependence of bond strength on temperature 
of bond formation 

• Aluminum-epoxy-aluminum composite 
• Aluminum-epoxy-polyethylene-epoxy-aluminum composite 
Ο Aluminum-epoxy—cross-linked polyethylene—epoxy-aluminum 

composite 

Ranges indicated. Results based on five 
replicates, each point 
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polyethylene, a striking increase in the bond strength results. This, in 
fact, occurs (and the bond strengths are a function of the ultimate tem
perature only) regardless of whether the temperature is immediately 
raised to the neighborhood of the melting point of the polyethylene while 
the epoxy is still liquid, or whether the epoxy is first solidified at some 
temperature below 100°C. and the temperature is then raised. We be
lieve that in these instances the surface energetics are now favorable 
for spreading of the polyethylene to occur and sufficient time is allowed 
for extensive and proper interfacial contact to take place. The viscosity 
of the polyethylene at 145°C. is approximately 10 6 centipoises (deter
mined by stress relaxation method [22]), whereas the viscosity of the 
epoxy, when it is the liquid member, at 25°C. is approximately 10 3 

centipoises. It is interesting to note, therefore, that viscosity of the 
liquid member apparently is of no real importance in this instance, be
cause sufficient time can be allowed for good wetting by the polyethylene 
to take place. 

The behavior of the cross-linked polyethylene is also particularly 
interesting. The temperature at which the bond strength of the com
posite bearing this material begins to rise markedly is some 20°C. 
below the comparable temperature for the identical un-cross-linked 
polyethylene, and not above it, as might generally be believed. The 
explanation for this, we believe, is simple. The crystalline melting 
point of polyethylene is lowered by irradiation, not raised, as Mandel-
kern, et al. [20] and Marker, Early, and Aggarival [21] have pointed out. 
The irradiated polyethylene, therefore, spreads at a lower temperature 
than the unirradiated polymer because its melting point is lower. 

The bend strength of the composite bond containing the irradiated 
polyethylene is remarkable. The aluminum adherends must be bent 
through an angle of about 110° before failure of the bond occurs. On a 
number of occasions, bending the specimen has resulted in fracture of 
one of the aluminum adherends, rather than failure of the bond. 

The present generally accepted procedure for structurally bonding 
polyethylene with an adhesive is to oxidize the polyethylene surface; this 
raises its surface free energy and improves the wettability of the poly
ethylene by the adhesive [2]. An improvement in bond strength is thus 
obtained. We are not, however, aware of any previous work in which the 
strength levels reported were comparable to those which we have ob
tained. 

Discussion 

The deBruyne adhesion rule states [7]: "Provided we use pure or 
simple substances as adhesives then there is a good deal of evidence 
that strong joints can never be made by polar adherends with nonpolar 
adhesives or to nonpolar adherends with polar adhesives.M It is possible 
to support the portion of the rule which deals with nonpolar adherends 
and polar adhesives on the basis that polar adhesives generally have 
higher surface free energies than nonpolar adherends, and therefore 
will wet them very poorly [27], It is not possible, however, to support 
the other portion of the rule which deals with polar adherends and non-
polar adhesives, since the surface energetics are favorable in this in
stance and spreading should result. This portion of deBruyne fs adhesion 
rule must, therefore, be incorrect. That it is incorrect is further 
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attested by the fact that we have obtained strong bonds between a cured 
epoxy adhesive and a number of nonpolar thermoplastics—e.g., poly
ethylene, polypropylene, Teflon F E P , and polystyrene—also between the 
above-mentioned thermoplastics and metals such as aluminum, copper, 
and stainless steel, by the melt technique. DeBruyne has recently 
stated that he now also believes this portion of his rule to be incorrect 
[8], and that the rule was simply an expression of the facts as they were 
known at the time the rule was formulated. 

It might be instructive now to develop a more general but practical 
point of view based on the consequences of nonreciprocity of spreading, 
and our experiments. Examples of materials which are at present dif
ficult to bond with conventional adhesives without surface modification 
are: polyethylene, polypropylene, Teflon T F E , Teflon F E P , polystyrene, 
etc.—that is, the class of nonpolar thermoplastics. They are difficult 
to bond because they are materials of low-surface free energy, much 
lower than conventional adhesives. However, because they are of low-
surface free energy and because they can be rendered fluid (mobile), as 
by raising the temperature, they can be made to form strong joints with 
a large number of suitable materials of higher surface free energy. So 
far as we have been able to determine, this particular aspect of adhesive 
bonding has not previously been pointed out, and it is rather startling 
when one first comes to the realization that materials which are gener
ally believed to be impossible to bond conventionally without surface 
modification are precisely those materials which, when used as adhe
sives, form strong joints with a large number of substrates. Recently 
Korolev et al. [19] have discussed practical adhesion between poly 
(tetrafluoroethylene) and metals in these same terms. 

Future Work. The spreadability-adhesion criterion, as we have 
discussed it, immediately draws attention to low surface tension poly
mers as potential adhesives for low-surface free energy solids. It is 
known that low surface tension is associated with the substitution of 
fluorine for hydrogen in organic materials. This knowledge suggests 
that useful adhesive materials may result from the appropriate substi
tution of fluorine or fluorinated side chains for hydrogen in hydrogen-
containing polymers. Certain such fluorinated materials might be capa
ble of forming strong joints with such polymers as polyethylene, 
polypropylene, and Teflon T F E , which cannot now be structurally bonded 
by conventional adhesives without prior surface modification. 

One class of such materials is the fluorinated alky 1 esters of acrylic 
and methacrylic acid, a number of which have been prepared [1]. One 
of these esters, poly(l,l-dihydropentadecafluoro-octyl methacrylate), 
has a y c «11 dynes per cm.—less than Teflon T F E or even F E P [4]. 
Such materials, and others within the general class of unsaturated, ap
propriately fluorinated, polyesters warrant investigation for use either 
as thermoplastic hot-melt adhesives, or for cross linking in situ to form 
rigid thermoset adhesives. The saturated, appropriately fluorinated 
polyesters also warrant investigation as thermoplastic hot-melt adhe
sives. 

Several very interesting classes of materials may also result from 
proper fluorination of conventional monomeric or polymeric diepoxides. 
The conventional diepoxides or Mepoxies t T are extremely useful adhesive 
materials. The epoxy resin which we have examined in this study has 
a surface tension of 47.2 dynes per cm. Appropriate fluorination of this 
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and similar materials would markedly reduce their surface tensions. 
We have prepared a diglycidyl ether of bisphenol A (obtained from the 
Research Laboratories of Allied Chemical, Morris Township, N. J.) 
in which the pendant methyl groups on the bridge carbon atom were re
placed by perfluoromethyl groups. Neither the surface tension nor some 
other properties were markedly affected by this substitution. This 
might have been predicted on the basis of the relatively small volume 
substitution of fluorine in the molecule. Longer fluorinated chains would 
proportionately affect physical and mechanical properties. It is tempt
ing to speculate that adhesive systems useful for the polyolefins and 
polystyrene might lie among such polymers. 

Acknowledgment 

The authors gratefully acknowledge helpful discussions with N. A. 
deBruyne, Techne, Ltd., Cambridge, England, and with F. H. Stillinger, 
Jr., Bell Telephone Laboratories, Inc. 

Literature Cited 

(1) Ahlbrecht, A. H., Reid, T. S., Husted, D. R. (to Minnesota Mining & Mfg. 
Co.), U. S. Patent 2,642,416 (June 16, 1953). 

(2) Allan, A. J. G., J. Polymer Sci. 38, 297 (1959). 
(3) Bangham, D. H., Razouk, R. I., Trans. Faraday Soc. 33, 1459 (1937). 
(4) Bernett, M. K., Zisman, W. Α., J. Phys. Chem. 66, 1207 (1962). 
(5) Bikerman, J. J., "The Science of Adhesive Joints," Academic Press, New 

York, 1961. 
(6) Cooper, W. Α., Nuttall, W. H., J. Agr. Sci. 7, 219 (1915). 
(7) deBruyne, Ν. Α., Aircraft Engr., 18, No. 12, 53 (1939). 
(8) deBruyne, Ν. Α., 19th International Congress of Pure and Applied Chem

istry, Symposium on Adhesion, London, England, July 1963. 
(9) deBruyne, Ν. Α., Houwink, R., eds., "Adhesion and Adhesives," Elsevier, 

New York, 1951. 
(10) Deryagin, Β. V., Krotova, Ν. Α., Dokl. Akad. Nauk. SSSR 61, 849 (1948). 
(11) Eley, D. D., ed., "Adhesion," Oxford University Press, London, 1961, 

particularly Chap. 8 and 11. 
(12) Fowkes, F. M., ASTM Symposium on Recent Advances in Adhesion Science, 

Atlantic City, N. J., June 1963. 
(13) Fox, H. W., Zisman, W. Α., J. Colloid Sci. 5, 514 (1950); 7, 109, 428 (1952). 
(14) Harkins, W. D., "Physical Chemistry of Surface Films," Reinhold, New 

York, 1952. 
(15) Harkins, W. D., Davies, E. C. H., Clark, G. L., J. Am. Chem. Soc. 39, 541 

(1917). 
(16) Harkins, W. D., Feldman, Aaron, Ibid., 44, 2665 (1922). 
(17) Harkins, W. D., Grafton, Ε. H., Ibid., 42, 2534, 2539 (1920). 
(18) Harkins, W. D., Jordan, H. F., Ibid., 52, 1751 (1930). 
(19) Korolev, A. Ya., et al., Vysokomolekul. Soedin. 4, 1412 (1962). 
(20) Mandelkern, L., Roberts, D. E., Halpin, J. C., Price, F. P., J. Am. Chem. 

Soc. 82, 46 (1960). 
(21) Marker, L., Early, Robert, Aggarwal, S. L., J. Polymer Sci. 38, 369 (1959). 
(22) Matsuoka, S., private communication. 
(23) Skinner, Ş. V., Savage, R. L., Rutzler, J. E., J. Appl. Phys. 24, 438 (1953). 
(24) Voyutskii, S. S., Margolina, Yu. L., Uspekhi Khim. 18, 449 (1949); Rubber 

Chem. Technol. 30, 531 (1957). 
(25) Voyutskiĭ, S. S., Shtarkh, Β. V., Kolloidn. Zh. 16, 3 (1954); Rubber Chem. 

Technol. 30, 548 (1957). 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
01

2

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



72. SHARPE AND SCHONHORN Surface Energetics and Adhesion 201 

(26) Voyutskiĭ, S. S., Zamaziĭ, V . M., Kolloidn. Zh. 15, 407 (1953); Rubber Chem. 
Technol. 30, 544 (1957). 

(27) Zisman, W. Α., in "Adhesion and Cohesion," P. Weiss, ed., Elsevier, New 
York, 1962. 

Received March 28, 1963 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
01

2

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



13 
Hysteresis of Contact Angles in the System 

Mercury - Benzene - Water 

ANTOINE M. GAUDIN and AUGUST F. WITT 

Massachusetts Institute of Technology 
Cambridge 39, Mass. 

Experiments with a water drop on mercury 
under benzene in absence of oxygen show an 
equilibrium contact angle of 119° ± 1° and 
absence of hysteresis. Under these condi
tions the dynamic contact angles did not in
dicate any speed dependence. The same 
system when saturated with oxygen shows a 
hysteresis of 110°. pH dependence of hys
teresis was found for oxygen-contaminated 
systems. In the pH range 0 to 4, the hys
teresis is nil , increasing to 141° at pH 14. We 
conclude that contact angle hysteresis is ab
sent in the pure three-phase system. Hys
teresis when encountered is attributed to 
oxidation reactions occurring at the mercury 
surface. 

When a drop of a liquid is placed on a solid surface, the system 
will try to establish a state of minimum total surface free energy. De
pending upon the relative values of the three interfacial tensions in
volved, the contact angle, Θ, between the liquid and the solid phase will 
vary from 0° to 180°. The correlation between γ and θ is given by 
YoungT s equation 

^SG - ^ S L = >LG C 0 S θ W 

Rayleigh [4] found as early as 1890 that the magnitude of θ often 
depends upon whether previous to the measurement the liquid phase 
was advancing or receding over the solid phase. Sulman [5] in 1920 
termed the spread between the maximum and minimum contact angles 
measured in the same system "contact angle hysteresis." Since then 
many systems have been found with hysteresis values up to 150°. The 
fact that hysteresis is often overlooked or neglected, added to the diffi
culty of obtaining good reproducibility, renders the value of many pub
lished data doubtful. 

202 
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Current theories to explain hysteresis of contact angles are p r i 
marily based on the concepts of surface roughness, surface hetero
geneity, friction, and adsorption phenomena. Unintentional adsorption, 
or contamination—the result of inadequate experimental technique—is, 
however, the most frequent explanation. As all systems involving solids 
are subject to the reasons indicated above for hysteresis, we chose the 
system mercury-benzene-water, which should be affected only by ad
sorption phenomena, controllable under proper experimentation. An 
additional advantage is the fact that all interfacial tensions involved 
can be measured. 

Materials Used 

A l l glassware was cleaned in hot chromic acid, rinsed with hydro
chloric acid, and again rinsed with conductivity water. 

Water, specific conductance, Κ = 6 x 10" 7 ohm" 1 per cm. 
Benzene, reagent-grade, chemically purified and submitted to zone 

refining (refractive index 1.5011, 20°) 
Mercury, triple distilled, total impurities less than 0.00009 weight 

%. It was redistilled and stored in a quartz vessel under nitrogen. 
Unless otherwise stated, water and benzene were saturated with 

purified nitrogen and saturated with each other. The atmosphere above 
the three-phase system under investigation was constantly flushed with 
nitrogen saturated with water and benzene. The nitrogen, prepurified 
(99.998% N 2 , 0.002% 0 2 ) , was passed through activated copper, heated 
to 300° C , and passed through a concentrated KOH solution. This pro
cedure reduces the oxygen content to less than 5 χ 10" 4 mole %. 

Preparation of System and Experimental Setup 

In a borosilicate glass vessel with optically flat walls, mounted on 
the tilted stage of the microscope table, a drop of water is squeezed 
on to the surface of mercury from a glass capillary which is part of a 
micrometer buret. By means of a motor and chain drive connected to 
the micrometer, the volume of the drop may be increased or decreased 
at any desired rate. An image of the drop is focused on a glass screen 
by means of the microscope tilted into horizontal position. To reduce 
the heating of the system due to light absorption, a blue filter was 
placed between the microscope lamp and the reaction vessel. This 
filter arrangement was subsequently replaced by an electrical circuit 
automatically illuminating the system for 0.1 second, when the drop 
was photographed by a Bolex reflex camera. 

The desired lateral movement of the three-phase interline (Hg -
H 2 0 - C 6 H 6 ) is achieved by changing the drop volume. In continuously 
recording the volume change of the drop, the so-called "dynamic" ad
vancing and receding contact angles are registered. The system (ex
clusive of motor) is placed on a heavy steel plate equipped with rubber 
mounts to reduce extraneous uncontrollable vibrations. Vibrations in
duced by the motor are a constant factor in all experiments. This a r 
rangement also permits the measurement of "static" contact angles 
and the investigation of relaxation phenomena. One distinctive feature 
of this setup is that the speed of lateral movement of the three-phase 
interline changes continuously. With increasing drop volume, the speed 
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of movement of the interline decreases (and vice versa). A l l experi
ments, unless otherwise stated, were conducted with a constant rate of 
drop volume change of 0.0189 cu. mm. per second. Changes in the sys
tem were recorded with a 16-mm. Bolex reflex camera with time lapse 
attachment at a speed of 1 frame every 6 seconds. The films were de
veloped and the contact angles measured with a protractor from en
larged pictures (Figure 1). 

The cleaned reaction cell is closed with a ground-glass lid and 
flushed with nitrogen for 20 minutes at a rate of 50 to 100 cc. per min
ute (STP). Without interrupting the flushing process, benzene (equili
brated with water) is introduced through the top of the cell. Next the 
rigorously cleaned microburet, which terminates in a capillary about 
0.1 mm. in outside diameter, is filled with conductivity water, which 
is deoxygenated and saturated with benzene. The capillary is now in
troduced into the reaction vessel so that its end is about 8 mm. from 
the bottom of the cell . Mercury is then introduced until its surface is 
about 0.5 mm. from the capillary. After the capillary and the mercury 
interface have been focused on the glass screen, the system is ready 
for experimentation. 

Experimental Results 

Influence of Oxygen. Earlier work by Bartell [1], as well as our 
preliminary experiments, indicates that the presence of even traces of 
oxygen in the system greatly influences contact angles and hysteresis. 
Oxygen is minimized by deoxygenating the whole system and constantly 
flushing it with purified nitrogen. In two independent experiments, 
mercury was introduced into the reaction vessel by two extremely dif
ferent techniques. 

A . Mercury was introduced through a glass tubing which reached 
into the benzene phase. It thus did not come into contact with the gas 
phase above the benzene surface. 

B . Mercury was introduced by passing it in a fine spray through 
the gas atmosphere above the benzene surface. 

The formation of a water drop at a constant rate of volume change 
of 0.0189 cu. mm. per second, experiment A , produces a dynamic 

INTRODUCTION 

Figure 1. Principles of experimental setup 
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13. GAUDIN AND WfTT Hysteresis in Mercury-Benzene-Water 205 

advancing contact angle, 0 A , of 119° constant from zero volume to the 
final volume of 3.4 cu. mm. (frame 30). 0 R , the dynamic receding con
tact angle, obtained when reducing the drop volume at the same rate, is 
identical with 0 A down to a volume of 0.795 cu. mm. Over this volume 
range we observe absence of contact angle hysteresis. When the drop 
volume is further decreased, 0 R decreases and reaches a minimum 
value of 106°, corresponding to a maximum hysteresis of 13° at the 
last frame (Figure 2). A second experiment on the same part of the 

Ί 1 1 1 1 I I M 1 1 1 1 1 1 

-

- ο ADVANCING CONTACT ANGLE -

- • RECEDING CONTACT ANGLE 

M M ι ι ι ι ι ι ι ι ι ι ι 
0 4 8 12 16 20 24 28 

FRAMES 

Figure 2. Contact angles in system 
Hg-C6H6 -H20 

Mercury introduced without contact with gas phase 

mercury surface, done immediately after the conclusion of the first, 
showed identical results. In the portion of this experiment where no 
hysteresis can be observed, we may reasonably assume that the re 
corded angle is identical with the equilibrium contact angle. This is 
confirmed by a calculation of 0 by means of Young1 s equation, based on 
interfacial tension measurements done by Bartell [2]. 

In experiment B , where mercury is introduced through the gas 
atmosphere, an entirely different behavior is encountered (Figure 3). 
0 A has now increased from 119° to 149° and hysteresis is observed 
over the full experiment, reaching a maximum value of 82°. A second 
experiment on the same surface showed a marked decrease of 0 A to 
134°, while 0 R , the receding contact angle, is identical with the one 
measured in the first experiment. In these experiments the final part 
of the receding drop was filmed at a rate of 1 frame per second, in 
order to follow the variation of 0 better, while the rest of the experi
ment was recorded at a rate of 1 frame per 6 seconds. 

Assuming that the increased hysteresis, Δ 0 , found in the second 
experiment is due to contamination of mercury by oxygen and other un
identified gaseous components, we flushed the equilibrated liquids (H 2 0 
a n d C 6 H 6 ) with oxygen (99.5%) and introduced mercury as in experi
ment A without bringing it in contact with the gas atmosphere above the 
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Θ 
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1
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 1 I 1 1 EXPERIMENT I 
τ 1 1 r- ΊΓΊΓ 

EXPERIMENT Π 

Y 
ο • ADVANCING CONTACT ANGLES • 

OF EXPERIMENTS I 8 2 

• • RECEDING CONTACT ANGLES 
OF EXPERIMENTS I a 2 

1 1 1 1 I 1 1 1 ι ι ι ι ι ι ι 
12 16 20 24 28 FRAMES 

FRAMES 

Figure 3. Contact angles in system 
Hg - C6H6 - H20 

Mercury introduced in fine spray through gas phase 

benzene. Hysteresis now was found to be 110° as compared to 13° for 
the "oxygen-free" conditions (Figure 2) and 82° for the slightly con
taminated system (Figure 3). 

When the oxygen-saturated, equilibrated liquids were flushed for 
20 minutes with purified nitrogen, hysteresis dropped to 80°. Further 
flushing for 4 hours reduced hysteresis to 38°. Flushing with nitrogen 
reduces the oxygen content in the system, but no assurance can be 
given that it removes all oxygen. 

Influence of pH. In a series of experiments the behavior of the sys
tem was further investigated, when conductivity water was replaced by 
diluted hydrochloric acid or sodium hydroxide of varying concentration. 

Acidic pH Range. The influence of the acid is twofold. There is a 
slight decrease of contact angles (concentration-dependent) with in
creasing acid concentration, and hysteresis is absent over a wide 
range. Table I and Figure 4 show results obtained 6 minutes after 
contact of the benzene phase with the mercury. In consecutive experi
ments on the same part of the mercury surface, it was found that after 
some time a varying degree of hysteresis can be observed at all acid 
concentrations (Table II). The period over which no hysteresis is de
tectable is a function of pH. Identical results were obtained when ex
periment at pH 2 was performed in the inverted system (benzene drop 
on mercury under water). 0 A and 0 R were 117° and hysteresis was nil . 

Basic pH Range. In the pH range from 7 to 14 slight concentration-
dependent increase of 0A occurs, and hysteresis observed in the whole 
basic pH range increases with increasing base concentration. While 
the advancing contact angle increases to a maximum of 141°,the reced
ing contact angle decreases steadily and reaches a zero value at pH 13. 
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Table I. Effect of pH on 
Contact Angle Hysteresis in 

Mercury-Benzene-Water System 

PH 

0 93 93 Nil 
1 111 111 Nil 
2 116 116 Nil 
3 118 118 Nil 
4 119 111 8 
6 119 104 15 
7 119 98 21 
9 126 83 43 

10 129 80 49 
11 130 52 78 
12 132 38 94 
13 134 0 134 
14 141 0 141 

2 4 6 8 10 12 14 
pH 

Figure 4. pH dependence of contact angle hysteresis 

Table II. Effect of pH on Time Interval 
Over Which No Hysteresis Can Be Observed 

θ ο Period of No 
Ρ e q u i l ' Hysteresis, Min. 

0 93 45 
1 111 34 
2 116 25 
3 118 24 
4 Hysteresis 
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Figure 5, A and B, shows in sequence the behavior of a water drop 
at pH 14. In Figure 5, A, the abscissas are the successive volumes of 
the drop, but in Figure 5, B, the abscissas represent the diameter of 
the three-phase interline. The ordinate s in both A and Β are the ob
served contact angles. Figure 5, B, shows that the drop expands with 
constant 0 A = 141° to an interfacial diameter of approximately 1.0 mm. 
At this point the volume increase is stopped. During the 18 seconds 
that elapsed before the drop volume reduction was started, the system 
showed a slight relaxation phenomenon, which increased the three-
phase interline diameter, and slightly decreased 0 A , while the drop 
volume remained constant (square dots in 5, B). When the drop volume 
was reduced, 0 R steadily decreased to zero while the interfacial area, 
H g - H 2 0 , remained constant. When 0 R reached zero, a thin film re 
mained on the mercury surface. 

VOLUME (ARBITRARY UNITS) 

θ 

140 

100 

60 

20 

INCREASING DROP VOLUME RELAXATION 
o — o - o — ο — o - o — o - o — c > o - o m m j f 

DECREASING 
DROP VOLUME 

J L J _ 
0.24 0.48 0.72 0.96 1.20 

DIAMETER OF CIRCULAR THREE-PHASE INTERLINE 
(mm) 

Figure 5. Behavior of H20 drop at pH 14 

A . Contact angle vs. volume 
B . Contact angle vs. diameter of three-phase 

interline 

A new experiment done immediately after the first one, on the 
mercury surface covered with the film left behind from the first ex
periment, showed a readvancing contact angle of zero. The water drop 
spread with zero contact angle over this film and was stopped at its 
end. At this constant diameter the advancing contact angle increased 
until it again reached its value in the first experiment. When this value 
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73. GAUDIN AND W/TT Hysteresis in Mercury-Beniene-Water 209 

was reached with a further increase of the drop volume, the circular 
three-phase interline increased its diameter, while 0 A remained con
stant at 141°, the value of the angle in the first experiment. 

At pH 14 when the connection between the film remaining from the 
first experiment and the glass capillary was broken, the film remained 
unchanged at the same location of the mercury surface. Readvancing 
contact angles were zero even after several minutes. At lower pH 
values, however, the system behaved differently. At pH values less than 
13, 0 A decreased but never reached the values of zero recorded at pH 
14. When between experiments the water drop was completely sucked 
back into the capillary and the next experiment started about 30 sec
onds afterwards, 0 A had again the same value as in the first experiment. 

Speed Dependence. A l l experiments done with the controlled drop 
volume method are inherently accompanied by a steadily varying speed 
of lateral movement of the three-phase interline. As the rate of volume 
change remains constant throughout each experiment, the lateral move
ment of the three-phase interline decreases with increasing drop vol 
ume and increases with decreasing drop volume. For our experiments 
with a maximal drop volume of 3.4 cu. mm., a drop volume change of 
0.0189 cu. mm. per second, and a 0 of 119°, the speed (computed over 6 
seconds) varied from0.3 χ 10" 2 to 0.1 mm. per second. 

In these experiments 0 A is independent of the rate of movement of 
the three-phase interline over the whole speed range. Not so with 0 R . 
The maximum hysteresis depends not only on the velocity of movement 
of the interline when the drop is shrinking, but also on the duration of 
contact at maximal diameter, and the magnitude of the maximal drop 
volume. Table III, for example, illustrates the effect of changing the 
duration of contact at maximal diameter. 

Table III. Variation of 0 with Time of Contact of 
Water Drop with Mercury Surface (at pH 9.3) 

Time of Contact at θ 0 Q 0 Δ0 ° 
Maximal Size, Sec. A ' R ' 

6 129" 99 30 
180 127 79 48 
300 128 68 60 
600 128 40 88 

Discussion of Results 

Oxygen greatly influences the contact angle and hysteresis. In its 
presence the reaction 4Hg + 0 2 + 2 H 2 0 = 2Hg^ 2 + 40H" takes place. 

The oxidation according to Gatty and Spooner [3] proceeds step
wise, the first step being the formation of "oxide patches" which have 
almost free surface mobility. These oxide islands grow in size and 
finally cover the whole mercury surface as a continuous film, the sur
face of which no longer has the properties of liquid mercury. The sta
bility of this deposit is significantly influenced by the nature of the 
electrolyte in contact with it. While basic solutions favor film stabil
ity, acidic solutions assist in dissolution of the deposit. Our experi
ments thus indicate that in the pure system H g - C 6 H 6 - H 2 0 there is no 
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hysteresis of contact angles. Hysteresis can be observed only when a 
new phase is formed on the mercury surface. As long as we have a 
clean mercury surface and thus free mobility of the surface atoms, we 
can expect instantaneous readjustment to equilibrium conditions upon 
lateral movement of the three-phase interline and no hysteresis. 
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14 
The Contact Angle at the Gallium-Mercury 

Interface on Glass 

ROBERT J. GOOD, WILLIAM G. GIVENS, and CHARLES S. T U C E K 

Space Science Laboratory, General Dynamics/Astronautics 
San Diego, Calif. 

Contact angles on glass were obtained from 
capillary rise measurements and from x-ray 
observations of menisci in tubes, for the in
terface between liquid gallium and mercury 
at 25°C. In a vacuum system with degassed 
metals and glass, the equilibrium contact 
angle was zero, and did not change with time. 
In apparatus exposed to air , the equilibrium 
contact angle was zero initially, but changed 
markedly with time, reaching a steady state in 
about 10 days with an angle of about 100°. The 
properties of the metals separately lead to ex
pectation of the zero contact angle. The inter-
facial tension between gallium and mercury, 
as obtained from the capillary rise measure
ments, was 37 ± 5 dynes per cm. at 25°C. 

A project involving measurement of the interfacial tension between 
mercury and gallium liquids by the drop weight method is being car
ried out in this laboratory. For that study it was desirable to be able 
to predict, and if possible control, the wetting behavior of these metals 
at the dropping tip. The work reported here was undertaken to further 
the understanding of the tip wetting. 

The usual methods for measurement of contact angle depend on 
optical observation of the interface, which is impossible in this system. 
Although the interfacial surface cannot be seen, the line of intersection 
of the interface with glass is visible because the reflectivity of gallium 
is higher than that of mercury. In the present work an apparatus was 
set up in which the contact angle could be deduced from observation of 
the intersection of a meniscus with a glass tube. Some x-ray observa
tions were also made, which showed the interface directly. 

Experimental 
The principal technique used was a version of the differential cap

illary rise method for measurement of interfacial tension. Runs were 

211 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
01

4

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



212 ADVANCES IN CHEMISTRY SERIES 

made both with the apparatus and metals exposed to air , and in a 
vacuum system. A l l work was at 2 5 ° C , with both metals in the liquid 
state. 

(Pure gallium melts at 29 .78°C, and gallium saturated with mer
cury at 27°C. [2], But it is very easy to keep either gallium or gallium 
saturated with mercury as a supercooled liquid indefinitely, at temper
atures 10° or more below the melting point. The fact that the total 
system was not in thermodynamic equilibrium does not affect the con
clusions of this study regarding surface thermodynamic properties 
such as relative surface tensions which are discussed below.) 

Apparatus. The apparatus for use in air is shown schematically in 
Figure 1. 

It was constructed of borosilicate glass. The flexible tube allowed 
the Hg-Ga interface to be raised or lowered at will , without appreciable 
vibration of the main tube. Typical tube diameters were about 10 mm. 
for the large tube and 0.5 to 1.0 mm. for the small tube. Height meas
urements (by means of a cathetometer, accurate to better than 0.01 
mm.) were made at several places around the tube, for each measure
ment of the position of the interface. 

Similar apparatus was used for direct observation of the menisci 
with x-rays, but the diameter of the larger tube was reduced to about 2 
mm., in order to improve definition of the meniscus, in the x-ray photo
graphs. 

The two metals were mutually saturated by gentle rocking in a 
thermostat for at least 24hours before use. The saturated phases were 
used for all measurements. (The mercury phase contains about 1.3% 
gallium, and the gallium phase about 5.8% mercury at 25°C. [2,15].) 

The apparatus for performing the experiment in a vacuum is shown 
in Figure 2. Pure mercury was loaded into bulb H (Figure 2, b), and 
pure gallium into bulb G , and this portion of the apparatus was attached 
to a vacuum line by means of ground joint A . The gallium in bulb G 
was heated to about 400°C. during evacuation. Bulb G was cooled, and 
the mercury in bulb H distilled into bulb G . Stopcock Β was closed and 
the bulbs were removed from the vacuum line. 

The measurement tubes (Figure 2, a) were outgassed under a vac
uum of 10" 6 torr, and with heating of the glass to about 400° C. with a 

Figure 1. Apparatus for measuring 
capillary rise at mercury-gallium 
interface 
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Ης 
RESERVOIR—( 

D 

E 

(a) (b) 
Figure 2. Apparatus for perform

ing experiment in vacuum 

gas flame. After saturation, bulb G was attached to the measurement 
apparatus at joint C . After evacuation stopcock Β was opened, and the 
metals were allowed to flow into the main apparatus. The mercury was 
directed into the mercury reservoir, and the gallium into the measure
ment tubes on the right. Finally, mercury was admitted to the cell 
through stopcock E . The levels of the menisci could be controlled by 
admitting helium to either leg of the apparatus, and operating stop
cock E . 

The x-ray equipment was a Norelco industrial unit, with a constant 
potential source; a Norelco MG150 tube was used, with a focal spot 0.4 
mm. square. The maximum difference in x-ray absorption, between 
mercury and gallium, occurs for around 85-kv. x-rays, and stays rea
sonably large up to 150 kv. [9], (A pronounced minimum in the differ
ence occurs somewhat below 85 kv.) So the tube was operated at 150 
kv. and 3 ma. A copper filter was employed to remove most of the 
lower energy radiation and thus increase contrast. Additional copper 
was used over the smaller tube, to equalize exposure of the two tubes. 

The effects of several surface treatments for the glass were ex
amined. In each case the cell was constructed of new glass. The chem
ical treatments consisted of soaking the cell for 1 hour in the solutions 
listed below, then rinsing extensively with tap water, followed by dis
tilled water. The cell was then oven-dried at 1 1 0 ° C , cooled to room 
temperature, and allowed to stand at least 24 hours before use, with no 
attempt to exclude air or water vapor. 

In addition to the blank, which received no special cleaning, treat
ments with concentrated hydrochloric acid, chromic acid cleaning solu
tion, and l%Alconox solution (an alkaline detergent) were employed. 

It was necessary to use a new cell each time, as removal of the 
metals with acid, or with alkaline detergent, even though followed by 
surface treatment, did not return the cell to the same condition as a 
new one, as evidenced by different capillary rises. 

Measurements of the heights of the interfaces in the two tubes, 
after the mercury level had been raised or lowered with a minimum of 
vibration, were used to obtain the advancing and retreating angles. An 
approximation to equilibrium contact angles was obtained by tapping 
the cell after the interfaces had stopped moving. 
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Materials. The gallium used was Alcoa grade G-6, stated to be 
99.9999% pure. The mercury was obtained from United Mineral and 
Chemical Co. , and was stated to be 99.9999% pure. A l l glass was 
Pyrex 7740. 

Method of Calculating Results 
The direct measurements of contact angles made from the x-ray 

films need no further discussion. Unfortunately, the interface, and 
especially its intersection with the glass, could not be defined very 
sharply; so these measurements were only approximate. The results 
of the direct measurements were in accord with those made by other 
methods. 

The balance of the results depends on calculation of contact angles 
from measurements of capillary rise [10]. A value of 41 dynes per cm. 
for the gallium-mercury interfacial tension, determined in previous 
work in this laboratory [8], was used in these calculations. The densi
ties of the two saturated phases are 6.28 grams per cc. for the gallium 
and 13.35 for the mercury [8]. 

The capillary rise, h—i.e., the height of the center of a curved in 
terface above the reference plane of an infinite plane interface—is given 
by the expression 

for an axially symmetrical curved meniscus, where γ is the interfacial 
tension, g the gravitational constant, R the radius of curvature at the 
center of the meniscus, and ρ the density difference between the two 
liquids. 

The shape of an interface is determined by the tube diameter, the 
contact angle at the wall, the densities, and the interfacial tension (see 
Figure 1). The radius of curvature at the center and the vertical height, 
z, of the meniscus from center to edge may be calculated from these 
four parameters. An accurate numerical computation of meniscus 
shape is given by Bashforth and Adams [1,3]; and a treatment of large 
menisci (including numerical tables and approximation formulas) is 
given by Blaisdell [4], If the contact angle is 0, and the tube diameter 
is small enough, the equation 

, 2y cos 0 , 9 * 
h = gpx ( 2 ) 

may be used, where χ is the tube radius. 
In general, 

h = f ( y , 0 , p , χ) (3) 

and for the difference in height between the apices of the menisci in 
tubes 1 and 2, 

Ah = f(y, 0, p, X l ) - f(y, 0, p, x 2 ) (4) 

where function f may be obtained from numerical tables [3,4]. 
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The capillary rise for the interface between these metals with a 
tube 1.0 cm. in diameter and a contact angle of 0° was calculated as 
about 0.0064 mm., and so is negligible for our purposes. When the 
contact angle is other than zero, the rise is even smaller. In a tube 
with radius 0.5 mm., calculations using the tables of Bashforth and 
Adams—i.e., Equation 3—showed that for this system Equation2 yielded 
a result that was at most in error by 7% for a 0° contact angle. If the 
tube is smaller or the contact angle is not 0°,the error is less than 7%. 
Since the measurement error was of the order of a few per cent, Equa
tion 2 could be taken as a satisfactory approximation to Equation 4, for 
the difference in capillary rise. 

It was necessary to make the correction for the meniscus height, z, 
since ζ is of the same order of magnitude as h for this system, and its 
neglect could produce an error as large as 30%. 

Contact angles were calculated from the observations of the edges 
of the menisci in the two tubes, as follows: With reference to Figure 1, 
the measured height difference is Ah' . Since the radius of the small 
tube is much less than that of the large tube, Δη' may be used as an 
approximation for h in Equation 2, and this allows a preliminary value 
of θ to be calculated. This Θ then is used to obtain approximate values 
of ζ for each tube, using the Bashforth and Adams tables for the 1-mm. 
tubes and the approximation formulas given by Blaisdell [4] for the 
10-mm. tubes. 

Results 

Evacuated System. A first, qualitative observation was that, when 
the system was initially filled with mercury and the gallium added, the 
line of demarcation between the gallium and mercury moved in a few 
minutes to the top of the gallium phase. After considerable time had 
elapsed, from several hours to days, a rather diffuse line of demarca
tion slowly reappeared, moving rather raggedly down the tube, and 
reaching a constant level only after 2 or 3 more days. The system be
haved as if a film of mercury had formed, or moved in between the gal
lium and the glass, a film that subsequently moved by solution and dif
fusion as well as by drainage. 

On raising the level of the mercury, the apparent interface re 
sponded rapidly, advancing up the tube. But on repeating the retreat 
of the mercury, again some time was required before the interface 
could be observed at its equilibrium level. After a week or more of 
exposure of the glass to the liquid metals, the response of the apparent 
interface to retreat of the mercury became a little faster, but some
thing of the order of hours was still required. 

The difference in heights of the menisci corresponded to a contact 
angle indistinguishable from zero (measured through the mercury) for 
both advancing and retreating mercury, both for the case of prior ex
posure of the glass to the gallium, and for exposure to the mercury 
phase, before measurements. When oxygen was admitted to the cell, 
above the gallium, no change was observed in the contact angle over a 
period of two weeks. 

Systems in Contact with A i r . Systems exposed to the atmosphere, 
with or without chemical treatment of the glass, differed from those 
with the evacuated system, both in equilibrium angles and in rate of at-
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tainment of equilibrium. First , there was no initial spreading of the 
mercury under the gallium. When the system was initially filled with 
mercury and the gallium was added on top, a line of demarcation be
tween the phases became visible almost at once. When the mercury 
was caused to retreat, the new position of the interface became visible 
within only 2 or 3 hours, and stayed at a constant height. After the 
mercury had been raised and lowered again, the interface was observed 
to move within 10 to 15 minutes; and after a day or more of exposure 
of the glass to the metal, the interface responded within minutes or 
less. When the mercury was raised, the response was always rapid. 

Results obtained from the runs in air are summarized in Table I. 
The advancing and retreating contact angles showed considerable vari 
ations, of the order of ± 30°, throughout the experiments in air . The 
equilibrium final values were reproducible to within less than 5°; each 
value reported in Table I was the average of at least 10 readings. 

Table I. Contact Angles for Mercury-Gallium Interface on 
Borosilicate Glass, Exposed to A i r 
(All angles measured through mercury) a 

Surface Treatment 

Contact Angle, θ, 
Degrees 

Initial Final 

None, or 
Alconox 

Hg retreating 
Equilibrium 
Hg advancing 

0 
0 

30 b 

80 b 

100 
120b 

Chromic acid Hg retreating 
Equilibrium 
Hg advancing 

0 
30 
35 

95 b 

105 
115b 

HC1 Hg retreating 
Equilibrium 
Hg advancing 

0 
0 

30 b 

a "Measured through mercury" refers to the arbitrary choice to list angles as 
reported rather than their supplements, which would be "contact angles meas
ured through gallium." The phrase was not intended to indicate direct meas
urement of the angle. 

bShowed large variations, of order of ± 30° . 

A strong time dependence was noted in all cases. The initial values 
were obtained within a few hours after the cell was filled. The initial 
values for mercury retreating, and for equilibrium, were the same as 
observed for the evacuated systems—zero. For mercury advancing, 
the initial contact angle was greater than zero, outside the range of ex
perimental error, only for the chromic acid-washed glass. The con
tact angles seemed to reach a steady state in about 10 days. There was 
a difference in the behavior, depending on which metal had been in con
tact with the glass, described below. This small effect was ignored in 
the values in the table, which are an average of the "equilibrium' f 

values following mercury advance and mercury retreat. 
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Observation with the microscope showed that the edge of the me
niscus was not perfectly smooth, but was rather jagged (particularly 
for mercury retreating) which would indicate variations in glass sur
face, from point to point. As the meniscus was moved, the edge could 
be observed to move in jumps, rather than smoothly; this observation 
was in accord with the large hysteresis effect. 

An apparatus with tubes of fused silica gave results essentially iden
tical with those of the untreated or Alconox-treated borosilicate glass. 

Figure 3, Β and C , shows the time dependence of the equilibrium 
contact angles on Alconox-treated glass in air . The other surface treat
ments gave generally similar equilibrium results; and the advancing and 
retreating angles showed similar behavior. Curves Β and C (Figure 3) 
were obtained as follows: 

Over a period of days, the tubes were kept filled with the one metal 
or the other except for the time needed to take measurements—that is , 
the level of the interface was either raised, so that the glass in the 
region where the measurements were made was left in contact with the 
mercury; or else the level was lowered so that the glass was left in 
contact with the gallium. It was possible to change the behavior from 
one curve to the other by allowing the other metal to remain in contact 
with the glass for about 2 days. This effect was observed as late as 20 
days after filling the cell . This difference was observed consistently, 
with each of several cells, even though it was of about the same size as 
the variation from cell to cell . The curves shown are smoothed curves 
through the data points for a typical run. The individual points showed 
a scatter of about 10° for the first few days, and several degrees at 
later times. The limiting values of the equilibrium angles, 100° and 
105°, respectively, are average values for the two cases, and the 5° 
difference may be considered accurate to about ± 1.5°. 

X - r a y pictures of cells confirmed the above results. Measure
ments made on the x-ray negatives for the heights of the capillary rise 
agreed with above results; and direct observations of the angles, while 
imprecise, generally confirmed the results from measurements of 
cappilary rise. 

— A 

A-EVACUATED SYSTEM 

B-OPEN TO AIR - GLASS EXPOSED TO MERCURY BETWEEN READINGS 
C-OPEN TO AIR-GLASS EXPOSED TO GALLIUM BETWEEN READINGS 

•B 
•C 

120 

0 5 10 15 20 25 
TIME AFTER FILLING CELL (DAYS ) 

Figure 3. Variation of equilibrium contact angle 
with time for mercury-gallium interface on glass 
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The fact that in the x-ray pictures the menisci could be observed 
directly makes possible an estimate of the interfacial tension from 
these measurements without the uncertainties associated with observa
tion of the edges. In a case where the contact angles appeared to be 
zero, the following data were obtained: 

Tube diameters, mm. 0 .74 and 1.6 
Capillary rise (Ah), mm. 1.7 ± 0 .2 
Calculated interfacial tension, dynes/cm. 37 ± 5 

This result is consistent with the data [8] obtained independently 
by the drop-weight method, y 1 2 = 3 9 . 7 dynes per cm. at 3 0 ° , and 
(extrapolated) 4 1 . 0 at 2 5 ° . 

Discussions 

Experimental E r r o r s . The chief difficulty in the capillary height 
measurements was in identifying the line of demarcation between gal
lium and mercury. Only when the contact angle was well above 30° 
could a sharp line be observed in both tubes, but even so it was some
what "ragged." This trouble was most pronounced in the evacuated 
system, and much more for the retreating than the advancing angle. In 
addition, the line was sometimes diffuse, particularly for retreating 
angles near zero and for the evacuated system. 

A major source of uncertainty in the calculation was in the assump
tion that the contact angles in the two tubes were identical. In the case 
of Θ ~ 0 and Θ ~ 90° ,this assumption was probably justified. But for in
termediate values of 0 , especially when 0 was varying with time, it is 
not possible to be so certain of the assumption. If the change in contact 
angle was due to a diffusion - limited heterogeneous reaction, the dif
ferences in diffusion path as between the cell legs might lead to a dif
ference in rates of deposition in the two tubes, and to different 0 T s . Such 
a possibility was borne out by visual observations, which indicated that, 
with exposure to air , the interface in the large tube tended to become sharp, 
and to move freely, in a shorter time than the interface in the small tube. 

Results with Evacuated Systems. From the observation of the 
spreading of mercury "under" the gallium the conclusion may be drawn 
at once that the spreading coefficient (the negative of the free energy of 
spreading, A F S ) is positive: 

- Δ ρ 8 = r g , G a - y g , H g - r G a , H g > 0 

where subscript g refers to glass. It may be shown that this sign for 
the spreading coefficient is to be expected, from the behavior of gal
lium and of mercury, separately, on glass. 

Gallium has a high contact angle on outgassed glass in vacuum [5 ] , 
and mercury has a relatively low contact angle on glass under the same 
circumstances [ 5 , 1 3 , 1 4 , 1 7 ] , Exact values of the contact angles under 
these conditions have not been reported. (From Manley's data [13] , an 
estimate may be made that for mercury on outgassed glass, 0 ~ 7 0 ° . The 
true value is probably no larger than this number, and may very well 
be less. Schumacher [14] found a marked dependence of 0 on the com
position of the glass, in the order, soda lime glass > borosilicate 
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glass > fused silica.) Freundlich [7] has treated Young's equation [18] 
in terms of what he called the adhesion tension, A : 

Vsv " y s i = r i v c o s 0 s l v = A s ] (5) 

If the contact angle of mercury on evacuated, baked-out glass is as high 
as 70°, then A s l is of the order of 150 dynes per cm.; and a lower 
value of θ would correspond to a value of A s l even larger than that: 

A
g , H g = r g , H g - y g o = y n , c o s e = 1 5 0 

The contact angle of gallium on evacuated, baked-out glass is above 
110°. Since the surface tension of pure gallium is in the range, 700 to 
735 dynes per cm. [11,12,16], 

- A „ = y - y = - γ cose ^ 250 dynes per cm. 
g.Ga go g,Ga Ga J 

Hence y g H g - y g G a = 400 dynes per cm. 
For the liquid-liquid-solid interfacial angle, 

C o s a s l i l 2 - r s l ; " r s l 2 (6) 

= l if ( r s l l - r s l 2 ) > rhrl2 

In this case, y s i l and y s i 2 are the liquid-solid interfacial tensions for 
two saturated liquids, and so differ from the y s l ' s estimated above, on 
account of adsorption. The necessary adsorption data are not avail
able, and in their absence no firm conclusions can be drawn. However, 
it seems highly unlikely that adsorption would invalidate the approxi
mation, 

y g , G a ( H g ) " y g . H g C G a ) - >g ,Ga " V g . H g ( 7 ) 

by the order-of-magnitude decrease that would be necessary to affect 
this discussion. So the numerator on the right in Equation 6 can be 
expected to be of the order of hundreds of dynes, and in any case sig
nificantly larger than the 41-dyne denominator. Hence, one would expect 
θ = 0, and a strongly negative free energy of spreading, as observed. 

Systems in Contact with A i r . A similar argument could be made 
to predict the contact angle, if a valid contact angle were available for 
the gallium-glass-air system. But gallium in air is always covered 
with an oxide film. (This film no doubt is responsible for the extreme 
hysteresis of the contact angle. The apparent advancing contact angle 
of gallium on glass in air may be greater than 120°, and the retreating 
angle may be 0° , or range up to 50° or more.) Hence it is very diffi
cult to make a valid estimate of the adhesion tension of gallium vs. 
glass in the presence of air . 

The experimental result, that the initial mercury-gallium-glass 
contact angle is zero, shows that qualitatively the argument given above 
for the evacuated system is also valid for the initial condition of the 
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glass-mercury and glass-gallium interfaces-i .e. , y g f H g ( G a ) " ^ g . p a C H g ) 

> 41 dynes per cm. Since the ultimate equilibrium contact angle'is ap
proximately 100°, the final condition must be 

T s o i i d , G a ( H g ) - y s o l i d , H g ( G a ) - 5 to 10 dynes per cm. 

(The lower figure applied to glass previously exposed to the mercury 
phase, and the higher, to glass previously exposed to the gallium phase.) 

The explanation of the change in contact angle with time is pre
sumably a chemical reaction or adsorption of some molecular species 
at the metal-glass surface. We can only speculate as to what is 
adsorbed—the most reasonable species to consider would be some 
oxide of gallium. The contribution of components of the glass, like
wise, can be only the subject of speculation at this time; but the evi
dence indicates that glass which has been flamed out under vacuum 
either is inert as far as providing chemical components for an inter-
facial reaction, or else is inert with regard to adsorption of the active 
species from the liquid. 

Whatever the solid product may be, it seems rather remarkable 
that the two interfacial tensions vs. the solid should be so closely 
matched, particularly when the interfacial tensions of the two liquids 
vs. fresh glass differ by at least 41 dynes, and probably by several 
hundred dynes. It may well be, however, that the approximation (Equa
tion 7) is not valid for this new solid product, on account of adsorption 
of metal atoms. 

The effect of prior contact of the glass with the gallium phase was 
to increase the quantity, y s o i i d , G a ( H g ) - Ύsolid, H g ( G a > ; and the ef
fect of prior contact with the mercury phase is to decrease it. This is 
not surprising, since, for example,the exposure of the glass to a higher 
concentration of gallium metal might make the solid "more like gal
l ium, " and hence decrease the liquid-solid interfacial tension. But the 
effect is small, being only about 5 dynes in the adhesion tension. What 
may be considered more surprising is the reversibility of this change 
at apparently all stages in the aging process. 

Conclusions 

The initial contact angle of the mercury-gallium interface on glass 
is zero, for both glass flamed out under vacuum, and glass exposed to 
laboratory atmospheres and/or given hydrochloric acid or alkaline de
tergent treatments. 

On glass exposed to a laboratory atmosphere, the contact angle 
rises, over a period of days, reaching a steady value in the neighbor
hood of 100°. This behavior must be due to adsorption of some species 
on the glass, or a chemical reaction. 

The zero contact angle and strongly negative initial free energy of 
spreading, on flamed out, evacuated glass, are in accord with expecta
tions based on the behavior of the pure metals on glass. 

An approximate value of the interfacial tension between gallium 
and mercury was obtained, which agreed within experimental error 
with a much more accurate measurement made previously in this 
laboratory. 
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15 
Thermodynamics of Wetting of Solid Oxides 

WILLIAM H. WADE and NORMAN HACKERMAN 

Department of Chemistry 
The University of Texas 
Austin, Tex. 

This paper surveys the results of a long 
series of adsorption experiments designed 
to determine the reasons why experiments 
of this kind generally have not given reliable 
information in regard to the obviously rele
vant surface thermodynamic parameters. 

Few thermodynamic adsorption parameters are listed in the Inter
national Critical Tables, and rightly so. The literature commonly re 
veals considerable disagreement between investigators for these pa
rameters, even for surfaces which should be structurally simple. 

To understand better the sources of this disagreement, a series of 
investigations was begun in this laboratory some years ago. Several 
representative samples of metal oxides were to be used as the adsorb
ents and the adsorbates were to consist of simple molecular species 
such as water, alcohols, and hydrocarbons. The object was a broad 
survey of the thermodynamic adsorption parameters for the various 
combinations. The integral heats of adsorption and the adsorption iso
therms were to be measured, and the integral entropies calculated 
therefrom. It was hoped to provide an inclusive picture of many of the 
variables which affect these adsorption parameters. To cite a specific 
case showing that these studies were necessary, literature data for the 
heats of immersion of S i 0 2 in H 2 0 [1,2,4,18] show values ranging from 
200 to 800 ergs per sq. cm. Since all of these investigators are repu
table, a reasonable conclusion is that the surface properties of the ad
sorbents used differed sufficiently to evoke this spectrum of values. 

It was decided to measure the integral heats of adsorption micro-
calorimetrically, free energies of adsorption by a Gibbs integration of 
the adsorption isotherms, and integral entropies by numerical differ
ence. Though the results of this survey may be incomplete, they have 
provided some insight into the specificity of physical adsorption 
processes. 

Several other investigators have been working along similar lines. 
Whalen has clearly shown that a variation of adsorption heats is to be 
found in the S i 0 2 - H 2 0 system [lô]. In looking at the data available in 
the literature, the only correlation one finds in the variation of heats of 

222 
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7 5 . WADE AND HACKERMAN Wetting of Solid Oxides 223 

adsorption from sample to sample for a particular substrate material— 
e.g., S i0 2 — is a trend showing decreased heats of adsorption with de
creased particle size (increased specific surface area). 

Along with thermodynamic data acquired from various sources, 
other recent types of experimental measurement have done much to 
elucidate the chemical structure of the surface of inorganic metal ox
ides. The most conclusive measurements have been the infrared stud
ies of these surfaces [3,8,17]. These studies show that surfaces of ox
ides exposed to atmospheric conditions differ chemically from that of 
bulk phase. In particular, the surface is covered with strongly bonded 
hydroxyl groups. Although these groups were thought to exist prior to 
the infrared measurements [7], these measurements offered the first 
direct proof of this fact. These OH groups would be expected to modify 
the surface of an inorganic metal oxide chemically, and promote phe
nomena such as hydrogen bonding. 

Experimental 

The samples of S i 0 2 , A 1 2 0 3 ,and T i 0 2 studied have been previously 
characterized [12,13,14] with regard to impurity and specific surface 
area. For purposes of uniformity, the surface areas of all the samples 
studied were measured by Kr adsorption at 77°K. Gel samples were 
not included, in order to minimize hysteresis effects which would in 
validate thermodynamic arguments. In general, the purity of the sam
ples was 99.9%, some samples were less pure, and a few were even 
purer. The adsorbates—water, methanol, and hexane—were highly pure 
and, in the case of the organic adsorbents, freed from trace quantities 
of water by storing over Molecular Sieves. 

The calorimeter employed [9] is a twin differential semiadiabatic 
calorimeter with thermistor temperature-sensing elements. The ther
mistors are stable to the equivalent of ± 2° x 10" 6 °C. over 30-minute 
periods. The temperature rise noted on sample breakage varied from 
10~ 2 ° to 1 0 " 3 ° C . The reproducibility of immersional heats was ap
proximately 2 to 3%. Adsorption isotherms were measured with volu
metric adsorption apparatus, previously described [5,6] and the Gibbs 
integrations to give the integral free energies of adsorption at a rela
tive pressure of 1.00 were done graphically. Heats of adsorption were 
obtained from the immersional heats by subtraction of the surface 
enthalpy of the appropriate liquid. 

Results and Discussion 

Chronologically the S i 0 2 - H 2 0 system was studied first. Some of 
the results of the original calorimetric studies for this system are 
shown in Figure 1. First , heats of adsorption decrease with increasing 
specific surface area and, secondly, differences in behavior due to out
gassing temperature are obvious. Low-area quartz samples (1.28 sq. 
meters per gram) show an initial rise in heats of adsorption with in 
creased outgassing temperature, followed by a gradual decrease. This 
behavior has been noted elsewhere [16]. Here it is attributed to the 
irreversible loss of surface hydroxyl groups at higher outgassing 
temperatures; hence to lessened opportunity for hydrogen bonding 
upon immersion in water. This phenomenon was even more clearly 
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400 

300 

100 

100 200 T(°C) 300 400 

Figure 1. Heats of immersion as a function of outgassing 
temperature for various quartz samples in water 

demonstrated by means of an adsorption isotherm on a low-area quartz 
sample accidentally heated at 450°C. The adsorptive capacity at rela
tive pressures less than 0.5 was reduced by a factor of 4 until the sam
ple was exposed to boiling water for a week. 

The variation of immersional heats of Si0 2 in water with particle 
size seems at first glance to be a very anomalous effect. The only 
known difference between these samples is that the samples of very low 
area are crystalline quartz, whereas the samples of high area are un
doubtedly amorphous. To check the importance of the amorphous char
acter of the surface, three experiments were performed. 

A sample of low-area quartz (0.07 sq. meter per gram) was ground 
extensively and samples of various specific surface areas were ob
tained by sedimentation fractionation. The 8.12 sq. meters per gram 
sample of Figure 1 is one of the higher area samples generated. Once 
again, the higher the specific surface area the lower was the heat of 
adsorption. If it is assumed that grinding increases the thickness of 
amorphous layer, the correlation between this experiment and the 
earlier ones is good. 

A sample of quartz of relatively low surface area (0.91 sq. meter 
per gram) was heated to 1500°C, converted to β-crystobolite, and 
quenched in this crystalline modification by rapid immersion in water. 
The resultant heats of immersion on this sample also shown in Figure 1 
are interesting, in that the heats of immersion are higher than those of 
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75. WADE AND H AC KE RM AN Wetting of Solid Oxides 225 

the parent material. In addition, a step in the vicinity of 300°C. indi
cates that the rehydration of surface OH groups is rapid and mono-
energetic. 

An ingot of fused quartz was ground to produce a spectrum of par
ticle sizes which were separated by sedimentation fractionation. Heats 
of immersion were measured on this series of samples and found [11] 
to be independent of particle size. The indication is that the grinding 
process did not notably alter the initially amorphous surface. The 
heats of immersion of these amorphous samples averaged 370 ergs per 
sq. cm. , somewhat less than that obtained for "quartz" samples with a 
specific area of ~ 10 sq. meters per gram. This suggests that the sur
face of quartz samples of higher specific surface area would look com
pletely amorphous to the adsorbate molecule. 

Adsorption isotherms were obtained for most of the samples shown 
in Figure 1 and the integral free energies of adsorption were calcu
lated. The entropies of adsorption were obtained by difference. A l l 
these thermodynamic parameters are tabulated in Table I. If the amor
phous character of the surface has a direct correlation with the parti
cle size, the entropies of adsorption of the adsorbate molecules would 
be expected to bear some relation to the underlying periodic structure 
of the adsorbent. In particular, large entropies of adsorption would be 
expected for crystalline samples and relatively small entropies of 
adsorption for the supposedly amorphous substrates. That this rela
tionship is observed is clear from the integral entropies of adsorption 
listed in Table I. 

Table I. Parameters for Water Adsorption 

S i0 2 

Surface Area, Sq. M . / G . Δ Η / Δ Ο Α ^sA 

0.070 729 106 2.09 
0.138 547 128 1.41 
0.910 389 227 0.54 
8.12 334 215 0.40 

188 44 41 0.01 

2.72 575 202 1.25 
65.2 326 171 0.52 

104 322 206 0.39 
221 236 149 0.29 

7.65 608 298 1.04 
10.5 469 248 0.71 

188 231 179 0.17 

a A H A and AG A are in units of ergs per sq. cm.; A S A in units of ergs / °C . sq. cm.; 
ΔΗ Α = ΔΗ. - 118.3. 

After obtaining the data on quartz it was felt that the observed 
phenomena should be established as other than a peculiarity of the 
quartz system alone. Therefore similar measurements on the A 1 2 0 3 -
water [13] and Ti0 2 -water [14] systems were carried out. The behav
ior of immersional heats with outgassing temperature and particle size 
for these two substrates is shown in Figures 2 and 3. These systems 
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Figure 2. Heats of immersion as a function of outgassing 
temperature for various samples of Al203 in water 

exhibit similar large variations in immersional heat with particle size, 
much as was observed for quartz. 

The alumina immersional heats show a monotonie increase with 
outgassing temperature above temperatures where physically adsorbed 
water should still be bound. This indicates that the rehydration of sur
face OH groups in the calorimeter was rapid. On the other hand, the 
T i 0 2 samples generally showed behavior commonly found with Si0 2 —a 
decrease in heats of immersion at the higher outgassing temperatures— 
thus once again indicating irreversible loss of surface OH groups. 
However, T i 0 2 does not appear to be chemically stable at these higher 
outgassing temperatures and the heats of immersion may be represen
tative of a new chemical species. The T i 0 2 data are especially inter
esting, in that the variation of immersional heats with particle size is 
regular only if the anatase and rutile samples are considered sepa
rately. This indicates a considerable sensitivity of water molecules to 
the two different underlying crystal structures. 

The integral entropies of adsorption for H 2 0 on many of the A l 2 O a 

and T i 0 2 samples were also obtained (Table I). The entropies show 
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100 200 300 400 

Τ (°C.) 

Figure 5. Heats of immersion as a function of outgassing 
temperature for various samples of Ti02 

Anatase 
Rutile 

the same behavior as for Si0 2 —a decrease with increasing specific 
surface area. 

Although the variation with particle size appears to be character
istic of powdered samples,this behavior gives some cause for concern, 
because the samples of alumina and titania were subjected to no dis-
tortional forces such as grinding and the variation in surface area was 
generated primarily by high temperature regulation of the growth proc
ess. This suggests that the amorphous character of the surface is an 
inherent characteristic. 

It is possible to explain this variation with particle size if one con
siders in more detail the nature of the interaction of an ionic lattice 
with a dipolar molecule. The ion-dipole contribution to the interaction 
energy is linearly dependent on the electrostatic field strength. Any 
modification of crystalline to amorphous character should reduce the 
electrostatic field strength at the surface because of the more random 
arrangement of positive and negative ions. 

A series of measurements was conducted with methanol as the ad
sorbate, on the premise that MeOH with a lower dipole moment should 
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show less variation in immersional heats with particle size. The data 
are shown in Figure 4 for a series of S i 0 2 , A 1 2 0 3 , and T i 0 2 samples. 
Although the phenomenon is still evident, there is less variation of i m 
mersional heat with particle size than with water on the same adsorb
ents. Unfortunately, the data for T i 0 2 no longer show any clear trend 
with particle size, probably indicative of specific chemisorption proc
ess occurring between methanol and T i 0 2 samples. However, for S i 0 2 

and A 1 2 0 3 there is a remarkable parallelism between the adsorptive 
heats of water and methanol, extending even to the behavior of heats of 
immersion as a function of outgassing temperature for almost every 
sample. The variation of immersional heats of alumina and methanol 
at the higher outgassing temperatures is indicative of chemisorption 
bonding, with a subsequent cleavage of methanol molecules in the first 
layer to produce two surface species (OH and OMe). The entropies of 

800 

100 λ 

1 1 • r — 
100 200 300 400 

Τ (°CJ 

Figure 4. Heats of immersion in methanol as a 
function of outgassing temperature 
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adsorption obtained as described by immersional heats and integration 
of the adsorption isotherms for the methanol studies are listed in 
Table II. Here once again we see that the entropy of adsorption de
creases with decreasing particle size, as would be expected from pre
vious arguments. 

Table Π. Parameters for Methanol Adsorption 

S i Q 2 

A 1 2 0 3 

T i Q 2 

Area, Sq. M . / G . Δ Η Α A G A A S A 

1.28 386 130 0.86 
188 132 61 0.24 

2.72 422 122 1.01 
65.0 348 105 0.82 

104.0 336 125 0.71 
221 194 108 0.29 

7.65 453 150 1.02 
10.5 527 125 1.35 

188 307 69 0.80 

Δ Η Α = Δ Η. - 48. 

To provide a more rigorous test of the nature of the variation with 
particle size, immersional heats for these samples were measured in 
hexane. If hexane has no dipole moment, no variation of immersional 
heat with particle size would be expected. This is not completely true, 
since there is a small but easily distinguishable variation of immer
sional heat with particle size for all three types of substrates (Figure 5). 
To explain this residual variation one must look to second-order ef
fects. Adsorption of a nonpolar molecule in an inhomogeneous electric 
field generates an induced dipole moment in the adsorbate molecules 
which can be measured quantitatively in principle by the polarizability 
of the adsorbate species. One would then expect this additional contri
bution to the total adsorption energy of hexane to be related to the elec
trostatic field strength, E , of the surface and the polarizability, a , of 
the adsorbate by the following equation: 

W = 1/2 α Ε 2 

A quantitative estimation once again would require an estimation 
of the electrostatic field strength and its variation with particle size. 
This has been estimated previously [15], but since the electrostatic 
field strength is such a sensitive function of the distance normal to the 
surface, the calculation has little quantitative significance. 

The lack of variation of immersional heat with outgassing temper
ature indicates that the hexane molecules are rather insensitive to the 
chemical nature of the surface and are held primarily by van derWaals 
forces. The integral entropies of adsorption for a number of adsorb
ents with hexane are listed in Table III. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
01

5

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



230 ADVANCES IN CHEMISTRY SERIES 

100 200 300 400 
Τ (°C.) 

Figure 5. Heats of immersion in hexane as a 
function of outgassing temperature 

A 1 2 0 3 

S i 0 2 

T i 0 2 

Table III. Parameters for Hexane Adsorption 

Surface Area, Sq. M . / G . Δ Η Α ^sA 

S i 0 2 188 47 19.0 0.094 

A 1 2 0 3 2.72 133 33.4 0.34 
65.0 89 29.9 0.20 

104 67 44.2 0.076 

T i 0 2 10.5 119 46.4 0.24 
188 56 34.8 0.071 

Δ Η Α = ΔΗ . - 17.9. 

Conclusions 

In processes traditionally referred to as physical adsorption there 
are considerable sensitivity and selectivity in the systems studied. 
Although Rhodin's[10] beautiful measurements on copper single crystals 
show a variation of physical adsorption parameters with crystal face 
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exposed, there has been no attempt to repeat these measurements on 
other systems. The variations observed in our laboratory tend to show 
how extremely complex simple adsorption processes can be. However, 
it has been possible to interpret reasonably many of the accrued data 
in general terms. Unfortunately, many questions remain unanswered. 

What is the exact influence of the surface OH groups on the ener
getics of adsorption? This question cannot be answered without a quan
titative estimation of the surface OH coverage. Infrared measurements 
are restricted in their application to samples of high specific surface 
area and do not possess sufficient sensitivity for samples of surface 
area measuring 1 to 10 sq. meters per gram. This is unfortunate, in 
that samples of high surface area may be somewhat limited in the ther
modynamic interpretation because of complications due to interparticle 
condensation. Until a method is devised for measuring the surface OH 
coverage quantitatively for low-area samples, many of the interpreta
tions will be open to question. Experimental weight loss measurements 
have so far been useless in the characterization of low-area samples 
and no other experimental technique is now available with which to at
tack this problem. 

Some technique must be devised to provide first-hand information 
on the supposed amorphous character of the surface. This information 
has been attained up to the present time only by inference. 

The perennial objection to surface chemistry measurements based 
on concentration of impurities in the surface region must be success
fully answered. No technique for this is available at present. 
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16 
Chemisorption and Dewetting off 

Glass and Silica 

LISBETH TER-MINASSIAN-SARAGA 

Laboratoire de Chimie Physique 
Faculté des Sciences, Paris, France 

The adsorption of dodecyltrimethylammonium 
bromide (LNBr) from aqueous solutions on 
silica and glass slides dewetted by these solu
tions was measured by using molecules 
labeled with radioisotopes (C 14 and Br 82). 
At low LNBr concentrations the counterion, 
Br-, was not adsorbed. It was assumed that 
the LN+ ions were chemisorbed by cation 
exchange between the aqueous L N B r solution 
and the ≡SiOH groups at the surface of silica 
or glass. The adhesion free energy was 
measured for these systems. The results 
were interpreted by assuming that the adhe
sion free energy may be related to a process 
of cation exchange between the solid surfaces 
and a LNBr monolayer adsorbed at the surface 
of the solution that dewets the solid. 

The chemisorption, at the surface of a solid (wet slide or suspen
sion), of surfactants which are completely dissociated when in aqueous 
solution may depend on the character of the active groups of the solid 
(acid or basic). 

According to Carman [8] and many other authors [17], the surface 
hydration of collodial amorphous silica results in the formation of one 
hydroxyl for every silicon atom at the surface; the other three valencies 
of this atom are saturated by oxygen atoms, in such a manner that the 
tetrahedral coordination is preserved. 

When hydrated silica is brought in contact with water, hydrated 
silicon atoms or silanol groups may dissociate and form electrically 
charged ionic sites. 

The existence and the sign of the electrical charges are revealed 
by electrokinetic phenomena [21]. Glass [22], vitreous silica [3, 23], 
and quartz [19] bear negative charges. 

The pK of dissociation of silanol groups is not known. But for the 
first dissociation of silicic acid: 

232 
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H 4 S i 0 4 - H 3 S i O ; + H + 

the value of pK is 9.8 [11,17]. It maybe inferred that silica behaves as 
a very weak colloidal acid. 

The exchange of mineral cations between silica and many aqueous 
solutions has been studied recently as a function of pH [1,12]. It has 
been shown [1] that the experimental results conform to the law of mass 
action. 

When brought in contact with aqueous solutions of organic salts 
(dodecyltrimethylammonium bromide [3] or dodecylammonium chloride 
[19]) of increasing concentrations, the surface electric charge of silica 
may decrease to zero and even become positive. 

The decrease of the electric charge at the silica-solution interface 
may proceed by the following mechanisms: 

The long-chain organic cations of the salts are attracted by elec
trostatic forces [24] and combine with a negatively charged (ionized 
silanol) site which becomes neutralized, while another cation (which 
may be a H * q ion) is released from the diffuse Gouy layer. 

A cation exchange [19] between the solution and the undissociated 
(neutral) silanol groups at the surface of silica leads to a decrease of 
charge in the diffuse Gouy layer, if the groups resulting from this ex
change dissociate to a lesser extent than the original silanol groups of 
the silica-water interface. In this process too a H * q ion is released 
into the solution. 

As the end result of both processes is adsorption, we call it 
"chemisorption." It leads to the "neutralization" of the ionized or 
ionizable groups of the colloid (silanol groups for silica surfaces). In 
this process H * q ions participate. It should, therefore, be dependent on 
the pH of the aqueous phase. 

The positive electric charge at the surface of silica in contact with 
the above-mentioned solutions has been ascribed either to the physical 
adsorption of a second layer of long-chain ions (and of their counterions) 
on top of chemically bound ions to silica [19,24] or to the chemisorption 
on silica from solution [18] of multivalent positively charged micelles. 

Greenberg [12] has found by measuring the capacity of cation ex
change, with calcium hydroxide, that a maximum of eight silanol groups 
per 100 sq.A. may be accounted for at the surface of amorphous silica 
gels. The capacity of exchange was less (about half of the first value) 
when measured with sodium hydroxide. However, areas per molecule 
of stearic acid and n-octadecane adsorbed on dry nonporous aerosil 
from solutions in heptane [5] as well as areas per cation-exchange site 
of clay minerals [6], which have a planar symmetry, measured by 
Brooks, lie within the range of 60 to 140 sq. A . Also in this range (40 to 
80 sq.A.) lie the values of areas per silanol site, which may be calculated 
from the results of Young [31]. 

A peculiar type of adsorption [26] may take place while a glass slide 
is raised out of a solution of a substituted quaternary ammonium salt, 
which is a dewetting agent for glass. Adsorbed molecules at the solution-
air interface are transferred to the solid surface and are added to the 
molecules already adsorbed on the solid directly from the solution. 
Tenebre [26] has called this transfer "complementary adsorption." 
The densities of molecules adsorbed from the bulk of the solution and 
those transferred from the free surface of the solution were measured 
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separately. It was found that 1.4 x 10 1 4 molecules of tetradecyltrimethyl-
ammonium bromide were transferred to 1 sq.cm. of glass from the sur
face of a solution (2 χ 10 " 4 M). The area per molecule was therefore 
70 sq.A. 

The free energy of adhesion, τ, glass solution [26], has been related 
to the surface density of transfer red molecules by using the usual defini
tion of the free energy of adhesion, τ = y s - y S A = y ^ cos θ [2,16] and 
the Gibbs equation as 

δ - δ dT _ i f < *β d y S L 

s SL α kT d In c a J kT d In c kT d In c 

where δ 8 , δ 8 τ , y s , and y S L are the densities and surface tensions at 
the solid-air (S) and solid-liquid (S/L) interfaces, α is a numerical co
efficient (1 < a < 2), y ^ is the surface tension of the solution of con
centration c, θ is the contact angle, and k and Τ are the Boltzmann 
constant and temperature. 

The numerical coefficient, a , is related to the process of surface 
hydrolysis which may take place in monolayers of quaternary ammonium-
substituted salts [32 ], which means that one negatively charged counterion 
is displaced by a selectively adsorbed hydroxyl ion. When all the coun-
terions have been replaced, a = land in the absence of surface hydrolysis 
a = 2. 

Earl ier , the author showed [28] that the dewetting adsorption amounts 
to a chemical adsorption by cation exchange between the solid and the 
adsorption monolayer at the solution-air interface. 

A mechanism has been proposed for the dewetting of glass, which 
is treated as a solid having ionizable groups at its surfaces. 

Since then, the dewetting of silica has been extensively studied with 
solutions of dodecyltrimethylammonium bromide in the presence of 
HC1 and NaOH, as well as the adsorption, δ s of the dewetting agent at 
the surface of dewetted vitreous silica. 

Experimental Results 

Adsorption of LNBr at Surface of Dewetted Vitreous Silica and 
Glass^ The following labeled substances were used: C H 3 ( C H 2 ) n 
N(CH 3 ) 2 (C*H 3 )Br [28] or L*NBr , and C H 3 ( C H 2 ) u N(CH ̂ B r * [29] or 
L N B r * , where C* = C 1 4 and Br* = B r 8 2 . 

These substances were prepared by the Centre d'Etudes Nucléaires, 
Saclay, France. The plot of the surface tension vs. the concentration of 
their aqueous solutions did not show a minimum. The critical micelle 
concentration was equal to 1 0 " 2 M at 25°C. [32]. 

Silica slides were made of vitreous silica, heated to 2000 ° C , and 
very finely polished. The glass slides were ordinary microscope slides. 

The major part of the work was done with slides cleaned by a mix
ture of KC10 3 (crystalline) and H 2 S 0 4 (liquid) and rinsed carefully with 
tap water and distilled water. 

The slides, while still wet, were immersed rapidly in the solution 
(Figure 1) [29] for a given period of time, and then taken out slowly (at 
the rate of 0.2 or 0.1 mm. per minute). They appeared dry. The ad
sorption of LNBr on them seemed to be independent of the period of 
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Figure 1. Device for dewetting slides 

immersion in solution, but if the slides were removed too quickly from 
the solution, the results were inconclusive. 

After the activity of the β-rays emitted by the labeling atoms had 
been measured, the adsorption, ô s , was calculated for the anion (Br") 
or the cation (LN + ) , expressed in ions per square centimeter. 

The adsorption curve of bromine ions at the surface of glass de-
wetted by aqueous solutions of L N B r * is given in Figure 2,a. This ad
sorption was zero when glass was dewetted by dilute solutions (less 
than 4 x 10" 3 M). Analogous results were obtained for the tetradecyl-
and hexadecyltrimethylammonium bromides [28], 

The amount of chemical adsorption, 5 S , of L * N + o n glass dewetted 
by aqueous solution of L* NBr was plotted as a function of soap concen
tration (Figure 2,b) [28]. The curve showed a level Ρ and an inflection 
point, F . As in the case of adsorption of the bromine ions (Figure 2,a) 
on glass, the results for L N + adsorption were inconclusive when the 
solutions were near their critical micelle concentration. 

b 151 
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Figure 2. Relation of LNBr concentration in dewetting solution to 
amount of LN*~ and Br~ at surface of dewetted glass 22-23° C. 

A. Adsorbed anions, Br~ 
B. Adsorbed cations, L N + 

c = 4 χ 1 0 - 3 M 
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The amount of chemical adsorption of L* N + on vitreous silica is 
shown in Figure 3. (The measurements for the si l ica-HCl solutions 
are quoted from Fleury's dissertation [10].) 

The same samples of silica were dewetted by solutions of L*NBr 
at several pH values. 

The substituted quaternary ammonium salt is a strong stable elec
trolyte. It may be inferred that by varying the pH of solution, only the 
state of the surface of the solid adsorbent has been modified. It is 

If* 
10-5 10- 4 10-3 L N / cm 2 

I I I L i - , . 

Figure 3. Relation of LNBr concentration in dewetting solution to 
amount of LN at surface of deivetted silica 22-23°C. 

A. In acid environment, 10 " 2 M HC1 
B. In dilute acid environment, 1 0 ~ 4 M HC1 
C. In distilled water -+ c L N B r = 2.7 χ 1 0 ' 3 and 3.8 χ 10 M 
D. In alkaline environment, 1.2 χ 10* 2 M NaOH ->c L N B r = 4.7 χ 10" M 
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assumed that in strong acid solutions (10~2 M HC1) silica adsorbs protons 
[4]; in dilute acid solutions (10~4 M HC1) or in contact with distilled 
water very few silanol groups at the surface of silica are ionized. But 
in contact with an alkaline solution (1.2 x 1 0 " 2 M NaOH) it is probable 
that most of the surface acid groups of silica are ionized. 

Curves c and d of Figure 3 resemble one another as well as curve b 
of Figure 2. They show a level, P, and an inflection point, F . 

The values of δ g andô| corresponding to Ρ and F of the curves are 
shown in Table I. 

Table I. Chemical Adsorption of L* N + on Silica and Glass 

System a ^ x i o - 1 4 δ ζ χ Ι Ο " 1 4 8 s / ^ s 

S i l i c a / H C l a n , 10" 2 M 
aq 

L * N + 

No Ρ 
per sq. cm. 

No F 

S i l i c a / H C l a q , 10" 4 M No Ρ 0.6 

S i l i c a / H 2 0 , dist. 0.9 1.6 1.80 

S i l i c a / N a O H a q , 1.2 χ Ι Ο " 2 M 0.95 1.5 1.61 

G l a s s / H 2 0 , dist. 1.05 1.9 1.81 

The ratio of δ |/δ | values seems to be independent of the nature of 
the adsorbent. Level Ρ and inflection point F are not observed on the 
curve referring to the 10~2 M HC1 solution. 

Electrical Charge at Surface of Silica and Glass. The sign of these 
charges may be determined by studies of electro-osmosis and electro
phoresis [21], Both solids (silica [3] and glass [2]) are negatively 
charged when in contact with water or dilute aqueous L N B r „ For a cr i t 
ical concentration, c s , of L N B r , lower than the critical micelle con
centration of this soap dissolved in water at 2 2 - 2 3 ° C , the apparent 
electric charge is zero. For glass c s = 4 χ 10~ 3 M [27]. For silica two 
values of c s (2.7 x ΙΟ" 3 M [27] and 3.8 x 1 0 " 3 M [3]) were found in plain 
LNBr aqueous solutions. When NaOH was added, the value of c s w a s 
around 4.7 x 10~ 4 M. 

Adhesion Tension Measurements for Silica-Aqueous Solutions of 
LNBr. Adhesion tensions had previously been measured for such sys
tems by Guastalla [14], 

The present investigation was made on silica slides of the same 
origin as the ones used to study the chemical adsorption of LNBr . 

The adhesion tension, τ, was measured with Guastalla* s wetting 
balance [13]. This apparatus was designed according to Wilhelmy's 
principle [30] for measuring the surface tension of liquids. 

A solid slide (silica or glass) was hung on the lever of a torsion 
balance above the surface of a liquid (pure liquid or solution). The slide 
was gradually immersed into the liquid while the balance was measur
ing the force acting on the slide. This force, f, was plotted as a func
tion of the position, h, of the slide (Figure 4). At point a the slide was 
brought in contact with the surface of a liquid, which, in our case, did 
not wet the solid completely. The contact angle, θ e , increased gradually 
while the slide was being immersed. At point b the immersion or 
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e 

I 1 1 , , 1 1 

0 k „ 5 

( τ η τ η ) 

Figure 4. Cycle of wetting of 
silica slide, LNBr in alkaline 
solution 24° C . 

C L N B r = 1 -02x10- 3 M 

c N a 0 H = 1.2 x l 0 - 2 M 

advancing contact angle, 0 e , and adhesion "tension," r e , were estab
lished and remained constant as long as the slide was advancing further 
into the liquid (point c). The slide was then slowly taken out of the liquid. 
The angle of contact changed first and at d the emersion adhesion ten
sion, T s , and contact angle (receding θ s angle) were established. They 
stayed constant while the slide was gradually taken out of the liquid 
(point e). The hysteresis of this cycle of wetting was given by the dif
ference, AT = T s - r e . The tensions, r s and r e , are obtained by extra
polation of the force, f, to h = 0. [More details on this type of experi
ment are given by Guastalla [13].] 

An aging effect for the measured force, f, was observed for the 
systems studied by Tenebre [26] and myself [29]. After the slide had 
been lifted 0.5 mm., f decreased and attained a stable value, which was 
used in tracing the wetting cycles (Figure 4). The adhesion tensions for 
the systems silica-aqueous solutions of LNBr and silica-alkaline solu
tions (1.2 x 10- 2 M NaOH) of LNBr were measured at 24° C. and plotted 
as a function of the concentration of L N B r (Figure 5,a and b). For 
these systems the chemical adsorption is known (Figure 3 and Table I). 

A nick appears on Figure 5,b, for a value of concentration = 
5 x Ι Ο - 5 M . At about this concentration a discontinuity may be seen on 
Figure 3,d, showing our results for the chemical adsorption of L N +. 

Between the concentration values 5 x 10~ 4 M and 10" 3 M for LNBr 
the adhesion tension, r e and T s , curves reach a minimum. The inflec
tion point, F , which can be seen on Figure 3,d, corresponds to a con
centration of LNBr in solution equal to 5 x 10 * 4 M . 

The hysteresis of wetting (AT) is low for the aqueous solutions (in 
distilled water), a. For the alkaline solutions, b, the hysteresis is 
larger but does not exceed 10 dynes. (This result was obtained for silica 
slides which had been soaked overnight in aqueous 4N HC1. Following 
this treatment the results of adhesion tension measuring became 
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C|_NBr CM] 

Figure 5. Emersion and immersion adhesion tensions for 
silica-aqueous solutions of LNBr as a function of LNBr con
centration in solution 24° C. 

Δ Emersion adhesion tension, τ s 

+ Immersion adhesion tension, τ β 

Calculated adhesion tension, t c a i c c i 
A . Solutions in distilled water 
B. Alkaline solutions 

C N a O H + ! · 2 Χ 1 0 " 2 Μ · ° L N B r = 5 X ^ M 

reproducible and the difference, Δτ, decreased. The last fact confirmed 
the view of Okersee and De Boer [20], who had found that silica gels 
are changed by treatment with 4N aqueous HC1 solutions.) 

A difficulty arises when the thermodynamic meaning of r e and T S 

is examined. 
In principle the adhesion tension for a solid-liquid system in 

thermodynamic equilibrium may be obtained only from a reversible 
wetting-dewetting cycle. 

For the system we studied the hysteresis of wetting was small and 
independent of the composition of the liquid phase (Figure 5). The 
average τ e x p = ( τ θ + r s ) / 2 has been therefore here considered to be a 
reasonable approximation for the equilibrium adhesion tension. 

Discussion 

The presence of silanol groups, ^ S i O H , at the surface of silica 
gels has been demonstrated in many ways [17]. It has been supposed 
that at the surface of glass (EESIOX) groups exist which may be silanol 
( X = H) or pseudosilicate groups X = Na, for example. 
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When glass is immersed in water, the pseudosilicate groups may 
hydrolyze and become silanols. Wet glass and silica may then be con
sidered as having surfaces which resemble one another chemically. 

In the following interpretation of our results concerning glass and 
silica, both substances are designated as solid and the ionizable surface 
group is named = SiOX. 

The possible constitution of the interface solid-solution of LNBr 
is represented by Figure 6, where a solid slide is shown emerging from 
a LNBr solution at a concentration lower than c s (Figure 2). On the 
immersed portion the negative charges of the solid may be neutralized 
partially by fixed cations ( L N + o r H + ) and partially by the ions of the 
Gouy layer. 

The film of liquid thins near the contact line, R (Figure 6). In this 
region, the = SiOX sites of the solid surface, ionized or un-ionized, may 
approach very closely the long-chain cations and their counterions, B r " , 
belonging to the adsorbed film at the L / A interface. These ions may 
react with the sites at the S / L interface according to the following rela
tions: 

= SiOX S / L + L N £ / A + B r ~ / A ^ E=SiOLN s + X+ q + B r ^ (2) 

- S i O - s / L + X +
s / L + L N +

L / A + B r ~ / A ^ ^ S i O L N s + X +
a q + B r " a q (3) 

As a result of Reactions 2 and 3, during liquid recession, on the 
emerging slide one hydrophobic ion L N + is adsorbed at the dry S/A 
interface, while two hydrophilic ions, X + and B r " , desorb into the 
aqueous phase. Also, during liquid recession the slide crosses the 
adsorbed layer of LNBr where the concentration of the long-chain ions 
is very high and where they are oriented in a favorable position for the 
exchange to take place. Lastly, repulsion of hydrogen ions, from the 
thin region around line R, by the positively charged long-chain adsorbed 
ions might bring a local increase in pH compared to the rest of the 
system. 

However, a steric hindrance may be imagined, which may decrease 
the extent of exchange: When the adsorbed monolayer at the L / A inter
face is very dilute, cations L N ^ / A at R (Figure 6) may lay their chains 
down at the surface of the solid and thus cover several active = SiOX 
sites, which become inaccessible to the organic cations which follow. 

This type of steric hindrance decreases when the surface density 
of the monolayer at the interface L / A increases (Figure 7) as a con
sequence of increase in the concentration of the solution. 

For a solution of concentration c s corresponding to the inflection 
point, F (Figure 2), ô s equals the full capacity of exchange at the sur
face of the solid. 

For silica, ô s is the same for aqueous solutions (in distilled water) 
and for alkaline solutions (Table I), but is different from that of glass. 
The areas per active site EESIOX are, respectively, 52.5 and 65 sq.A. 
at the surface of glass and silica. These values are close to the values 
given by Brooks for sodium and calcium montmorillonites and for 
aerosil [5, 6], 

The low "capacity of exchange" (ô^at level P) is equivalent to 110 
to 105 sq.A. per =SiOH site for silica and 95 sq.A. per == SiOX site for 
glass. A l l these values are comparable to the value found by Tamamushi 
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ο 

Ο-

Ο» 
cL 

1 0 Π 5 

S o l u t i o n 

Figure 6. Silica or glass slide emerging from dilute aqueous 
solution of LNBr 

^ L N B r < C s » a n d 

δ s = δ s (see Table I) 

^ Anions, B r ~ 
χ Small cations, H + or Na + 

-Φ Organic cation, LN+ 
R. Contact line of L / A interface with S/A interface 
Si. Silicon atoms 
O. Oxygen atoms 
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A d s o r b e d L N + 
i o n s 

5 o l u t i o n Ο 

Figure 7. Silica or glass slide emerging from concentrated 
nonmicellar aqueous solution of LNBr 

C L N B r β C s ' a i l d 

δ s = 8F
S (see Table I) 

θ Anions, Br"~ 
χ Small cations, H + or N a + 

—θ Organic cation, L N + 

R. Contact line of L / A interface with S /A interface 
Si. Silicon atoms 
R. Oxygen atoms 
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and Tamaki [25] for dodecylammonium chloride adsorbed at the inter
face between the aqueous solutions and an ion-exchange resin. They 
are higher than the value (90 sq.A.) found by Ellison [9] for a lauricacid 
molecule in films spread at the mercury-air interface. 

The molecules seem to be lying at the surface of the adsorbent in 
all three cases mentioned here. 

The variation of the adhesion tension with composition of the liquid 
phase has been interpreted using the results obtained from chemisorp
tion measurements of LNBr on silica, as follows. 

According to Equation 26, calculated values of the adhesion tension 
may be obtained by integration of this relation. 

A graphical integration can be done if the variation of the comple
mentary adsorption, δ 8 - ô s / L , with concentration, C L N B , . , has been de
termined experimentally. The result of this integration is: 

T c a l c d = Cte - kT J ( ô s - Ôs/JdlnCLNBr (4) 

where cte is an adjustable parameter. 
In the present work the values of ô s are measured but those of 

δ S / L are not known. 
However, at the pH of the plain aqueous solutions the amount of ca 

tion exchange for silica is very low [1]. As we assume that L N + is ad
sorbed on silica by this process only, ô s / L = 0 in Relatione. Therefore 
the integration in 6 can be done when δ s only has been experimentally 
determined as a function of c u m r (Figures 2 and 3). 

The constant of integration in Equation 4 was adjusted by using the 
average value, T e x p , obtained from the receding and advancing adhesion 
tensions at c h m r = 10~4 M . Then the calculated curve for the adhesion 
tension silica-aqueous solutions of LNBr is obtained (Figure 5,a). This 
curve verifies the experimental results satisfactorily. 

In the presence of 1.2 x 10" 2 M NaOH (high pH) the amount of cation 
exchange at the S / L interface cannot be neglected. Curve b of Figure 5, 
however, has been calculated under the assumption that ô s / L is zero. 
The constant of integration has been adjusted by using the average of 
the experimental re and r s obtained for silica and a LNBr solution of a 
concentration equal t o 5 x l O ~ 6 M . 

For relatively concentrated solutions of LNBr (cumr > 10" 4 M) the 
calculated curve is different from the experimental one. On the last, a 
minimum can be seen at about 5 χ ΙΟ""4 M (Figure 5). According to 
Relation 26 this minimum corresponds to a complementary adsorption 
equal to zero. 

Variation of the Adhesion Tension Silica-Solution 
of LNBr, with Composition of Aqueous Phase 

The free energy or tension of adhesion, r, for a solid-liquid sys
tem is defined as the difference between the interfacial free energies 
or tensions at the S /A and S / L interfaces on the contact line R between 
these two interfaces and the L / A interface. The variation of the adhe
sion tension with composition of the liquid phase therefore must follow 
the variations of the corresponding adsorption equilibria (and tensions) 
at the corresponding interfaces. 
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The variation of any interfacial tensions with composition at con
stant temperature can be written according to Gibbs [15] 

- dy = Σ Γ ° άμ. (5) 
i 

where the summation extends over all solute species (ions, molecules, 
etc.) found in the interfacial region and in the adjacent bulk phases. 

Adsorption and Tension at Silica-Aqueous Solution Interface 

The aqueous solution contains only the substituted ammonium salt, 
LNBr . The solute species at the S / L interface (Figures 6 and 7) are: 

EESiOH, =SiO", =SiOLN, OH~, H + , L N + , and B r " . 

The bulk concentrations of the species ==SiOH, E=SiOLN, and== SiO" 
in the solid and aqueous phases are zero. Those of O H " , L N + , and B r " 
are zero in the solid phase only. Furthermore, equilibria between the 
different i species and the conditions of electroneutrality in the inter-
facial and bulk regions impose some additional relations between the 
chemical potentials, μ ί , which diminish the number of the independent 
variables. These restrictions are the consequences of: 

Equilibrium of formation of silanol groups at the 
surface of silica in presence of water 

silica 1 + H 2 0 ^ [silica j^SiOH (6) 

[ s i l i c a 1 + ^ Η 2 0 ^ ^ I s i l i c a [ = S i O H 

where j silica | signifies solid silica and the box represents its surface. 
Therefore | silica [ BSiOH represents solid silica which has reacted 
with water only at its surface to give superficial =SiOH groups. Thus 

silica |=SiOH is equivalent to 

Ο 
I 

- O - S i - O H . 
I 

Ο 
I 

Equilibrium of acid dissociation of silanol groups 

= SiOH - = s i O ' + H + (7) 

M s i O H = ^ S i O " + ( 7 t ) 

Equilibrium of the combination of == SiO"" sites with L N + ions 

Ξ SiO" + L N + - ^ S i O L N (8) 

^ S i O - + ^1*+ = " s i O L N ( 8 , ) 
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Equilibrium for cation exchange by silanol undissociated 
groups obtained by adding Equation 7 to 8 and V to 8\ 

ξξ SiOH + L N + - ξ S i O L N + H + (9) 

M S i O H + M S i O L N + M H + ( 9 ' ) 

which depends on the concentration of the hydrogen ions in the aqueous 
phase. 

Equilibrium of dissociation of water molecules 

H 2 0 ^ H + + O H " (10) 

^ H 2 O = + M O B - ( - ° F ) 

Conditions of electroneutrality. (a) In bulk (aqueous solution) 

c O H - = c H + 

( I D 

C B r " ~ C L N + = C L N B r 

(b) At the surface 
Ο Ο Ο Ο / - « ν 

Γ Β Γ " + Γ 8 1 0 - = F L N +

 + Γ Η + ( 1 2 > 

A given capacity of exchange for the silica surface: 

Ν = Γ ° + Γ° + Γ ° . (13) 
S i O H S i O L N S i O ~ 

Constant pH of the aqueous phase 

μ Η + = constant 

μ O H - = constant 

Constant activity and chemical potential in the 
bulk phases of water and silica, leading to: 

μ S i 0 H = constant (from 6 f) 

μ S i 0 - = constant (from 7T and from 14) 

(14) 

(15) 

When the concentration of LNBr is varied in the aqueous phase at 
constant pH, conditions 14, 15, and 9T lead to the following expression 
for the change in the chemical potential of the superificial = SiOLN 
groups: 

^ M S i O L N = d ^ L N + < 1 6 ) 
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In our particular case the general relation (Equation 5) becomes: 
ο ο ο 

" ^ S / L " r S i O H rï^SiOH + Γ S i O L N ^ S i O L N + ^ S i O " d ^ S i O " t v 

(17) 

Taking into account all the restrictions mentioned above as well as 
Equation 16, a relation is obtained for the change in the interfacial y s / L 

tension with the concentration of the salt LNBr at constant pH, as follows: 

" dYs/L = ( r S i O L W +
 R L N + ) D M L N + . + Γ Β Γ ~ d M B r " ( 1 8 ) 

The molecular chemical potential of any of the ions in the solution 
may be expressed as: 

Mi = M?(T, p) + k T l n C i f i 

In the particular case of LNBr solutions where f. may be consid
ered constant and Conditions 11 are valid, the expressions for the molec
ular chemical potential of L N + and B r ~ ions reduce to: 

M L N + = M L V + kTlnCLNBr 

^ B r - = M B r - + k T l n C L N B r 

The chemical potentials are then eliminated between the last two 
equations and Equation 18, which becomes: 

- dy = ( r ° + Γ ° . + Γ ° ) k T d l n c T M n (19) 
r S / L \ S i O L N L N + B r ~ / L N B r v ' 

In the present work we neglect any adsorption of pairs of L N + and 
B r " ions at the silica surface. Therefore Γ ° Γ _ = 0. 

The negative value of the slope of the tangent to the curve of y s / L 

vs. l n c L N B r i s equal to ô s / L , the total amount of long chain ions LN+, 
either bound to silica as SiOLN groups or attracted into the diffuse 
Gouy layer as L N + : 

(- d y s / L / k T d l n c u e r ) = 5 S A = + (20) 

Adsorption and Tension at Silica-Air Interface 

The solute species at this interface above the line of contact R 
(see Figures 6 and 7) are =SiOH and ^ S i O L N . They are in equilibrium 
with the solid phase and with the adsorbed monolayers at the L / S and 
the L / A interfaces. As the films are in equilibrium with the underlying 
solution, species ^ S i O H and = SiOLN are in equilibrium with the solu
tion as well. 

The cation exchange between the S/A interface of silica and the 
aqueous solution may then be described as a three-step equilibrium: 
a first between the species at the S/A interface and the L / A interface 
(equilibrium between the corresponding monolayers) 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
01

6

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



76. TER-MINASSIAN-SARAGA Chemisorption and Dewetting 247 

- S i O H s + L N t / A + B r ^ ^ = S i O L N s + h £ / a + B r ~ / A (21) 

and a second and a third between the species dissolved in bulk and those 
adsorbed at the L / A interface (corresponding monolayer). 

L N : q + Br~ a q ^ L N ^ / A + Brl/A; H ^ A + Β ^ / Α ^ H +
a q + Br~ a q (21·) 

The three relations (Equations 21 and 2Γ) are added together and 
give: 

= SiOH Q + L N + - Ξ Ξ SiOLN <, + Η + (22) 
S aq S aq 

which is an equation for the equilibrium of selective exchange at the 
S/A interface between one hydrophilic ion, H + , and a hydrophobic ion, 
L N \ 

The chemical potentials of the reacting species in (Equation 22) 
depend on each other and the following restriction has to be taken into 
account: 

M S i O H + M L N + = M S i O L N + ( 2 2 ' ) 

Conditions 6, 10, and 11 are still valid. But additional ones are 
imposed at the S/A interface: 

o Nondissociation of the groups at the S/A interface: | r ° + , γ^+> 
r s i 0 _ are zero). 

The capacity of exchange is equal to 

Ν = Γ° + Γ° 
S i O H ^ S i O L N 

The measured chemisorption is equal to the number of = SiOLN 
groups 

δ = Γ ° (23) 
S S i O L N V 7 

For the S/A interface the variation of the interfacial tension with 
concentration of LNBr at constant temperature and pH (Relation 5) has 
the following expression: 

- = C o H ^ S i O H + r S i O L N ^ S i O L N ^ 

Substituting Equations 14, 16, 22T, and 23 into 24 we get an equation 
analogous to Equation 20. 

(- d y s / k T d l n c L N B r ) = δ δ (25) 

Subtracting 20 from 25, the slope of the tangent to the curve of 
adhesion tension vs. the logarithm of the concentration of LNBr , is ob
tained at constant temperature and pH. The expression for this slope is: 

(- d r / k T d In C L N B r ) = (ô s - ô s / L ) (26) 

Comparison of this relation to that suggested by Tenebre (Equa
tion 1) shows that the parameter a is equal to 1. 
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Relations 20, 25, and 26 have been obtained for a system constituted 
of silica and plain aqueous solutions of L N B r . 

The same result can be arrived at when sodium hydroxide is dis
solved in the aqueous phase and maintained at a constant concentration 
(1.2 x ΙΟ* 2 M) while clNBr is variable. 

It has been shown by Ahrland, Grenthe, and Noren [1] that at the 
corresponding high pH all the = SiOH groups are transformed into 
= SiONa groups. The exchange equilibria (Equations 9 and 22) then 
become equilibria of exchange between the pseudo-silicate groups, 
= SiONa, and the aqueous solution of LNBr (Figures 6 and 7). There
fore if the symbol H is replaced by Na, the expression obtained at last 
for the coefficient (- d r / k T d ln C u ^ r ) is again Equation 26. 

Nomenclature 

μ . = molecular chemical potential of species i 

μ· = molecular chemical potential (standard) of species i 

Γ° = surface excess per unit area of species i ([15], equation 
9.30.1) in Gouy layer or on solid surface 

Ν = total number of acid sites (silanol) on 1 sq. cm. of silica 
surface 

f i = activity coefficient of species i in aqueous phase 

Conclusions 

By using molecules labeled with radioisotopes it is possible to de
termine the amount of substituted ammonium ions chemically adsorbed 
(by cation exchange) on glass or silica surfaces from an aqueous solu
tion or from the monolayer adsorbed at the surface of the solution. 

The isotherms of adsorption of trimethyldodecylammonium ions on 
both solids have a two-stepped shape corresponding to an expanded 
layer at low surface coverages and a compressed layer at high surface 
coverages. In the expanded layer the paraffin chains of the ions lie on 
the surface of the solid and may have a screening effect on several 
nearby silanols, which become inaccessible to other adsorbing ions. 
In the compressed layer the chains are gradually standing up. At 
maximum coverage the number of chemisorbed ions equals the number 
of silanol groups on the solid 1 s surface. Each silanol group occupies 
65 sq.A. on the silica surface and 52.5 sq.A. on the glass surface. 

The free energy of adhesion or adhesion tension for the system 
s i l ica -LNBr aqueous solutions has been measured. The model, which 
explains the above-mentioned peculiarities of the isotherm of chemi
sorption at the surface of the solids, is confirmed by the results of 
adhesion tension measurements. 
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17 
Resistance to Flow in Capillary Systems 

of Positive Contact Angle 

ANTHONY M. SCHWARTZ, CHARLES A. RADER, and ELAINE HUEY 

Harris Research Laboratories, Inc. 
Washington 11, D. C. 

In capillary systems having an equilibrium 
contact angle substantially greater than zero, 
the liquid-solid-vapor boundary line shows a 
definite resistance against being moved along 
the solid surface. This resistance is char
acterized and defined as the critical line 
force. By determining the pressure neces
sary to start an index of liquid moving in a 
tube made of the substrate material, the 
critical line force values of a series of l iq 
uids on Teflon and polyethylene substrates 
were determined and found to increase l in 
early as cos θequi1 decreased. In so far as 
cos θequi1 remained a linear function of γLA , 
the contact angle hysteresis increased mono-
tonically, but not linearly, with increasing 
critical line force. These findings support 
the view that microscopic surface roughness 
cannot be the sole factor controlling contact 
angle hysteresis. 

This report is concerned with contact angle hysteresis and with a 
closely related quantity referred to as "critical line force (CLF). t T 

More particularly, it is concerned with the relationship between contact 
angle hysteresis and the magnitude of the contact angle itself. Two sets 
of liquid-solid-vapor systems have been investigated to provide the ex
perimental data. One set consists of Teflon [poly(tetrafluoroethylene), 
Du Pont] and a series of liquids forming various contact angles at the 
Teflon-air interface. The second set consists of polyethylene and a 
similar series of liquids. In neither case was the ratio of air to test 
liquid vapor at the boundary line controlled, but it can be assumed that 
the ambient vapor phase operative in all the systems was close to an 
equilibrium mixture. 

In capillary systems having a contact angle greater than zero the 
liquid-solid-air boundary line does not move with complete freedom 

250 
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along the solid surface. A very familiar example of this resistance to 
movement is the hanging of raindrops on an ordinarily dirty window 
pane or of water droplets on the side of a waxed paper drinking cup. It 
can be measured and specified in terms of a minimum force necessary 
to start and keep the three-phase boundary line moving. The fact that 
this force is fundamentally related to contact angle hysteresis is also 
well recognized, and has been brought out in at least three groups of 
experimental studies: the movement of liquid drops down an inclined 
plane due to gravity [9,10]; the dipping and raising of a thin plate 
through a liquid surface [14]; and the pushing of an index of liquid 
through a capillary tube by air pressure [17,18]. 

The exact form of functional relationship between the resistance 
force and the contact angle hysteresis depends, of course, on the 
parameters chosen. Rosano has presented an equation based on the 
plate method [14] and very recently Furmidge[10] has shown the essen
tial relationship betweenRosano's equation and the widely used equation 
for a droplet moving on an inclined plane. Since the total resistance 
force that must be overcome before the boundary line will move is d i 
rectly proportional to the length of the line, we can tentatively define a 
force just necessary to start a unit length of boundary line moving as 
the critical line force. 

Experimental 

In studying this critical line force we have chosen to use the device 
first described by Jamin, as shown in Figure 1 [13]. This consists of 
a horizontally placed cylindrical tube containing a series or "chaplet" 
of individual liquid indexes separated by air spaces. An air pressure 
differential is applied across the chaplet, and the velocity of the last 
index on the low pressure side is noted as a function of increasing 
pressure differential. 

Figure 1. Chaplet of four indexes in capillary tube, 
subjected to pressure differential Ρ1- P2 

Direction of motion indicated by arrow 

As the pressure differential is applied, the first index on the high 
pressure side starts to move first, followed in order by the next index, 
and succeeding indexes, until finally the last index starts to move. As 
pointed out by Jamin and by Bouasse [2], the pressure differential nec
essary to bring the whole chaplet into motion increases directly as the 
number of indexes. This effect was confirmed very early in the study, 
using a liquid of relatively high contact angle. It was further confirmed, 
by using tubes of different diameters as well as different numbers of 
indexes in the chaplets, that the pressure differential necessary to start 
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the whole chaplet moving is proportional to the total length of boundary 
line in the system. This agrees completely with the results Rosano 
obtained using the dipping plate system. It is evident that the sensi
tivity of this system can be increased indefinitely by increasing the 
number of indexes, just as it can in the dipping plate system by increas
ing the width of the plate. 

The method for plotting velocity vs. pressure differential, and par
ticularly for determining the minimum pressure necessary to start 
motion, is given below, and a typical plot is shown in Figure 2. Meas
uring in the region of relatively high velocity, where the pressure-
velocity curve is nearly linear, and then extrapolating back to zero 
velocity, does not give the true critical pressure necessary to start 
the index moving. In the low velocity region just above the critical 
pressure the slope of the pressure-velocity curve decreases markedly 
with decreasing velocity. This makes the precise determination of 
critical pressure difficult. We arbitrarily chose the critical pressure 
as that at which no motion was perceptible in our apparatus over a 

P , - P 2 , C M . O F W A T E R 

Figure 2. Velocity of advancing polyethylene gly
col front vs. pressure differential in Teflon capil
lary tubes 

Determined with chaplet s of 10 indexes 
A. Tube diameter 0.0624 cm. 
B. Tube diameter 0.0378 cm. 
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period of 30 minutes. This corresponds to a velocity of less than 0.33 
micron per minute. In no case where the index had remained stationary 
for 30 minutes did it move subsequently, within observation periods 
ranging up to 8 hours. (When the data for the larger Teflon capillary in 
Figure 2 are plotted a s V ^ s . pressure differential, Figure 3 is obtained. 
This plot strongly suggests that our critical pressure is where we have 
shown it to be.) 

P , - P 2 , C M . O F W A T E R 

Figure 3. Square root of velocity of 
advancing polyethylene glycol front 
vs. pressure differential in Teflon 
capillary tube 

Determined with chaplet of 10 indexes in 
0.0624-cm. diameter tube 

No movement discerned at P j - P 2 = 12.4 
Point plotted showed maximum possible 

velocity at which liquid could have been 
moving 

The manner in which an individual index moves was followed by 
using a viscous liquid and inserting a small portion of dye at one end of 
the index before starting the movement. The index proceeds forward 
by rolling away from the tube wall and inward toward its center axis at 
the rear, while rolling outward from its center axis and onto the tube 
wall at the front. There is no apparent sliding of liquid along the tube 
wall. This confirms the observations of West [17] and Yarnold [18] on 
the movement of mercury indexes in glass tubes. Similar observations 
showed that partly dyed droplets of high contact angle liquids on tilting 
plates of Teflon and polyethylene roll rather than slide, confirming the 
teachings of Frenkel [9] and others. 
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The magnitude of contact angle hysteresis depends on the macro
scopic roughness of the solid surface, and logical explanations of this 
effect have been presented by various investigators [15, 16], It was 
therefore important in our study to make all measurements of critical 
pressure on surfaces of identical roughness. This was done by using 
single pieces of tubing, cleaning them thoroughly before introducing a 
new liquid, and checking them from time to time with a calibrating 
liquid (PEG 400). The tubes were also checked for uniformity along 
their length by placing the chaplets at varying locations and measuring 
the critical pressure. The variation was found to be within the limits 
of experimental error. The sections of tubing were chosenfor uniform
ity of diameter and circularity of bore. 

Al l liquids were checked to see that they did not swell, penetrate, 
or otherwise interact with the substrates. The liquids were chosen to 
provide a wide range of positive contact angles on the substrates. Most 
of the liquids were identical with those used on Teflon and polyethylene 
by Fox and Zisman [6, 8] in their studies of the critical surface tensions 
of solid surfaces. 

When the minimum pressure necessary to move the boundary line 
P x - P 2 had been established, the critical line force was calculated as 
follows: 

(Pi - Ρ 2 )π r 2 = force on chaplet = f 

The quantity 4π r n, where η is the number of indexes in the chaplet 
and r is the radius of the tube, is equal to the total length of boundary 
line in the system. To illustrate the significance of the critical line 
force, the data of Figure 2 have been replotted using force in dynes per 
centimeter of boundary line instead of pressure differential as the 
abscissa (Figure 4). The critical line force is then the value of the 
force at zero velocity and, unlike the pressure differential, is inde
pendent of the tube diameter. If there is any difference between the 
forces necessary to move the advancing and receding boundaries, at 
Al9A2,—AnandR1,R2,—Rn, respectively (Figure 1), it does not 
enter into this calculation. Although there is no a priori reason to be
lieve that the two forces are different, it should be borne in mind that 
the critical line force determined by this procedure is an average of 
the force per unit length of advancing boundary and the force per unit 
length of receding boundary. 

The experimental work thus consisted essentially in measuring the 
critical line force of several liquids in representative polyethylene and 
Teflon tubes. The surface tension of each liquid was checked with a 
du Nouy tensiometer and the equilibrium contact angles on both poly
ethylene and Teflon were determined using the method and instrument 
described by Zisman et al. [1, 6, 8]. Plots of surface tension ( y ^ ) vs. 
cosine of the equilibrium contact angle (cos Θ) on both substrates (Fig
ures 5 and 6) agree well with the data of Zisman and Fox, being linear 
on polyethylene and showing a slight departure from linearity on Teflon 
[7], The critical surface tensions for wetting (plus or minus one stand
ard error of estimate, S y x )were found to be 31.1 (±3.7) for polyethylene 
and 18.5 (±2.5) for Teflon. 
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Chaplets of 10 indexes in Teflon capillaries 
• 0.0624-cm. i.d. 
Ο 0.0378-cm. i.d. 

Additional points plotted in inset at expanded velocity scale 

Materials and Methods 
The polyethylene (PE) and Teflon capillary tubes used in these 

studies were obtained from commercial sources. Teflon spaghetti tub
ing and polyethylene medical tubing were obtained in several sizes 
between 11 and 23 mils in nominal inside diameter. The tubing could 
be satisfactorily cleaned by connecting a length to an aspirator, drawing 
through it a volume of 95% ethanol equal to at least 50 times the volume 
of the tubing, and then drawing room air through the tube until it was 
dry. The cleaned length of tubing was checked for uniformity of inside 
diameter as follows: 

A volume of liquid was introduced at one end of the tube from a 
microsyringe and then drawn several centimeters into the tube by 
means of suction applied at the other end. The length of this liquid 
index (usually chosen to be about 1 cm.) was measured, using a magni
fier with a ruled stage, to an accuracy of ±0.002 cm. The index was 
moved approximately its own length (by again applying suction) and r e -
measured. This was repeated until a section of tubing about 50 to 60 
cm. long had been found in which the maximum and minimum measured 
index lengths differed by not more than 2%. The volume of liquid just 
sufficient to fill 50.0 cm. of this selected length of tubing was deter
mined (to the nearest 0.0001 cc.) using the microsyringe and the aver
age inside diameter of the tubing was calculated. For the critical line 
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S U R F A C E T E N S I O N , D Y N E S P E R C M . 

Figure 5. Surface tension vs. cosine of 
equilibrium contact angle for liquids on 
polyethylene 

force determinations reported herein a piece of Teflon tubing with an 
inside diameter of 0.0378 ± 0.0005 cm. and a piece of polyethylene tub
ing with an inside diameter of 0.0364 ± 0.0005 cm. were used. 

The liquids were obtained from commercial sources and purified 
by percolating through Flor is i l , alumina, or silica gel. The high-boiling 
liquids were stripped of volatile impurities. The surface tension of 
each liquid was carefully measured by the ring method, using the 
correction tables of Harkins and Jordan [12] and Fox and Chrisman 
[5], The equilibrium contact angles of the liquids were measured on 
clean, smooth Teflon and polyethylene surfaces prepared by the heating 
and pressing techniques described by Fox and Zisman [6,8]. 

Al l measurements were made in a constant-temperature room held 
at 25° C . and 50% R H . The measured contact angles and surface ten
sions are given in Table I. 

The Apparatus. The apparatus, shown schematically in Figure 7, 
is designed to move the chaplet in either direction by applying a meas
ured pressure at either end and maintaining the other end at atmos
pheric pressure. 

With stopcock Β closed, water can be added dropwise at A to in
crease the driving pressure in the system. Driving pressure can be 
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Figure 6. Surface tension vs. cosine of 
equilibrium contact angle for liquids on 
Teflon 

Standard error of estimate S u f / ¥ . = 0.084 

decreased by closing A and letting water flow out of B . The three-way 
stopcocks, C and D, allow either end of the capillary tube, T , to be 
connected to the ballast flask, F , or to be open to the atmosphere. 

For ease of handling, Τ is permanently fastened on a rigid metal 
scale ruled in millimeters. The capillary tube assembly is mounted on 
a leveled vibration-free table. Glass tubing is used as much as possi
ble for all connections. Short pieces of Tygontubing are used at E1 and 
Ε 2 , the syringe needles used as connections to the capillary tube. 

Procedure for Loading a Chaplet of Liquid Indexes into Capillary 
Tube. A volume of water was introduced into the separatory funnel, S, 
and stopcocks A and Β were closed. C and D were then opened, so that 
the system was at room pressure. One end of the cleaned capillary 
tube was connected at Ε x and C was turned so that Ε x was connected to 
F . D was then closed. A small volume of liquid was then introduced at 
the unconnected end of the capillary from a microsyringe. The system 
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Table I. Surface Tensions of Test Liquids and Contact Angles 
on Teflon and Polyethylene 

Surface 
Tension, 

Liquid Dyne s / C m . 

Water 72.3 
Formamide 58.2 
1,2,6-Hexanetriol 51.8 
Ethylene glycol 47.7 
Polyethylene glycol 400 43.1 
1 -Bromonaphthalene 42.9 
Tricresyl phosphate 39.8 
m-Cresol 36.3 
Hexachlorobutadiene 35.3 
Tergitol T P - 9 a 33.9 
Di(2-ethylhexyl)adipate 30.6 
Di(2-ethylhexyl)phthalate 30.0 
Heptanoic acid 27.9 
Di-n-butyl ether 22.8 
ΙΗ,ΙΗ, 7H-dodecafluoro-l- 22.1 

heptanol 

Contact Angle, Degrees 

On Teflon 

108.5 
92.5 
94 

77 

58.5 

63 

51 
31 
21 

On polyethylene 

94 
77 
66 
61 
59 
33.5 
33 
28 
13 
28.5 

4.5 
Spreads 
Spreads 
Spreads 

a Nonyl phenyl polyethylene glycol ether containing 9 moles of ethylene oxide 
(Union Carbide Chemicals Co.). 

Figure 7. Apparatus for measuring 
critical line force 

A. Water inlet stopcock 
B. Water outlet stopcock 
C. D. Three-way stopcocks 
E j , E 2 . Blunt-end hypodermic syringe needles 
F . 2-liter ballast flask 
M . Water manometer 
S. Separatory funnel 
T . Capillary tube 
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pressure was decreased (by letting water out of B) until this liquid 
index began moving slowly into the tube. When the slowly moving index 
had moved in about 0.5 cm. , a second index of liquid was introduced 
from the microsyringe; care was taken not to plug the end of the capil
lary with the tip of the dispensing syringe. Succeeding indexes were 
loaded in the same manner until the desired number had been obtained. 

As the number of indexes increased, additional amounts of water 
had to be let out of Β in order to reduce the pressure sufficiently to 
keep the chaplet moving. After the chaplet had been loaded, the system 
was restored to room pressure and the free end of Τ was connected at 
E 2 . A pressure differential, Pj - P 2 , was established across the chap
let by adding water at A and turning C and D as desired. Pt - Ρ 2 was 
read on the water manometer, M . The velocity of the front at the low 
pressure (P 2) side was measured as a function of P x - P 2 . Replicate 
velocity measurements were made at various places in the tube and 
with the chaplet advancing in both directions. Low velocities (less than 
0.1 cm. per minute) were measured with the aid of a Fi lar eyepiece on 
a traveling microscope mounted over the tube. Under this magnification 
the distance traveled by the front could be measured to an accuracy of 
10 microns. The velocity was recorded as zero when no advance was 
discernible in 30 minutes. 

The C L F range (Table II) represents the difference between maxi
mum P x - P 2 for zero velocity and minimum P x - P 2 for lowest meas
ured finite velocity. 

The number of indexes used in any system was chosen so that 
Ρχ - P 2 necessary for motion was always greater than 10 cm. of water. 
Since the water manometer could be read to the nearest 0.1 cm. , the 
P x - Ρ 2 values have a precision of ±2%. 

The regression lines in Figures 5 and 8 were calculated by stand
ard procedures [4], The dashed lines in these figures were plotted at 
± S y x , the standard error of estimate adjusted for the number of points. 
The regression curve (best fit) in Figure 6 was judged to be of the form 

y = k + f (x) 

with three constants (parabolic). The index of determination is 95.8%, 
compared with 95.1% obtained with a linear regression plot for the 
points in Figure 6. The dashed lines in Figure 6 were plotted at 
± S y f ( x ) , the standard error of estimate. 

Results and Discussion 

Critical line force values for the various test liquids on both poly
ethylene and Teflon are shown in Table II. Plots of these values against 
cosine of the equilibrium contact angle, cos 0 E Q U I L , are shown in F i g 
ure 8. The relationship appears to be linear. Thus, the resistance of 
the boundary line to displacement increases linearly as the cosine of 
the equilibrium contact angle. In neither case does the regression line 
calculated from the average C L F values quite pass through the point 
C L F = 0; cos 6equil =1. It seems reasonable to assume on theoretical 
grounds, however,that C L F will be zero when the contact angle is zero, 
and a line adjusted to include this point is also shown. This line has 
the form 
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Table II. C L F Values of Test 

Surface Tension, 
Liquid Dynes/Cm. 

Water 72.3 

Formamide 58.2 

1,2,6 -Hexanetriol 51.8 
Ethylene glycol 47.7 

Polyethylene glycol 400 43.1 

Tricresyl phosphate 39.8 

m-Cresol 36.3 

Hexachlorobutadiene 35.3 
Di(2-ethylhexyl) adipate 30.6 

Heptanoic acid 27.9 
Di-n-butyl ether 22.8 
ΙΗ, 1H, 7H-dodecafluoro-l-heptanol 22.1 

C L F = k ( l - cos 0 e q u i l ) (1) 

The lines for both Teflon and polyethylene remain straight in the region 
where 0 e q u i l > 90° and cos 0 e q u u is negative. The line for Teflon has 
the steeper slope of the two, and the higher value of k in Equation 1. 
The C L F values did not change when the direction of motion of the 
chaplets was reversed repeatedly, suggesting that the solid-air and 
solid-liquid interfaces achieved equilibrium rapidly. 

The relationship between contact angle hysteresis and critical line 
force in this cylindrical tube system is easily derived from the geome
try of the system and the Laplace equation for capillary pressure. It is 

C L F = ^ψ- (cos 0 R - cos 0A) (2) 

where y L A is the surface tension of the liquid and 0 F and 0 A are the re
ceding and advancing contact angles—i.e., the contact angles at the high 
and low pressure sides of an index, respectively. This relationship 
has been pointed out by Yarnold [18]. The quantity we call C L F is 
called F by Yarnold and is referred to as "a frictional force per unit 
length of the line of contact and acting at right angles to it, so as to 
oppose the motion of the liquid over the solid surface." 

The relationship between contact angle hysteresis ( 0 A - 0 R ) and the 
equilibrium contact angle is shown in Figure 9. The equilibrium posi
tion of the menisci is shown in dotted lines. When the pressure differ
ential, P R - P A , has increased to the critical point, the menisci are in 
the position shown by the solid lines but the line boundaries remain at 
RR' and A A T . A definite volume of liquid, V R , has been transferred 
from the receding to the advancing end of the index, where it appears 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
01

7

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



77. SCHWARTZ ET AL Resistance to Flow in Capillaries 261 

Liquids on Teflon and Polyethylene 

C o s ^equii C L F , Dynes/Cm. 

On On On On 
Teflon polyethylene Teflon polyethylene 

-0.3173 -0.0698 13.6 -14.0 9.72-10.6 

-0.0436 0.2250 11.8 -11.9 5.66- 6.33 

-0.0698 0.4067 10.0 -10.6 5.04- 5.30 

— 0.4848 - — 2.27- 3.37 

0.2250 0.5150 9.4 - 9.8 2.94- 3.38 

- — 0.8387 — 1.50- 1.64 

0.8830 — 1.00- 1.11 

0.5225 0.9744 6.2 - 6.6 — 

0.4540 — 4.58 - 4.64 — 

0.6293 Spreads 3.4 - 3.6 — 

0.8572 Spreads 2.37 - 2.48 
0.9336 Spreads 0.076 - 0.185 - - -

as V A . The functional relationship between V R (= V A ) and the two cosine 
differences, (cos 0 F - cos # e q u i l ) and (cos 0 e q u i l - cos 0 A ) , can be 
worked out by using the parametric equations for a cylindrical tube of 
radius r = 1. 

cos 0 
2h 

h ^ T T 

πη.3 ή\ι 
Τ Γ + ΊΓ 

(3) 

(3a) 

where h is the height and V the volume of the spherical segment bounded 
by the plane XX' (insert at left of Figure 9). Only when 0 e q u i i is 90° 
are the cosine differences equal, and 0 e q u i i midway between 0 R and 0 A . 

For all other values of 0 e q u i i t n e cosine differences and the angle dif
ferences, ( 0 e q u U - 0 R ) and ( 0 A - 0 e q u i l ), are unequal. 

Using Equations 2, 3, and 3a and the experimentally determined 
relationships between y L A and cos 0 e q u i i shown in Figures 5 and 6, we 
have calculated the relationship of C L F to ( 0 A - 0 R ) and to (cos 0 R -
cos 0 A ) (Figure 10 and Table III). For polyethylene, where the y L A vs. 
cos 0 e q u i l relationship is linear, both ( 0 A - 0 R ) and (cos 0 R - cos 0 A ) 

increase monotonically with increasing C L F . In the case of Teflon a 
similar relationship holds, up to the region where the curve of r L A vs. 
cos 0 e q u i l becomes nonlinear—i.e., where C L F is less than 8 dynes 
per cm. If the linear relationship describing the lower portion of the 
curve 
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2 6 2 ADVANCES IN CHEMISTRY SERIES 

cos 0 .. = 1.635 - 0.0344 y T . 

is used over the whole range, both (0A - 0R) and (cos 0 R - cos 0A) in
crease continuously withCLF (indicated by the dashedlines in Figure 9), 
just as in the case of polyethylene. The quantitative relationship among 
0 e q u i i y 0R> and 0A is , of course, governed by the interdependency of 0 R 

and 0 A in this geometric configuration. In the system consisting of a 

Ί 1 I 1 

POLYETHYLENE 

-0.4-0.2 Ο 0.2 0.4 0.6 0.8 1.0 
COSINE 0equil 

Figure 8. Critical line force vs. co
sine of equilibrium contact angle for 
liquids on poly ethylene (top) and Tef
lon (bottom) 

Bars indicate C L F ranges 
On poly ethylene. C L F = 8.56 - 9.12 cos θ 

Syx = 0.86 
On_Teflon. C L F = 10.64 - 10.41 cos θ 

S y x = 1.21 
Dotted lines adjusted to pass through C L F 

= 0, cos (9=1 
Equations for these lines are: 
C L F = 8.35 - 8.35 cos θ, on polyethylene 
C L F = 10.85 - 10.85 cos θ on Teflon 

C L F = k (1 - COS θ e q u i l ) ( D 
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X 

!/ 
Figure 9. Relation ο/θΑ 

in tube of circular cross section 
R ^ eequil 

Table III. Relationship of C L F to Advancing and Receding Contact 
Angles in Teflon and Polyethylene Capillaries 

Surface Tension, 
Dynes/Cm. 

Teflon Capillary Polyethylene Capillary 
Surface Tension, 

Dynes/Cm. C L F θ A 6 R C L F θ A θ R 

72.3 14.08 118° 47' 95° 17' 9.35 104° 12' 89° 20 
58.2 12.04 108° 07' 84° 06' 6.14 80° 53' 68° 19 
51.8 10.81 101° 51' 77° 46' 4.72 70° 09' 58° 33 
47.7 — - — 3.76 62° 12' 51° 23 
43.1 8.66 90° 28' 66° 48' 2.71 52° 35' 42° 50 
39.8 — - — 1.96 44° 39' 35° 54 
36.3 — - - - - 1.17 34° 25' 27° 11 
35.3 6.24 76° 37' 54° 12' — 
30.6 4.56 65° 34' 44° 39' 
27.9 3.56 58° 13' 38° 33' 
22.8 1.63 40° 06' 24° 46' 
22.1 1.37 36° 46' 22° 20' 

rolling (or "sliding'') drop on a tilted plane 0 R and ΘΑ are also interde
pendent, but the functional form of the dependency is different. In the 
dipping plate system Θ Α and 0R are independent of each other. It should 
therefore be possible (provided 0 e q u i i can be unambiguously deter
mined) to determine whether or not ( 0 e q u i i - Or) = ( Θ Α - 0 e q u i i ) a n c * 
whether C L F for an advancing boundary is the same as C L F for a re 
ceding boundary. This is currently being investigated. 

Calculation of Advancing and Receding Contact Angles from 
Experimentally Determined Relationships among Surface 
Tension, Equilibrium Contact Angle, and Critical Line Force 

To calculate θ A and 0 R for one of our liquid-solid systems it is 
necessary first to determine 0 e q u i i a n d ( c o s 0 R - c o s 0 A ) , the cosine 
hysteresis, in the capillary tube. 

0 e q u i i i s taken directly from Figure 5 or 6 for each test liquid 
(y L A is known). 

To calculate the cosine hysteresis for each test liquid, it is neces
sary only to insert numerical values for C L F and yLA in Equation 2. 
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2 6 4 ADVANCES IN CHEMISTRY SERIES 

C L F = (cos 0 R - cos 0A) 

Both C L F and y L A are linearly related to cos 0 e q u i i > a s shown in 
Figures 5, 6, and 8. On polyethylene, over the entire range of y ^ Ts: 

and 

Therefore: 

cos 0 e q u i i = 1-84 - 0.027 γ L A 

C L F = 8.35 - 8.35 cos 0 e q u i i 

C L F = 8.35 - 8.35 (1.84 - 0.27 y L A ) 

(4) 

(5) 

(6) 

0A-0R, DEGREES 

0.2 0.3 0.4 
COS 0 R - COS 0 A 

Figure 10. Relation of critical line force to 
contact angle hysteresis θ A - θκ (top) and to 
cos θ R - θ A (bottom) for test liquids 

• On polyethylene 
Ο On Teflon 
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77. SCHWARTZ ET AL Resistance to Flow in Capillaries 2 6 5 

On Teflon, for y L A < 40 dynes per cm.: 

c o s ^ e q u i i = i - 6 3 5
 - ° · 0 3 4 4 ^ L A ( 7 ) 

and 

C L F = 10.85 - 10.85 cos 0 e q u i l (8) 

Therefore: 

C L F = 10.85 - 10.85 (1.635 - 0.0344 y L A ) (9) 

F o r y L A > 40 dynes per cm. on Teflon, cos 0 e q u i i i s read on the line 
plotted in Figure 6, and this value is substituted in Equation 8 in order 
to determine C L F . 

For water ( y L A = 72.3 dynes per cm.) the cosine hysteresis on 
polyethylene is thus calculated as follows: 

( c o s e R - c o s «. ) = = 2 i 8 . 3 5 - 8 . 3 5 ( 1 . 8 4 - 0 . 2 7 r L A ) ] = Q 

A LA LA 

2568 

Referring to the insert at the left of Figure 9, for a tube of radius 
= 1, cos 0 and V (the volume of the spherical segment bounded by the 
the plane XX') are related by: 

2h / e . 
cos 0 = h 2 + ! (3) 

ïïh3 7rh 
V = "β " +• Τ (3a) 

where h is the height of the spherical segment. 
Cos 0 and V can be calculated for values of h between 0 and 1 and a 

graph plotting cos 0 vs. V can be constructed. (We actually plotted 41 
points, taking h in increments of 0.025.) The resultant curved line in
creases from V = 0 at cos θ = 0 to V = 2.094 at cos 0 = 1 . For a given 
value of cos 0 the corresponding V can be found on this curve. 

To calculate 0 A and 0 R , knowing (cos 0 R - cos 0 A ) and 0 e q u i l , we 
start at the point on this V vs. cos 0 line corresponding to cos 0 e q u i i · 

The V intercept is V e q u i i . We then move equidistantly from this V e q u i l 

to V e q u i i + AV and V e q u i i - AV until the difference between the corre
sponding cosine 0 intercepts is equal to the cosine hysteresis, calcu
lated above. These two cosines are cos 0 R (at V e q u i l + AV) and cos 0 A 

( a t V e q u i l - A V ) . 
For example, for water on polyethylene, 0 e q u i i i s found to be 

96° 54T (cos 0 e q u i i = -0.120 at y L A = 72.3, from Figure 5). The cor
responding V e q u i l i s -0.094 (volume is taken as negative when 0 is 
> 9 0 ° ) . The cosine hysteresis is 0.2568, as calculated above. By mov
ing to volumes of -0.197 (-0.094 -0.103) and +0.009 (-0.094 +0.103) we 
obtain values for cos 0 of -0.2452 and +0.0116, whose difference is 
0.2568, as desired. The volume of the segment at the advancing front, 
V A , is -0.197 and the volume of the segment at the receding front V R , 
is +0.009. 
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266 ADVANCES IN CHEMISTRY SERIES 

0 A = cos"1 (-0.2452) = 104° 12' 

and 

0 R = cos"1 (+0.0116) = 89° 20' 

Conclusions 

Aside from their factual significance, the above findings shed some 
light on the causes of contact angle hysteresis. To avoid ambiguity we 
define this hysteresis as the maximum range of angle which the system 
can be made to assume without causing the line boundary to move. 
Thus, the advancing and receding angles may be regarded as incipient 
dynamic contact angles, and the hysteresis as the difference between 
the advancing and receding contact angles extrapolated to zero velocity 
[3]. One of the current hypotheses holds that the contact angle in any 
highly localized region of the liquid-solid-vapor boundary line has the 
thermodynamic equilibrium value given by Young's equation and that 
the surface roughness (localized inclination of the surface plane to the 
apparent macroscopic surface plane) is solely responsible for the 
apparent macroscopic hysteresis. It is understood in this argument 
that the radii of curvature of the irregularities are large compared to 
the molecular radii. It can be shown, using either the realistic model 
of Shuttleworth and Bailey [16] or the simplified model of Schwartz and 
Minor [15], that if this were the case the contact angle hysteresis 
(0 a • Or) could increase with increasing 0 e q u i i a s w e l 1 a s w i t n t n e d e ~ 
gree of roughness. The value of (0 A - 0RJ on all surfaces, however, 
would reach a maximum at 0 e q u i i = 90°. Furthermore, systems of 
θequil close to zero could show a 0 A of nearly 90° on a surface of suf
ficient roughness. Our contact angle data are, of course, not gathered 
directly but are derived from our force measurements. Guastalla [11] 
has considered the effect of contact angle ( 0 e q u i i ) on the force required 
to push a liquid-solid-air boundary past an idealized roughness asperity. 
His analysis indicates that the force reaches a maximum at 0 e q u i i = 90°, 
and that a considerable force can be encountered, on a surface of suffi
cient roughness, even when 0 e q u i i is close to zero. 

Since we have shown that this is not the case, we conclude that 
roughness cannot be the sole cause of the CLF phenomenon or of con
tact angle hysteresis, although there is no question that it has an effect 
on the measured values of these quantities. 
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18 
Coadsorption of n-Octadecane and Stearic Acid 

on Metal Surfaces 

W. P. DOYLE AND A. H. ELLISON 

Texaco Research Center 
Beacon, Ν. Y. 

Radioisotopic tracer techniques were applied 
to study the coadsorption of n-octadecane and 
stearic acid on a metal surface immersed in 
a n-octadecane solution of stearic acid. Dual 
labeling was employed for determining the 
surface concentrations of both n-octadecane 
and stearic acid. n-Octadecane was labeled 
with tritium and stearic acid with carbon-14. 
The results of half-hour adsorption experi
ments provide direct proof of coadsorption of 
polar and nonpolar materials on iron, copper, 
silver, and platinum surfaces. The films 
produced on silver and copper by 19-hour 
adsorption consisted of approximately one 
molecular layer of stearic acid and two mol
ecular layers of octadecane. A new model is 
proposed to describe the structure of this 
thick coadsorbed film. 

The composition of the adsorbed film produced on a metal or metal 
oxide surface as a result of contact with a dilute solution of a long-chain 
polar solute in a long-chain nonpolar solvent has been the subject of 
several recent papers [1, 2, 4, 5], A l l of these workers conclude that 
such films are not, as originally believed, monolayers consisting en
tirely of vertically oriented polar molecules but rather mixed monolayers 
containing major amounts of solvent coadsorbed with the polar solute. 

Zisman and coworkers [2, 5], as a result of their contact potential 
and wetting angle measurements of films formed by octadecylamine-
cetane adsorption, suggest that a mixed monolayer of polar and non-
polar molecules is in a nonequilibrium state and that with time the 
surface concentration of polar molecules increases and reaches 100%. 
On the other hand, Ries [4], in studies of the stearic acid-cetane ad
sorption on metals (oxide) and mica, finds that surface reactivity is a 
factor. Thus, after extended adsorption time the surface concentration 
of vertically oriented polar molecules was about 0.3 monolayer on un-
reactive surfaces and several monolayers on reactive surfaces. 

268 
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7 8 . DOYLE AND ELLISON Co-adsorption on Metals 2 6 9 

While the concentration of polar molecules in these films has been 
determined directly by the tracer technique, no similar direct deter
mination of solvent concentration has been carried out. 

This work was undertaken, first of all , to measure directly by the 
radioactive tracer method the amount of n-octadecane solvent present 
in an adsorbed stearic acid film. It was also our desire to elucidate 
the structure of these coadsorbed films and determine the effect of ad
sorption time upon it. 

Critical to work in this area is the ability to isolate these films 
from the generating solution. Zisman's [3] early work provided the 
"oleophobic" or Mretraction T t method for this purpose. The application 
of this method in this work yielded metal samples after adsorption 
having broad areas of oleophobic or dry surface. However, the few 
droplets of solution adhering to the area of surface to be counted and 
the larger amount of solution adhering to the edges and backs of metal 
samples, which would grossly contaminate the counting equipment, had 
to be removed by a solvent rinse before radioactive analysis could be 
carried out. This solvent rinse had little effect on the ability of the 
tracer technique to provide a clear answer to the main objective of the 
work. 

Experimental 

Stearic a c i d - l - C 1 4 was purchased from the Volk Radiochemical 
Corp. It was purified by paper chromatography and diluted with Eastman 
White Label stearic acid to a specific activity of 0.218 millicurie per 
millimole. Its purity was determined by isotopic dilution. n-Octadecane-
1, 2 - H 3 was prepared by low pressure hydrogénation of n-l-octadecene 
over Pd on asbestos, using tritium-labeled hydrogen. Except where 
noted, the n-octadecane was purified by percolation through silica gel 
prior to each adsorption experiment. The melting point of this product 
was 27.5-28°C. and its specific activity was 0.124 mc. per mmole. 

The metal samples, 2 x 1 1/2 χ 1/8 inches, were polished to a 
mirror finish on a polishing wheel covered with kitten-ear polishing 
cloth wet with a suspension of Linde alumina (Type B-5125). Each pol
ished metal sample was covered with an evaporated film of the same 
metal (1000 A . thick) just prior to use. These films were hydrophillic, 
indicating the absence of organic contamination. 

The purpose of depositing this metal film onto the metal substrate 
was to cover the alumina embedded in the metal substrate during the 
polishing operation. Electron diffraction patterns obtained from the 
metal surfaces showed that the surface was contaminated with alumina 
before the evaporation step and essentially pure metal after the evapora
tion. This technique would have shown up any contaminant present in 
the surface layer (100 A . deep) in excess of about 10%. It is acknowl
edged that a film of oxide is present on these surfaces. 

In each experiment films were produced on two mirrors by i m 
mersing them for a measured time in a rectangular cell containing the 
solution of stearic a c i d - l - C 1 4 (10~3 gram per ml.) in n-octadecane-1, 
2 - H 3 . A l l adsorption studies were carried out at 40°C. 

It was desired to produce surfaces comparable to those obtained by 
Bartell [1] and Zisman [2]—that is, dry films. However, in no case did 
we obtain a completely dry surface. After the mirrors had been in the 
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solution for a specified time they were removed and given a 5-second 
rinse with freshly percolated cyclohexane. Cyclohexane was chosen be
cause its molecular structure was not similar to that of n-octadecane. 
It was believed that this dissimilarity would reduce the chance for ex
change of the unlabeled molecules in the rinse solvent with labeled 
n-octadecane. The amounts of n-octadecane and stearic acid on the 
metal surface were then measured by radioactivity assay. Following 
this, the mirrors were given two additional 1-minute rinses with a good 
deal of agitation, and were counted after each rinse. The object of the 
rinses was to see how readily the adsorbed species were removed. In 
these rinsing procedures the same volume of solvent was always used 
and the time was closely controlled. 

To simplify presentation of the data the values of the surface con
centrations of n-octadecane and stearic acid on the duplicate mirrors 
were averaged. The standard deviation for the surface coverages by 
acid was 14%; for coverages by octadecane it was 7% after the 5-second 
rinses and 50% after the other two rinses. Although the 50% standard 
deviation appears large, the absolute error involved is small, since the 
surface coverage by octadecane was small after the second and third 
rinses. 

A gas flow Geiger tube was used to count the C 1 4 and H 3 radiation 
from the films. The radiation from C 1 4 and H 3 can be distinguished 
because the energies of the beta-particles emitted in each case, and 
thus their penetrating powers, are different. C 1 4 radiation was detected 
through a thin Mylar window on the Geiger tube. H 3 radiation does not 
penetrate this window. The window was removed to count the H 3 and 
C 1 4 radiation combined. The net counting rate for H 3 radiation was ob
tained by subtracting the C 1 4 counting rate (corrected for greater de
tection efficiency with the window removed) from the combined counting 
rate. The counting rates were measured to a standard deviation of 3%. 

Blodgett monolayers of stearic a c i d - l - C 1 4 and stearic acid-9, 
10 -H 3 had been previously prepared on silver, platinum, copper, and 
iron and counted in order to convert counting rate data to monolayers of 
stearic acid. To calculate surface coverage by n-octadecane it was 
assumed that vertically oriented n-octadecane molecules would occupy 
the same cross-sectional area as vertically oriented stearic acid 
molecules. 

Results and Discussion 

The first adsorption experiments furnished some interesting results 
regarding solvent purity. A stock solution of stearic a c i d - l - C 1 4 in 
n-octadecane-1,2-H 3 was prepared using n-octadecane-l,2-H 3 which 
had been percolated through silica gel. Ten days later it was observed 
that the adsorption data did not reproduce the results obtained when the 
solution was new. Apparently the concentration of labeled polar-
oxidation products of n-octadecane had built up during this period to a 
level where they contributed significantly to the composition of the ad
sorbed film. To check this point an adsorption experiment was con
ducted in whichsilver mirrors were placedfor 19 hours in n-octadecane-
1,2-H 3 containing no stearic acid. The date from this adsorption 
experiment, along with results of subsequent cyclohexane rinses, are 
shown in Table I. 
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Table I. Adsorption of Polar Impurities from Stored Octadecane 

Fraction of Monolayer of 
Octadecane-1, 2 - H 3 Adsorbed 

Rinse Time, Seconds Fresh octadecane Stored octadecane 

5 0.3 0.5 
65 0.1 0.4 

125 0.0 0.3 

Results of an identical adsorption experiment carried out immedi
ately after the initial silica gel treatment of the η-octadecane-1,2-H 3 

are included in Table I for comparison. 
It is obvious that tritium-labeled polar impurities were formed in 

the stored solvent. On the basis of these results it was decided to con
duct all subsequent adsorption experiments with solutions prepared not 
more than 2 days before. The authors are aware that experimenters in 
this field appreciate the general requirement for solvent purity in ad
sorption experiments. However, it was thought that these data should 
be presented to emphasize the special importance of solvent purity when 
studying coadsorption of solvent and solute by tracer techniques and to 
point out the relatively short time required for impurities to develop. 

0.5-Hour Adsorption 

In Table II the coverages in equivalent Blodgett layers are given 
for silver, platinum, copper, and iron samples following a 0.5-hour 
adsorption in the stearic acid-n-octadecane solution and the subsequent 
rinse steps. Given also are the coverages of n-octadecane on silver 

Table II. Stearic Acid and Octadecane Concentrations 
in Films Produced by 0.5-Hour Adsorption at 40°C. 

(Expressed as equivalent Blodgett monolayers) 

Metal 

Rinse Time, 
Seconds Silver Platinum Copper Iron 

Solvent Solution a 

n-Octadecane 5 0.3 1.2 1.3 0.9 0.4 
Stearic acid - 0.5 0.7 0.7 0.6 
Total 0.3 1.7 2.0 1.6 1.0 

n-Octadecane 65 0.1 0.2 0.1 0.2 0.2 
Stearic acid - 0.5 0.5 0.6 0.5 
Total 0.1 0.7 0.6 0.8 0.7 

n-Octadecane 125 0.0 0.0 0.0 0.1 0.1 
Stearic acid - 0.4 0.4 0.5 0.5 
Total 0.0 0.4 0.4 0.6 0.6 

a One sample. 
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following a 19-hour adsorption in the pure solvent and the subsequent 
rinse steps. This run was made for reference, to show the efficiency 
with which this 5-second rinse removes excess liquid. In comparing 
these reference data with the data for acid-containing films, it is impor
tant to realize that the latter are oleophobic surfaces. Thus the excess 
liquid being removed consists of loosely adhering droplets which should be 
more easily removed than the liquid layer produced in the reference run. 

It can be seen from Table II that the films remaining on all the 
metals after the 0.5-hour adsorption and 5-second rinse contain more 
n-octadecane than can be accounted for on the basis of incomplete re 
moval of excess solution. This is taken to mean that n-octadecane is 
coadsorbed with stearic acid. The significant removal of n-octadecane 
by the second and third rinses, compared to the almost negligible re 
moval of stearic acid, indicates that n-octadecane is rather weakly bound 
on the surface. 

19-Hour Adsorption 

The results, obtained in the 19-hour adsorption studies using silver 
and copper mirrors, are tabulated in Table III, with reference data from 
Table Π. 

These data provide the same evidence of coadsorbed but loosely 
bound n-octadecane as seen with the 0.5-hour films. The amounts of 
both acid and solvent after adsorption and 5-second rinse are, however, 
significantly greater in the 19-hour films. Higher coverages by solvent 
only might be attributed to poorer rinsing technique, but the higher 
coverages by both components must be attributed to increased adsorp
tion of acid and solvent as a result of the longer adsorption time. That 
an increase in the adsorption of acid is accompanied by an increase in 
the amount of n-octadecane in the film is additional evidence of solvent 
coadsorption. 

It is unlikely that the observed high total coverages of 3.2 and 3.6 
equivalent Blodgett layers can be attributed to surface roughness. Pol 
ished surfaces of this type usually have roughness factors of about 1.5. 

Table ΙΠ. Stearic Acid and Octadecane Concentrations 
in Films Produced by 19-Hour Adsorption at 40°C. 

(Expressed as equivalent Blodgett layers) 

Metal 

Silver 
Copper 

Rinse Time, Seconds Solvent Solution 

η-Octadecane 5 0.3 2.2 2.4 
Stearic acid - 1.0 1.2 
Total 0.3 3.2 3.6 

n-Octadecane 65 0.1 0.2 0.2 
Stearic acid - 0.8 1.0 
Total 0.1 1.0 1.2 

n-Octadecane 125 0.0 0.1 0.1 
Stearic acid - 0.7 0.9 
Total 0.0 0.8 1.0 
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These considerations lead us to believe that these 19-hour films of ad
sorbed acid and coadsorbed solvent are multilayers. In view of the re 
sults with the 19-hour films, the higher than expected total coverages 
observed with most of the 0.5-hour films are understandable. 

For a given adsorption time there was little variation in the amount 
of acid adsorbed on the different metals. With the 0.5-hour films there 
was significant variation in the amount of n-octadecane. It is believed 
that this solvent variation is a result of the difficulty inherent in per
forming the delicate task of removing by a short rinse all excess solu
tion without removing the very loosely bound coadsorbed solvent. 

Conclusions 

A revised picture is needed to describe the structure of films com
posed of coadsorbed polar solute molecules and nonpolar solvent mole
cules. The close-packed model of Reis implies that the coadsorbed 
solvent should be relatively tightly bound. That this is apparently not 
the case is suggested by the ease with which the n-octadecane was re 
moved from all the films. The data show that n-octadecane is more 
firmly attached to the surfaces on which stearic acid is adsorbed than 
to surfaces on which no acid is adsorbed. This means that the coad
sorbed n-octadecane found is not present in the film as relatively large 
aggregates of randomly oriented solvent molecules on the surface. 
These aggregates, if they exist on the surface initially, should have been 
removed by the 5-second rinse. This is based on the fact that solvent 
was removed from the silver mirrors which had been immersed in pure 
n-octadecane containing no stearic acid. 

In the case of the 19-hour adsorption studies one might picture 
these thick films as consisting of a mixture of randomly dispersed acid 
or soap and solvent. However, if this were true, the rinsing treatments 
should have removed large amounts of the acid or soap along with the 
solvent. This was not the case. The fact that large amounts of acid 
were not removed indicates that the acid is closely associated with the 
metal surface. 

Therefore, we propose a model for coadsorption which is consistent 
with our results. In our picture of coadsorption nearly all the stearic 
acid is adsorbed at the metal surface. The rinsing data tend to bear 
this out. The larger size of the polar head than the hydrocarbon tail 
of stearic acid results in some space between the hydrocarbon tails of 
the acid molecules which can be penetrated by solvent molecules. These 
solvent molecules fit between the stearic acid molecules and are aligned 
with the hydrocarbon tail of the acid. However, in this picture of coad
sorption it is assumed that the entire length of the solvent molecule 
does not associate with the hydrocarbon moiety of the acid. A portion 
of the solvent molecule extends beyond the hydrocarbon tail of the acid, 
and in turn acts as anchor for a second layer of solvent molecules. In 
this way several layers of solvent molecules could conceivably be built 
up on a monolayer of adsorbed stearic acid. The solvent molecules in 
these layers, as described, would tend to be oriented in the same way 
as the adsorbed acid—that is, vertical to the surface with methyl groups 
extending outward. If in the last layer out from the surface the hydro
carbon tails are drawn together by van der Waals forces, the result 
would be a low energy methyl group surface. This picture is consistent 
with the oleophobic nature of the films. Moreover, the fact that the 
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n-octadecane molecules in this model would be available for association 
with the rinsing solvent accounts for the ease with which the solvent 
can be removed from the films. 

It is our belief that the thick (a few monolayers) oleophobic films 
containing a volatile component observed by Bartell [1] in his studies 
of octadecylamine-cetane adsorption on metals are of the same type as 
observed in this work, the main difference being the lower volatility of 
n-octadecane than cetane. 

The results reported in this paper support the conclusion of Zis
man [2, 5] and others [1, 4], that films produced at comparatively short 
times contain both the polar solute and the nonpolar solvent, but that 
coadsorbed films are also formed at longer adsorption times. The pro
posed model describes the primary adsorbed layer next to the metal 
surface as consisting of nearly 100% adsorbed stearic acid at long ad
sorption times. 
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Electron Microscopic Investigation of the 

Adsorption of Long-Chain Fatty Acid 

Monolayers on Glass 

L. O. BROCKWAY and R. L. JONES 

University of Michigan 
Ann Arbor, Mich. 

The formation of monolayers of cerotic, be-
henic, and stearic acids adsorbed from cis-
decahydronaphthalene and n-hexadecane so
lutions onto glass was studied by electron 
microscopy. Platinum preshadowed carbon 
replicas of the monolayered glass surfaces 
were examined in a J E M 6-A electron m i 
croscope. The acids adsorb initially in dis
crete patches; the average patch diameter 
depends on the length of the acid molecule, 
becoming smaller for shorter acids. The 
area covered by the unimolecular film in
creases as the adsorption time or concen
tration of adsorbate solution increases. 
Contact angle measurements on partially 
monolayered surfaces show the contact angle 
to be dependent upon the fraction of substrate 
covered. Direct evidence of metastable in
corporation of hexadecane in acid mono
layers was obtained. 

The unique wetting behavior of monolayers of long-chain polar 
molecules and the fundamental role of fatty acid films in boundary lu 
brication have led to numerous investigations of the structure of mono-
molecular layers adsorbed on solid substrates. In a series of studies 
designed to explain the peculiar wetting properties of these monolayers, 
Zisman and coworkers [7] established that the most plausible configu
ration of the adsorbed film is a closely packed array of molecules with 
the polar groups adsorbed at the solid surface and the hydrocarbon 
chains projected nearly normal to it in such a way that the outer sur
face of the monolayer is composed largely of C H 3 groups. They con
cluded that the outer surface determines the oleophobic and hydro
phobic properties of the monolayer [22]. 

275 
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Bigelow and Brockway [6] used reflection electron diffraction and 
contact angle measurements in a study of the structure and wetting 
properties of progressively depleted monolayers of several long-chain 
fatty acids. The monolayers were adsorbed from η-hexadecane solu
tion onto microscope slides. Depletion was accomplished by immers
ing the monolayered slides for varying periods of time in pure hexa
decane. They observed that there was an upper limit to the angle of 
tilt assumed by the acid molecules, which increased from about 2° for 
behenic acid to approximately 8° for myristic acid. The maximum 
tilt observed for any one acid did not change with depletion, although 
the pattern intensity decreased, but it did change from one acid to 
another. 

Epstein [13], who was working at the same time on an electron 
microscopic study of fatty acid films, postulated the existence of 
"micelles" in the unimolecular layer to explain the appearance of de
posited acid layers; his theory was used to rationalize the molecular 
tilt observed by Bigelow. Epstein's basic assumption, which is the 
same as that used by Langmuir [18] in his treatment of stearic acid 
spread on water, is that the most stable arrangement of polar mole
cules in a monolayer occurs when the hydrocarbon chains of adjacent 
molecules are in intimate contact. Since the cross-sectional area of 
the carboxylic group is somewhat greater than that of the hydrocarbon 
chain, the implication is that the molecules must tilt toward one an
other, forming clumps of molecules which have been likened in homely 
analogy to corn shocks. With increasing size of the micelles the mole
cules in the outermost ring must show an increasing tilt, an increasing 
mismatch between the methylene groups in adjacent chains, and a de
crease in the energy associated with intermolecular attractions. A c 
cordingly, there will be a certain limiting tilt of the outer molecules 
and a limiting diameter of the micelles, beyond which it is energeti
cally more feasible for molecules to take part in the formation of a 
new micelle. The limiting diameter for stearic acid was calculated to 
be about 100 A . A saturated monolayer then would presumably have a 
high density of micelles with nearly equal diameters. Incomplete mon
olayers where fewer polar molecules are adsorbed would ideally have 
micelles of about the same diameter as those in the saturated mono
layer but now separated from one another by some distance. The dif
fraction patterns of depleted monolayers obtained by Bigelow [6], show
ing a decreased intensity but no change in basic form when compared 
to patterns from saturated monolayers, would be consistent with this 
scheme. Other electron diffraction investigations have given data 
which are compatible with the micelle theory (Karle [17], Chapman and 
Tabor [9]). 

Ries and Kimball [21] have published micrographs of islands of 
vertically orientated acid molecules which occur at certain surface 
pressures in monolayers of fatty acids spread on water. Mathieson [20] 
examined electron micrographs of replicas of mica surfaces which had 
been dipped in dilute stearic acid-hexadecane solution; he observed that 
the stearic acid was present on the surface in patches which were of 
varying lateral extent but only 25 A . thick. He noted in some instances 
a tendency toward regular alignment of particles of the shadowing metal 
on the surface of the acid patches. Mathieson suggests these may indi
cate the presence of Epstein's micelles in the monolayer. 
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This paper describes a systematic study by electron microscopy 
of adsorbed monolayers of long-chain fatty acids ranging from C 1 4 to 
026· Improvements in replication techniques and the electron micro
scopes themselves since the time of Epstein's original work, as well 
as the successful applications of electron microscopy cited above, gave 
reason to believe that such an investigation would be a useful supple
ment to the previous experiments of Bigelow and Brockway in elucidat
ing the structure of the adsorbed films. 

Experimental Methods 

Adsorbed films showing a smooth variation in contact angle meas
urements were prepared by dipping freshly cleaned microscope slides 
for appropriate periods of time into czs-decahydronaphthalene (Decalin) 
solutions c o n t a i n i n g the acid. Longer fatty acid molecules form 
stronger monolayers than the shorter members of the acid series, and 
their additional length should alleviate the problem of resolving the 
unimolecular film adsorbed on the glass surface. For this reason ini 
tial experimentation was begun with a high homolog (cerotic acid) of 
the fatty acid series. Replicas of slides were prepared and examined 
in the electron microscope. This process was repeated with acids 
lower in the homologous series until it became impossible to resolve 
the adsorbed acid structures. The group of experiments was then r e 
peated using hexadecane as the solvent. 

The fatty acids used—cerotic, behenic, stearic, and myristic—were 
donated by the Chemical Division, Procter and Gamble Co. , and were 
reported at the time of their preparation to be at least 95% pure. The 
melting points of these acids taken just prior to our film-forming ex
periments were found to be within 1° to 2° of the literature values. 
Melting point depression is not an especially sensitive criterion for 
purity in long-chain fatty acids [10], but since the probable impurities 
are themselves saturated long-chain acids differing only in chain length, 
it was concluded that these acids were of sufficient purity for their in 
tended use. 

The solvents were cis-Decalin and ?z-hexadecane. The former was 
chosen because it has a bulky,, nonlinear molecule not likely to be in 
corporated in the acid monolayers, high surface tension (32.18 dynes 
per cm. at 2 0 ° C ) , relatively low volatility, and appropriate dissolving 
capacity for the acids used. The solvents were Eastman Kodak practi
cal grade treated to remove adsorbable impurities. They were shaken 
with concentrated H 2 S 0 4 until no further discoloration of the organic 
layer occurred, washed with dilute NaOH, then with water, and finally 
dried over anhydrous M g S 0 4 . Just prior to their use the solvents were 
percolated through a column of activated alumina. Drops of the liquids 
so purified showed no tendency to spread on either strongly alkaline or 
strongly acidic water [25]. 

The methylene iodide used for the majority of contact angle meas
urements was Eastman Kodak White Label grade and was passed 
through columns of activated alumina before use. 

The solutions used for monolayer preparation with their approxi
mate concentration ranges are listed in Table I. Some of the more 
concentrated solutions approach or exceed the probable saturation 
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Table I. Range of Concentrations of Fatty Acid Solutions Used 
for Monolayer Preparation 

Molar Concentrations of Solutions 
Acid 

n-Hexadecane cis-Decalin 

Cerotic acid (C 2e) 
Behenic acid (C22) 
Stearic acid (C 1 8 ) 
Myristic acid ( C 1 4 ) 

1 χ ΙΟ" 4 - 1 χ 10 5 

1 χ 1 0 - 4 - 1 χ 10 _ s 

1 x l 0 " 3 - l x l 0 " s 

1 χ ΙΟ" 3 

1 χ ΙΟ" 3 

1 χ ΙΟ" 3 

1 χ ΙΟ" 3 

1 χ Ι Ο " 5 

1 χ 10 " s 

1 χ Ι Ο " 5 

1 χ 10" 5 

point. No correction was made for adsorption of the solute on the walls 
of the container. 

Premium grade microscope slides were chosen for use as the ad
sorbent substrate in these experiments, although glass surfaces are 
difficult to characterize because of their tendency to be hydrolyzed by 
water vapor in the atmosphere. Graphic proof of the hydrolysis of lime 
glass is given by Zarzycki and Mezard [24]; moreover, it has been 
reported that the adsorption of fatty acids is affected by the extent of 
surface hydrolysis, and tends to be less on glass surfaces treated so 
as to reduce the degree of hydrolysis [16]. The contact angle of high 
surface tension organic liquids on glass is finite in atmospheres where 
the relative humidity is not zero—e.g., θ = 35° for C H 2 I 2 at approxi
mately 30% relative humidity [19], and may become as large as 60° for 
C H 2 Ï 2 at higher humidities [12], 

Despite these shortcomings, glass has been employed successfully 
as a substrate by several workers [6,13,17], and the decision was made 
to use glass here, in order to correlate our experimental findings with 
those of the previous investigators. A standardized cleaning treatment 
and drying cycle (described below) were adopted to produce a "stand
ardized" degree of surface hydration. Methylene iodide contact angles 
measured over a period of several months on the cleaned specimens 
fell within the range of 40° ± 5° with exceptions amounting to fewer 
than 1%, even though the humidity in the laboratory was not controlled. 
The agreement of these angles and the general reproducibility of fatty 
acid adsorption observed in this work were taken as indication that the 
cleaning method was adequate. 

Methylene iodide contact angles were also measured on glass sur
faces which had been immersed for increasing times in Decalin. Im
mersions of 5 to 10 minutes did not change the contact angle, but an in
crease in angle to 45° and to 49° was observed after immersion periods 
of 1 and 10 hours. An examination by electron microscopy of slide 
replicas revealed no consistent differences between glass surfaces 
which had been immersed in Decalin and those which had been only 
cleaned but not immersed, or those examined without cleaning or treat
ment in the solvent. 

Propper Crown Brand microscope slides were scored and broken 
into pieces approximately 3.8 by 2.5 cm. These pieces were washed in 
detergent (Tide) and hot water, and then rinsed thoroughly in steaming 
doubly distilled water. While still wet, the pieces were stacked in 
weighing bottles in such a fashion that they remained standing upright 
without having their surfaces touch one another even when the bottles 
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were gently shaken or tilted. Enough absolute ethanol was added to 
cover the stacked pieces. The weighing bottle and its contents were 
then treated in an ultrasonic cleaning apparatus for 5 minutes. The 
ethanol was replaced by reagent grade acetone, and the glass pieces 
were given two successive 5-minute treatments in fresh acetone. 
During this process, great care was exercised to avoid touching the 
slides with anything but glass tweezers. The weighing bottles complete 
with contents were placed in a grease-free oven, and dried 4 hours at 
150°C. 

The slides were removed from the hot oven just prior to use and 
attached by a stainless steel spring clamp to the end of a rod which had 
vertical movement by a rack and pinion mechanism. After a standard 
cooling period of 1 minute, the slide was run quickly down into the fatty 
acid solution until about two thirds of its length was immersed in the 
liquid. After the period of immersion, the slide was withdrawn from 
the solution as rapidly as possible while allowing good retraction of the 
solution; this usually required no more than 5 seconds. When short 
times of adsorption or very dilute concentrations were used, the slide 
emerged with a film of solution still on its surface. In some instances 
this film retracted within a few seconds of withdrawal as more acid 
molecules were adsorbed from the adhering solution. A rather arbi 
trary definition of wetted surface was adopted; if the solution did not 
retract from most of the slide's surface within 2 minutes while hanging 
vertically, it was described as "wetted." 

A more quantitative criterion of the wetting tendency of the mono-
layered slides was obtained by contact angle measurements. Advancing 
contact angles were measured using the drop-on-plate method. Only 
drops having less than 0.5-ram. maximum diameter were measured to 
avoid the complication of gravitational distortion. Hexadecane was used 
initially, but later methylene iodide, which exhibits larger, easier to 
measure contact angles was employed. No provision was made to pre
vent dissolution of the monolayer in the contacting liquid. The contact 
angles were reproducible to ± 1° (50% confidence level). 

Measurements were made at five locations on each specimen: one 
at the top on the untreated surface, and four at regular intervals across 
the slide at about the center of the monolayered section. Transversely 
located sites were chosen because the bottom of the slide is in the so
lution longest, and for short times of immersion the percentage differ
ence between the adsorption time at the top edge of the monolayered 
area and at the bottom is not negligible. Surface migration of adsorbed 
molecules, at least for the time periods ordinarily involved here, was 
ruled out by comparing the "blank" contact angle measured on these 
specimens to contact angles measured on untreated slides. 

Replicas of these slides were prepared immediately after the con
tact angle measurements were completed. Saturated monolayers were 
expected to be stable, but rearrangement in incomplete monolayers, or 
in monolayers incorporating appreciable amounts of solvent, was con
sidered a definite possibility [2], Just before the specimen was placed 
in the evaporator, a water suspension of polystyrene latex spheres of 
about 0.09-micron diameter was sprayed onto the monolayered surface 
with a nebulizer. The presence of a sphere in the micrograph allows 
quick differentiation between holes in a nearly complete film and is 
lands of acid molecules rising above the substrate surface. The spheres 
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are a convenient check of the magnification of a micrograph and also 
are used as a focusing aid in the examination of the replica. 

Platinum is much used for shadow-casting because it is highly 
opaque to the electron beam and yields a finer grain when evaporated 
than the other heavy metals. The shadowing and replicating technique 
used in this study was devised by Cook [11] and involves the evapora
tion of platinum from a resistance-heated carbon rod. It is a conven
ient and economical method of producing platinum preshadowed carbon 
replicas, which is claimed by Cook to give shadowing grains smaller 
than 10 A . and replica resolution of better than 20 A . The shadowing 
angle was 30°, which gives a shadowing ratio of 1 to 2, and the distance 
from source to specimen was 12 cm. 

The replicas were stripped from the monolayered glass surfaces 
by gradual immersion in dilute aqueous solutions of HF with the slide 
at an angle to the liquid surface. The stripped replicas were subse
quently washed with distilled water and mounted on copper grids. 
Stripping was slower for the surfaces which were more wetted—i.e., 
the ones with fewer acid molecules adsorbed on their surface. From 
this, it is assumed that the fluoride attack is primarily upon the fatty 
acid. 

A J E M 6-A electron microscope with accelerating voltages up to 
100 kv. and capable of a demonstrable 10-A. resolution was used in 
this study. The instrument was routinely operated at something less 
than its maximum capabilities; although up to 200,000 x direct magni
fication was available, most micrographs were taken at 25,000 to 
75,000 x and 80 kv. 

The percentage of substrate surface covered by the adsorbed mon
olayer was determined by cross-hatching enlarged prints of micro
graphs of replicas of the monolayered surface and counting squares. 
Each replica was carefully scanned in the electron microscope to en
sure that the micrograph taken was truly representative of the surface 
of the specimen. The precision of this method of measurement was 
estimated by taking micrographs of three different areas of the same 
replica and then determining the surface coverage in each micrograph. 
This was repeated with several different specimens of behenic and ce-
rotic acid monolayers; a comparison of results indicates that the esti
mated probable error (50% confidence level) in a single given meas
urement is not greater than ± 3 % . This method of measuring surface 
coverage was not practical for many of the specimens examined. 

Experimental Results 

A representative set of data is presented in Table II. The condi
tions of adsorption for the individual specimens have been included. 
Micrographs of these surfaces are shown in Figures 1 through 6. 

The glass surfaces were smooth over large areas [8], and in the 
rare instances where scratches and abrasions did occur, monolayers 
of the cerotic and behenic acids continued uninterruptedly over a minor 
surface defect. Stearic acid structures were not observed to do this. 

Reflection electron diffraction patterns from glass surfaces treated 
in hexadecane solutions of cerotic and stearic acids were obtained and 
compared with diffraction patterns taken by Bigelow [5] of monolayers 
of the same acids. The agreement was sufficient to conclude that the 
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Table II. Contact Angles and Surface Coverage for Monolayers 
of Fatty Acids Adsorbed on Glass Surfaces (Representative Data) 

Time of Molar Contact Surface 
Adsorption, Sec. Concn. Angle , 0 Coverage, % 

cis-Decalin Solutions 

Cerotic acid 
C D - I 30 1 χ 10" 4 46a 10 
CD-2 15 1 x 10 - 3 59 35 
CD-3 30 1 x 10" 3 65 55 
CD-4 3 min. 1 χ ΙΟ" 3 71 95 

Behenic acid 
BD-1 30 1 χ 10-5 50a 15 
BD-2 1-1/2 min. 1 χ 10 - 5 55 20 
BD-3 15 1 χ 10- 4 59 30 
BD-4 30 1 χ 1 0 - 4 65 80 

Stearic acid 
SD-1 15 
SD-2 30 
SD-3 30 
SD-4 1-1/2 min. 

n-Hexadecane Solutions 

Cerotic acid 
CH-1 1-1/2 min. 
CH-2 15 min. 
CH-3 45 min. 
CH-4 32 hr. 

Behenic acid 
BH-1 10 
BH-2 30 
BH-3 1 min. 
BH-4 1-1/2 min. 

Stearic acid 
SH-1 10 
SH-2 30 
SH-3 1-1/2 min. 
SH-4 5 min. 

1 χ 10 "5 48 a --
1 χ Ι Ο " 5 53 — 
1 χ ΙΟ " 4 60 — 
1 x 10 ' 4 64 

1 χ ΙΟ" 4 22 b 10 
1 χ ΙΟ" 4 29 35 
1 χ ΙΟ" 4 35 55 
1 χ ΙΟ" 4 38 Multilayers 

5 χ 10" s 39 b 

5 x 10 ' 5 41 — 

5 χ 10" 5 44 — 
5 χ ΙΟ" 5 45 — 

1 χ 10" 4 56 a 

1 χ 10" 4 59 — 
1 χ 10" 4 63 — 
1 χ 10' 4 68 — 

aContact angle measurements using methylene iodide. 
^Contact angle measurements using hexadecane. 

monolayer structures in the present study are basically the same as 
those produced in Bigelow's experiments. 

Cerotic Acid-czs-Decalin Series. The adsorbed clusters of cerotic 
acid in micrographs C D - I through CD-3 (Figure 1) are about 30 A . 
thick as determined from the length of the shadow. Their lateral extent 
is easily estimated by comparison with the 900-A. polystyrene spheres. 
In micrograph CD-4 the structures observed are actually holes in an 
almost complete monolayer. 

In this series, there is an approximately linear relation between 
the observed contact angle and the per cent surface coverage. While 
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Figure 1. Cerotic acid adsorbed from Decalin (70,000 x> 

Upper left. C D - I . 30 sec. in 1 χ 10" 4 

Upper right. CD-2 . 15 sec. in 1 χ 10" 3 

Lower left. CD-3 . 30 sec. in 1 χ 10" 3 

Lower right. CD-4 . 3 min. in 1 χ 10" 3 
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clean glass is wetted by pure Decalin, specimen C D - I , which is cov
ered by the acid monolayer over only 10% of its surface, is not wetted. 

It had been anticipated that there might be a difference in the fine 
structure of the replica in the area of the adsorbed acid clusters com
pared to that of the bare glass substrate. Enlarged prints of the best 
micrographs of this series showed no variation of texture between these 
areas. When replicas of cleaved mica, which is thought to be struc
tureless, were prepared by the technique used here, they had a similar 
fine texture; this suggests that the fine structure results from the 
shadowed replica itself and not from the actual surfaces of the mono-
layered slides. 

Behenic Acid-czs-Decalin Series. Micrographs BD-1 through BD-4 
(Figure 2) are similar to those of the previous series, except that the 
adsorbed acid clusters are definitely smaller. A comparison of BD-1 
and BD-2 shows that there is some increase in the size of the islands 
in BD-2 , but that there also is an increase in the number of islands of 
a given diameter. A linear relation between contact angle and per cent 
coverage is again noted with nonwetting by the solution occurring at 
low surface coverage. 

Stearic Acid-cis-Decalin Series. The adsorption process of ste
aric acid from Decalin (Figure 3) is similar to that of the first two 
acids, with the trend being to still smaller average island diameters 
for the several stages of monolayer completion. 

Myristic Acid-czs-Decalin Series. The micrographs in this series 
fail to show recognizable clusters of molecules, except in a single in 
stance where clusters of 200-A. diameter could be detected, although 
contact angles were observed to increase regularly with increasing 
time of immersion in the solution. 

The lack of clearly defined edges separating covered and uncov
ered portions of the surface probably indicates that the chain length of 
14 carbon atoms is not enough to provide a good regular alignment of 
the molecules at the edges of the clusters, and the absence of shadows 
does not necessarily mean the absence of molecules. 

Cerotic Acid-rc-Hexadecane Series. For equivalent stages of com
pletion, the diameters of the adsorbed acid patches in CH-1 through 
CH-3 (Figure 4) are somewhat larger than those observed for cerotic 
acid adsorbed from Decalin. Multilayers of cerotic acid were found 
for the first time in this study on specimen CH-4 ; scanning the replica 
shows that the substrate is covered by an essentially complete mono
layer with multilayered structures scattered over this base film. Two 
holes in this monolayer as well as a part of a multilayered structure 
are shown in micrograph CH-4 . Shadow length measurements indicate 
that the layered structure is made up of two molecular layers. In en
larged prints, a faint line demarcating the individual layers is visible 
in the shadow of the structure. 

Contact angles for hexadecane on the partially monolayered slides 
increase linearly with the per cent surface coverage, but specimen 
CH-4 , which is wholly covered by one or more layers of cerotic acid, 
gives a contact angle of 38° and not 44°, the angle for hexadecane on a 
saturated monolayer [6]. It has been previously reported [14] that 
slides immersed for a long time in fatty acid solutions become de-
creasingly oleophobic, and that crystals or multilayers are found upon 
the base monolayer, as is also noted here. If the contact angle decrease 
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Figure 2. Behenic acid adsorbed from Decalin (70,000 x) 

Upper left. BD-1 . 30 sec. in 1 χ 10" 5 

Upper right. BD-2. 1-1/2 min. in 1 χ 10" 5 

Lower left. BD-3 . 15 sec. in 1 χ 10 * 4 

Lower right. BD-4. 30 sec. in 1 χ 1 0 ' 4 
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Figure 3. Stearic acid adsorbed from Decalin (70,000 x) 

Upper left. SD-1. 15 sec. in 1 χ 10" 5 

Upper right. SD-2. 30 sec. in 1 χ 10" 5 

Lower left. SD-3. 30 sec. in 1 χ 10* 4 

Lower right. SD-4. 1-1/2 min. in 1 χ 10" 4 
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Figure 4. Cerotic acid adsorbed from hexadecane (35,000 x) 

Upper left. CH-1. 1-1/2 min. in 1 χ 10* 4 

Upper right. CH-2. 15 min. in 1 χ 10* 4 

Lower left. CH-3. 45 min. in 1 χ 10* 4 

Lower right. CH-4. 32 hours in 1 χ 10* 4 
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with multilayer formation is explainable as a surface roughness effect 
only, the observed contact angle of 38° would correspond, applying 
Wenzers equation [1], to a surface roughness factor of 1.1. 

A faint cloudiness was noticed in the solution when specimen CH-4 
was withdrawn after 32 hours 1 immersion, indicating that a 1 x 10 " 4 M 
solution of cerotic acid in hexadecane was actually slightly supersatu
rated at laboratory temperature. This suggested a short experiment to 
determine if multilayer formation is really an adsorption phenomenon 
and not just precipitation from a supersaturated solution. Cleaned 
slides were immersed for 60 hours in cerotic acid-hexadecane solu
tions of 1 x 10" 6 through 3 χ ΙΟ" 4 M concentration. Contact angle 
measurements were made on these slides after withdrawal and their 
surfaces were examined by electron microscopy. A qualitative trend 
was found: Slides from very dilute solutions withdrew wetted and gen
erally showed discrete acid patches of unimolecular thickness on their 
surfaces; slides from increasingly concentrated solutions gave i n 
creasing contact angles and showed increasing surface coverage by the 
monolayer until finally an essentially complete monolayer which ex
hibited a 70° contact angle wi thCH 2 I 2 was adsorbed from the 3 x 10 ' 5 M 
solution (approximately saturated); slides from saturated solutions 
showed multilayer configuration and exhibited contact angles less than 
70°. There are not sufficient data from this single trial for a final 
conclusion, but the indication is that the acid solution must approach 
saturation before extensive multilayer formation will occur. 

The rate of adsorption of cerotic acid was much slower from the 
hexadecane solutions than from the Decalin solutions; this decreased 
rate is probably at least partially due to the greater viscosity of hexa
decane. 

Behenic Ac id-η -Hexadecane Series. The general pattern of the 
adsorbed acid in this series (Figure 5) can perhaps best be described 
as a monolayer with well-defined holes, which become smaller as ad
sorption continues. This structure is clearly shown in BH-3 , where 
the holes at that stage of adsorption range from approximately 200 to 
1000 A . in diameter. This mode of adsorption is opposite to that ob
served for all the preceding acid-solvent pairs, where the polar mole
cules adsorbed initially in patches which increased in size and perhaps 
number to form the complete monolayer. The small projections in 
BH-2 are thought to be from the substrate and not part of the acid 
structure, because similar projections were occasionally observed on 
untreated microscope slides. 

Behenic acid adsorbs from hexadecane much more rapidly than 
cerotic acid, and the time required to form adsorbed films exhibiting 
high contact angles is much shorter. The increase in mobility of the 
acid molecules in the solution which results from shortening the mole
cule from C 26 t ° C 22 i s n o t nearly large enough to cause this greatly 
increased adsorption rate, nor can it be explained in terms of relative 
concentration (c/c s a t ) , for the relative concentration of the behenic 
solution was less than half that of the cerotic acid solution. Both the 
adsorbed acid structure and anomalous adsorption rate are thought to 
be effects of solvent incorporation during the formation process. 

Stearic Ac id-η-Hexadecane Series. Micrographs of this series 
(Figure 6) show an adsorbed acid structure more like that found by 
Epstein than those of any other acid-solvent pair. The tiny clusters in 
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Figure 5. Behenic acid adsorbed from hexadecane (70,000 x) 

Upper left. BH-1 . 10 sec. in 5 χ 10" 5 

Upper right. BH-2 . 30 sec. in 5 χ 10" 5 

Lower left. BH-3 . 1 min. in 5 χ 10" 5 

Lower right. BH-4. 1-1/2 min. in 5 χ 10" 5 
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Figure 6. Stearic acid adsorbed from hexadecane (70,000 x) 

Upper left. SH-1. 10 sec. in 1 χ 1 0 ' 4 

Upper right. SH-2. 30 sec. in 1 χ 10 ' 4 

Lower left. SH-3. 1-1/2 min. in 1 χ 10" 4 

Lower right. SH-4. 5 min. in 1 χ 10" 4 
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SH-1 are of about the same diameter and general appearance as his 
stearic acid micelles, except that here they are more sparsely scat
tered over the substrate surface; this may be because the monolayers 
examined by Epstein were saturated, while specimen SH-1 was only 
partially monolayered. Micrograph SH-4 taken from a more nearly 
saturated monolayer does not show an increased number of clusters 
per unit area, however,but instead the surface now seems to be largely 
covered by less well-defined, wider patches of adsorbed acid. The 
structure of adsorbed stearic acid in this series is not only dissimilar 
to that of the other acids, but it is also distinctly different from the 
structure of stearic acid adsorbed from hexadecane onto mica [20]. 

The contact angle of C H 2 l 2 on the monolayered slides increases 
linearly as the times of adsorption become greater, but it is no longer 
possible to estimate surface coverage. 

Discussion of Results 

A review of the data presented above reveals: 
From Decalin solutions, the acid molecules are adsorbed initially 

in discrete patches which with further adsorption increase in size and 
number in a fashion dependent on the chain length. 

The patches or islands tend to be smaller and more numerous for 
the shorter acids at the same degree of surface coverage. 

From hexadecane solutions, cerotic acid is initially adsorbed in 
patches or islands, while behenic acid is adsorbed in a network which 
encloses empty areas or holes; stearic acid initially forms molecular 
groups of about 100-A. diameter which tend to coalesce into filament
like structures. 

In the cases where the fraction of surface area covered could be 
readily measured, the values showed a linear relation with the contact 
angle observed with either C H 2 I 2 or hexadecane. 

Multilayers of cerotic acid showing sharp terrace edges are pro
duced from hexadecane solutions near the saturation point. 

The behavior of the fatty acids when adsorbed from Decalin solu
tions agrees with Epstein's prediction of molecular clusters, although 
the observed sizes are much larger than predicted. Cerotic acid is 
able to form extended islands thousands of Angstroms in diameter, and 
even the islands of stearic acid are 5 to 10 times wider than the 100-A. 
diameter proposed for them. The trend to smaller islands as the acids 
become shorter is contrary to an expression derived by Epstein from 
binding energy considerations for micelles, D ? 4.5(18) 4/N 3 (D = micelle 
diameter; Ν = number of carbon atoms in the molecule). The adsorbed 
acid patches from Decalin solutions do not represent the micelles pro
posed by Epstein. The possibility that small micelles exist unresolved 
within these islands has not been eliminated. In the stearic acid-Decalin 
films the number of islands per unit area increases with surface cover
age while the size of the islands is more nearly constant. This result 
is consistent with Bigelow's observation [5] on the diffraction patterns 
from stearic acid films from hexadecane of a change in intensity with 
surface coverage while the shape and tilt of the layer lines remain un
changed. 

Perhaps the most striking effect observed in this investigation was 
the markedly different modes of adsorption of behenic acid from Decalin 
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solutions and from hexadecane solutions. Adsorption from Decalin 
forms initially distinct patches which grow and coalesce to complete 
the monolayer. When hexadecane is used, the first observable acid 
structure is a lacelike network of adsorbed molecules enclosing areas 
of bare substrate which may be as much as 1000 A . in diameter. As 
adsorption continues, the size of the holes found remaining in the mono-
molecular film becomes smaller. 

Since hexadecane is an unbranched aliphatic hydrocarbon well 
suited for close alignment along the hydrocarbon chain of the acid mol
ecules within the monolayer, and Decalin is a bulky molecule not suited 
for this alignment, this difference in capacity for incorporation of sol
vent molecules explains the difference between the behenic acid films 
adsorbed from the two solvents. When a sufficient number of behenic 
acid molecules are adsorbed, they become able to incorporate hexa
decane in the monolayer, probably orienting the solvent molecules so 
that the monolayer exhibits a uniform surface of methyl groups. With 
longer immersion, the incorporated solvent is replaced by the more 
strongly adsorbed acid molecules. If the slide is withdrawn before all 
of the occluded hexadecane has been displaced, the solvent molecules 
will evaporate out of the monolayer during the replication process, 
leaving numerous holes. Micrographs BH-3 and BH-4 (Figure 5) show 
the decrease in the size of these holes as the adsorption time s increase. 

The suggested formation of a regular upper surface of exposed 
methyl groups even before the surface is largely covered with acid 
molecules would account for the rapid rise of contact angle with short 
immersion times observed for the behenic acid films from hexadecane. 

The formation of discrete islands in all of the films from Decalin 
and in the cerotic acid from hexadecane indicates little solvent incor
poration in these films. The increasing tendency toward solvent incor
poration suggested for behenic and stearic acid from hexadecane is in 
agreement with the Bewig and Zisman statement [4] that "adlineation of 
the solvent is most marked" when the solvent and solute chains are the 
same length. 

Although the appearance of the behenic acid-hexadecane films sug
gests that the solvent is occluded in aggregates which may be so large 
as to contain several hundred "molecules, this may not be so, for it 
would imply some sort of very long-range orienting influence on the 
part of the adsorbed acid. The mechanism of this influence and the 
reason for its strong dependence upon the relative lengths of the hydro
carbon chains of acid and solvent are difficult to conceive. It is per
haps more plausible that the solvent molecules are entrapped singularly 
or in small clusters in the monolayer, and that the structures observed 
here are formed by surface mobile acid molecules as the solvent is 
pumped out during the replication process. 

In Figure 7, some contact angles measured in the several series 
of experiments have been plotted against the percentages of substrate 
surface covered. The angles exhibited by methylene iodide and hexa
decane on the partially monolayered surfaces fall near straight lines, 
and an extrapolation of those lines to 0% coverage yields θ values 
which are close to our observations of contact angles on bare glass. A 
graph very similar to Figure 7 has been published by Gaines [15], who 
studied the variation of C H 2 I 2 contact angles on fractional monolayers 
of radioactive stearic acid deposited on several substrates. His data 
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80 |— 

Cerotic Acid (Θ measured 

with n-hexadecane) 

Cerotic Acid (depleted 

monolayer) 10 

0 10 20 30 40 50 60 70 80 90 100 

% Coverage 

Figure 7. Relation of contact angle to 
surface coverage 

extrapolate to a contact angle of about 40° for zero coverage also, a l 
though the partial films in this case were upon chromium, platinum, 
and mica substrates, and not glass. 

The estimated probable errors (50% confidence level) involved in 
these measurements are rather large, ± 3% for per cent coverage, and 
± 1° for contact angles. The fit of the data from the cerotic acid-
hexadecane series is appreciably better than that for the Decalin solu
tions. The reason for this is not known, but it may be because the acid 
patches formed by cerotic acid adsorbed from hexadecane are larger 
than the islands from any other solute-solvent combination. 

Shafrin and Zisman [23] derived a relation between X and the co
sines ofthe contact angles—i.e.,X =(cos 0 X - cos 0 O )/(cos θ\ - cos 0 O ) , 
where X is the per cent coverage, and cos 0 X , cos 0 X , and cos 0 O are 
cosines of the contact angles exhibited on partially monolayered, com
pletely monolayered, and bare substrates, respectively. The linearity 
between cos 0 and X proposed here cannot be distinguished on the basis 
of the present data from the linearity between 0 and X shown in F i g 
ure 7. Over the respective ranges of 0 for the two liquids used, the 
angle and its cosine show a linear variation with precision as good as 
the fit of our surface coverage data to a linear function of 0 . Better 
control of temperature and humidity during substrate acid film prepa
ration and contact angle measurements, and perhaps a choice of con
tacting liquid affording a greater range of 0 from clean to fully covered 
surface, would be necessary for a test of the X vs. 0 relation. 

An experiment of interest here, because it represents another ap
proach to the problem of quantitatively determining the degree to which 
the substrate is covered by the adsorbed polar molecule film, has been 
reported by Bartell and Ruch [2], who employed an ellipsometer to 
measure the average amount of adsorbed material per unit area. The 
ellipsometer was calibrated by comparison of the adsorbed films with 
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Langmuir-Blodgett monolayers. Among the systems investigated by 
these workers were monolayers of n-octadecylamine adsorbed from 
hexadecane solutions onto slides cut from chromium-plated ferrotype 
plates. The amine films were depleted in benzene and contact angles 
with hexadecane measured and per cent depletions established for the 
several stages of depletion. In these experiments, the contact angle 
was observed to be little affected until the coverage was reduced to 
40%, at which point the contact angle decreased sharply to zero. Later 
experiments [3] using contacting liquids of nearly the same surface 
tension as hexadecane but with bulky molecular structures show a 
more nearly linear decrease in the contact angle for lightly depleted 
monolayers, but the contact angle still approaches zero at about 60% 
depletion. 

These results are different from those obtained in the present 
study. The reason for this discrepancy is not known, although it must 
lie in a difference between the systems observed or the methods used. 
The maximum contact angle reported for hexadecane on the octadecyl
amine film was 40° or about 5° less than reported here for hexadecane 
on complete films. It seems desirable to make ellipsometer observa
tions on films for which electron micrographs have been obtained. 
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20 
Direct Measurement of Adsorption of Radiostearic 

Acid onto Vapor-Deposited Metal Films 

Effect of Moisture 

DONALD C. WALKER and HERMAN E. RIES, Jr. 

Research and Development Department 
American Oil Co., Whiting, Ind. 

Radiostearic acid was adsorbed from n-hex-
adecane onto mica and thin vapor-deposited 
films of iron, gold, and copper that had been 
exposed to dry and water-saturated helium 
or air. Adsorption was measured directly 
and continuously by a recently developed 
technique. The mica substrate showed es
sentially zero adsorption. None of the met
als adsorbed more than one stable compact 
monolayer. Iron and gold showed a large 
difference in adsorption in dry helium or air, 
but adsorbed about the same amount, 0.2 to 
0.5 monolayer, when exposed to either wet 
helium or air. Copper adsorbed 0.3 to 0.7 
monolayer in all atmospheres except wet air, 
in which it showed a weak adsorption of nine 
monolayers; rinsing with hexane removed 
all but one monolayer. 

In most techniques for studying adsorption on metals, uniform, 
clean, and reproducible metal surfaces are difficult to prepare and the 
adsorption process cannot be followed continuously [2, 3,4, 7,10,11,16, 
18, 21], Clean and reproducible metal surfaces are also difficult to 
prepare and maintain in methods that measure adsorption continuously 
and directly on a metal-coated window of a Geiger tube [ l , 6,7,13]. A 
recently developed apparatus and technique provide controlled condi
tions for the production and maintenance of relatively clean metal films 
and the precise measurement of adsorption [20]. Metal is evaporated 
onto a mica window supported within a high-vacuum apparatus; adsorp
tion onto the metal film is measured directly and continuously by a 
counter tube below the window. 

Reported previously were results of the adsorption of radiostearic 
acid from dilute n-hexadecane solution onto the mica substrate and 
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2 9 6 ADVANCES IN CHEMISTRY SERIES 

100-A. films of iron, gold, and copper that had been exposed to purified 
dry helium or air [20]. Because the presence of moisture is important 
in many surface phenomena, corresponding experiments have been con
ducted in which the metal films were exposed to water-saturated helium 
or air. 

Experimental 

Radiostearic acid was adsorbed from a 0.0005 molal solution in 
n-hexadecane onto mica and 100-A. films of iron, gold, and copper that 
had been exposed 15 minutes to water-saturated helium or air. Al l 
experiments were conducted at 35.0° ± 0.2° C. Seventy hours was a l 
lowed for adsorption; duplicate determinations agreed within 0.03 mono
layer. 

Apparatus and Procedure. The metal films were deposited and 
adsorption thereon was carried out in a high-vacuum apparatus, as 
shown in Figure 1. The mica window was supported between two cham
bers that were evacuated simultaneously to prevent breakage; the win
dow was coated by evaporating metal from a heated filament in the 
upper chamber. The gas was then admitted to both chambers until the 
pressure was 1 atm. Valve 3 was closed to isolate the upper chamber, 
the bottom plate was removed, and the counter tube was positioned 
under the window. After the film had been exposed 15 minutes to the 
gas, the solution was admitted and counting was started with an auto
matic counter-printer system. 

The apparatus was calibrated by determining the counting rate of a 
compact monolayer of the radiostearic acid on the film balance. Such 
a layer should have the same counting rate as that of a compact mono
layer adsorbed on a relatively smooth metal film. The smoothness of 

Figure 1. Adsorption apparatus 
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vapor-deposited metal films, with respect to adsorption of long straight-
chain polar molecules, is apparently close to that of water if optimum 
rate of deposition and film thickness are used, and if the films are de
posited on a flat substrate [20]. Surface potentials of tightly packed 
monolayers on metals are the same as those of corresponding mono
layers on water [8]. Backscattering of the n-hexadecane was assumed 
to be the same as that of the water. 

Vapor deposition of metal films, calibration, and related details of 
apparatus and procedure have been reported [20]. 

Materials. The purchased radiostearic acid, C 1 7 H 3 5 C 1 4 O O H , was 
of high purity, as shown by pressure-area isotherms on the film bal
ance. It had a specific activity of 1.5 millicuries per millimole. 

The n-hexadecane was distilled twice and passed through a silica 
gel column under nitrogen to remove polar impurities. A 0.0005 molal 
solution of radiostearic acid in n-hexadecane was stored under nitrogen 
in Teflon bottles. Five milliliters of solution was used—enough to 
cover the mica window to a depth of about 1.5 mm. A depth of 0.015 
mm. contained enough radiostearic acid for a continuous monolayer. 

For each experiment, a new mica window was prepared from a thin 
sheet (5 to 7 microns) of cleaved Indian ruby mica. The window was 
mounted in the adsorption chamber and thoroughly washed with twice-
distilled benzene. 

Weighed amounts of the metals, in the form of 7- to 15-mil wire at 
least 99.95% pure, were evaporated from heated tungsten filaments to 
give a film thickness of 100 Α., by assuming the density of the film to 
be the same as that of bulk metal [12,19]. 

The air was purified by passage through concentrated sulfuric 
acid, Drierite, and a trap cooled with solid carbon dioxide. The helium 
was passed through two coiled 15-foot borosilicate glass tubes cooled 
with liquid nitrogen and containing alumina and charcoal, which had 
been activated previously by heating at 500° C. under vacuum for 24 
hours. Immediately before entering the apparatus, each gas was bub
bled through water that had been deionized and twice distilled in an a l l -
quartz system. 

Results and Discussion 
Mica was the least reactive surface studied, probably because it is 

nearly molecularly smooth and the basal surface of its lattice is essen
tially a layer of oxygen atoms [3,9]. Furthermore, it is not readily 
wetted by water. It did not adsorb stearic acid in wet or dry helium or 
in dry air [20]. In the presence of wet air, it initially adsorbed about 
0.2 monolayer, but adsorption decreased to zero after 40 hours. De
sorption to zero may indicate that the water and air, or other impuri
ties on the surface, diffused or dissolved in the n-hexadecane solution. 

Iron exposed to the wet atmospheres adsorbed about half a mono
layer of stearic acid; in the dry atmospheres, about one monolayer, as 
shown in Figure 2. Perhaps water reduces the activity of the surface 
by presenting a water film that is less attractive to stearic acid than 
either dry iron or iron oxide. Any oxide surface beneath the water film 
has little influence on adsorption; the iron film exposed to wet air ad
sorbed only about 0.1 monolayer less than the film exposed to wet 
helium. A reverse effect to the extent of 0.3 monolayer was observed 
in dry atmospheres. 
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DRY AIR 

^ - • - • - • - • - • - • - • - • - • - • - • - • _ D _ p _ D 

5 0.5 ( -

( ^ 2 - & ^ - Q WET HELIUM 

"0-0-0 ^ ^ 9 ~ ~ o — o — o - o — ο — ο — ο — ο — ο 

W E T AIR n Δ 

- ο — ο ο - — ο -
DRY HELIUM . . 

I I L _ _ J I 1 L_ 
30 40 50 60 70 

TIME, H O U R S 

Figure 2. Adsorption of radiostearic acid 
onto iron films 

Adsorption on gold in wet helium or air atmospheres was about 
half of that in dry air, as shown in Figure 3. The stable adsorption of 
0.6 monolayer in dry air may be due to a film of gold oxide [17]. In the 
wet atmospheres, however, adsorption may have been on a water film 
on the gold. As with iron, adsorption on gold in wet air was only slightly 
less than in wet helium. At equilibrium, gold in dry helium did not ad
sorb radiostearic acid. The initial adsorption and subsequent decrease 
to zero are more difficult to explain. As was shown earlier [20], high 
initial surface activity of the gold film [5,14] did not cause the adsorp
tion. Gold films may hold a small amount of contaminants such as 
oxygen, water, and gold oxide, which in turn adsorb radiostearic acid. 
Desorption may then occur because the contaminant diffuses or dis
solves in the n-hexadecane solution. 

DRY AIR 

• — • — π — • — • — • - — • — α 

• Ο O DRY HELIUM Λ 

Ζ ι/ / — ο ο ° ο Ο 

5 ι / 
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* 0.5 l'A Ν > ^ 0 ^ — Δ — Δ — Δ - Δ — Δ — Δ — Δ — Δ — Δ 

ο ~ ο — ο — ο — ο — ο — Ο — ο — 0 
WET AIR 

TIME HOURS 

Figure 3. Adsorption of radiostearic acid 
onto gold films 
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Figure 4. Adsorption of radiostearic acid 
onto copper films 

Adsorption on copper was about the same in wet or dry helium and 
in dry air, as shown in Figure 4. Slow desorption to about 0.4 mono
layer at 70 hours was due to lack of formation of a stable monolayer. 
Chemical analysis of the liquid layer indicated the presence of copper 
stéarate. The highest initial rate of adsorption was on the copper film 
exposed to dry air. This suggests that a close-packed monolayer might 
have been adsorbed if the stéarate molecules had remained at the sur
face. Exposure to wet air for 15 minutes caused an apparently stable 
adsorption of about nine monolayers at 60 hours, as shown in Figure 5. 
The stéarate molecules were not tightly held, even though they re 
mained at the surface, because rinsing with n-hexane removed all but 

τ 

/ 

Ο ζ 
Ο 4 

n-HEXANE RINSE 

| BENZENE RINSE 

20 40 60 
TIME, HOURS 

Figure 5. Adsorption of radiostearic acid 
onto copper film in wet air 

Removal by solvents 
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about 1.4 monolayers and rinsing with benzene left only 0.8 monolayer. 
The last monolayer was evidently stable. 

Monolayers Adsorbed at 70 Hours 

Iron Gold Copper 

Helium 

Dry 0.9 0.0 0.3 

Wet 0.5 0.3 0.4 

A i r 

Dry 1.2 0.6 0.4 

Wet 0.4 0.2 9.0 

Excluding copper in wet air, the greatest adsorption was about one 
monolayer on iron in the dry atmospheres; the least, on gold in dry 
helium. In the presence of moisture, however, iron and gold adsorbed 
0.2 to 0.5 monolayer, regardless of whether the metals were exposed 
to helium or air. Thus, two metals with large differences in reactivity 
adsorbed about the same amount of radiostearic acid when moisture 
was present. When adsorption was less than a compact monolayer, the 
stearic acid molecules may not have been vertically oriented and the 
effective molecular area was greater. On the other hand, a mixed film 
containing vertically oriented adsorbate and solvent molecules may 
have been adsorbed [7,15]. 

Initial adsorption-de sorption humps were observed in most of the 
experiments. Perhaps the stearic acid molecules rearranged at the 
surface to occupy greater area. Another possibility is that some stearic 
acid was slowly displaced by trace quantities of water or other polar 
contaminants. 

Conclusion 

Adsorption of stearic acid onto iron and gold in the absence of 
moisture was generally consistent with the relative reactivities of the 
adsorbents, but when moisture was present, the adsorption properties 
were nearly the same. In no case was there a stable adsorption of 
more than one compact monolayer. Copper weakly adsorbed nine mono
layers in wet air; all but one were easily removed by rinsing. Appar
ently the first layer of adsorbed molecules is bound more strongly than 
any succeeding layer; its molecules are the only ones that can be 
chemisorbed or can react chemically with the surface. When less than 
a compact monolayer is adsorbed, it may be either a loosely packed 
monolayer in which the molecules are not vertically oriented, or a 
mixed monolayer of vertically oriented stearic acid and n-hexadecane 
molecules. 
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The Wettability of a Homologous Series 

of Nylon Polymers 

TOMLINSON F O R T , JR. 

Fiber Surface Research Section 
Textile Fibers Department 
Ε. I. du Pont de Neumours & Co., Inc. 
Kinston, N. C. 

The wettability of a homologous series of 
nylon polymers was studied. Measured con
tact angles and test liquid surface tensions 
were used to estimate the critical surface 
tension of wetting, and the approximate work 
of adhesion of each test liquid, for each nylon 
homolog. Polymer wettability decreased with 
increasing separation of the amide groups in 
the solid surfaces. However, odd and odd
-odd nylons were more easily wet than their 
even and even-even homologs. Within the odd 
and even series, wettability was determined 
by the average nylon number and not by the 
spacing of the polar groups along the poly
mer chains. Results are interpreted in terms 
of the constitutive law of wettability and the 
morphologies and crystal structures of the 
nylons. 

Some nine years ago, Ellison and Zisman [4] reported their study 
of the wettability of 6-6 nylon (polyhexamethylene adipamide) and com
pared their results to those previously obtained on polyethylene [7]. 
They found that the nylon was more easily wet than the polyethylene, 
especially by hydrogen-bonding liquids, and attributed these findings 
to the presence of amide groups in the nylon surface. 

Since the time that study was made, a large body of experimental 
data has accumulated which shows that regular and predictable changes 
in solid-liquid contact angles result from changes in the outermost layer 
of atoms in the solid surface. A "wettability spectrum" has been pub
lished [14],and the utility of the "critical surface tension of wetting" as 
an index of solid surface energy has been well established. 

This paper uses these concepts to correlate wettability with the 
surface constitution of a homologous series of nylons. These materials 

3 0 2 
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are of special interest not only because of their commercial impor
tance (at least four members of the series are produced on a large 
scale), but also because characteristic differences in crystal structure 
and molecular orientation occur among the different polymer homo-
logs. These differences, as well as the different spacings of the amide 
groups along the polymer chains, might be expected to lead to signifi
cant variations in the contact angles exhibited by hydrogen-bonding 
liquids on the various nylon surfaces. 

Experimental 

Polymers. The nylon 11 and polyethylene were commercial mate
rials (Société Organico, Paris , France, and Ε. I. du Pont de Nemours & 
Co. , Inc., Wilmington 98, Del.). A l l the other polymers were prepared 
from the dry salt by bulk melt polymerization. Pertinent data for the 
samples used are collected in Table I. Amine ends were determined by 
titration with perchloric acid in 85% phenol-methanol solution and 
carboxyl ends by titration with sodium hydroxide in benzyl alcohol. 
Other analyses were by standard methods. Elemental analyses confirmed 
the identity of the polymers. Each was a pure sample, except nylon 11, 
which contained 0.26% of an unidentified inorganic material. 

Table I. Polymer Analyses 

Polymer a 

Melt 
Temp., °C. 

Amine 
Ends b 

Carboxyl 
Endsb 

Inherent 
Viscosity 0 

6-6 252 47.3 75.0 1.13 

7-7 201 38.1 91.9 1.23 

8-8 206 36.6 78.5 1.08 

9-9 182 36.0 93.5 1.01 

10-10 192 20.5 182 0.80 

6 216 31.8 33.0 1.26 

11 183 56.5 287 1.07 

a In designating nylons, the first number refers to the number of carbon atoms 
in the diamine component, the second number to the number of carbon atoms in 
the dicarboxylic acid component. Single numbers refer to poly-Ω-amino acids. 

hNumber of ends per million grams of polymer. 
c0.5% solution in m-cresol . 

Wetting Liquids. The wetting liquids were all reagent grade chem
icals, further purified either by distillation or by percolation through 
silica-alumina adsorption columns until their surface tensions checked 
reliable literature values [1]. 

Sample Preparation. Samples of polymer flake were baked in a 
vacuum oven for 4 hours at 110°C. to rid them of sorbed water. They 
were then formed into smoot! continuous films by pressing small quan
tities in a Carver press (Fred S.Carver,Inc. , 1 Chatham Road,Summit, 
N . J.) between a stainless steel disk (Planchets Co. , Chelsea, Mich.) 
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1.25 inch in diameter and 0.012 inch thick and a thin sheet of bright 
aluminum foil (Aluminum Co. of America, 123 South Broad St., Phi l 
adelphia 9, Pa.). The pressing temperature was 10° higher than the 
polymer's melting point, pressing time was 45 seconds, and the pres
sure was 4 tons p.s.i .g. The disk-polymer foil "sandwich" was pro
tected by Ferrotype (Sears, Roebuck and Co. , Inc., Greensboro, N . C.) 
plates throughout the film-forming step. 

The films were quenched by placing the hot sandwiches on a cold 
stone laboratory bench top. The aluminum foil was then peeled away, 
exposing a smooth polymer surface. Measurements were made with 
the nylons still adhering to the steel disk, since the rigidity of the disk 
prevented wrinkling of the thin polymer film. 

Several methods of cleaning the films were tested. Either washing 
in a concentrated solution of the detergent Tide, followed by thorough 
rinsing, or extracting in a Soxhlet apparatus with carbon tetrachloride 
gave polymer surfaces yielding equal and reproducible contact angles. 
However, neither treatment was necessary if all metal surfaces which 
touched the polymer were thoroughly cleaned by solvent extraction prior 
to the pressing step, and most films were prepared using this latter 
technique. 

Samples were stored in a desiccator, since Ellison and Zisman [4] 
have shown that nylon wettability is much influenced by moisture sorbed 
from the atmosphere. 

Apparatus, Technique, and Conditions of Measurement. Most con
tact angles were measured by observing light reflected from the surface 
of sessile drops of the various test liquids, using a special goniometer 
and technique [5]. Those few angles which were greater than 90° were 
measured by drawing tangents to the drop profiles projected onto a 
screen, as described by Kneen and Benton [12]. In all cases, the re 
corded data are the maximum reproducible advancing contact angles 
measured at 22°C. and 65% relative humidity, for each solid-liquid 
system. Experiments were performed at least in duplicate, on different 
days and using different pieces of polymer film. Angles were read to 
the nearest degree, and precision was better than ±2°. 

Results 

The results are presented graphically in Table II. The wettability 
of a given polymer decreased as the surface tension of the test liquid 
was raised and with a given liquid, wettability decreased as the average 
nylon number (average number of carbon atoms per amide group) rose. 
However, significant differences were found between the odd- and even-
numbered nylon homologs. 

The critical surface tensions of wetting, 7C ,of the nylons by hydro
gen bonding liquids were estimated by linear extrapolation of graphs of 
the contact angle cosines vs. wetting liquid surface tensions to cos Θ = 1 
[7]. These estimates, collected in Table III, range from 43 dynes per 
cm. for 7-7nylon to 28 dynes per cm. for polyethylene; the latter figure 
is 3 dynes per cm. lower than that found by Fox and Zisman [7] but is 
within the 7C range of 26 to 37 dynes per cm. recently reported for 
polyethylene by Wolfram [18]. 

Values for the approximate work of adhesion, WA, of each polymer 
for each test liquid are indicated in Table IV. They were calculated 
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Table II. Wettabilities of Homologous Nylons 

Contact Angle, Degrees 

305 

Nylon Water Glycerol Formamide 

6 70 63 51 

6-6 73 61 52 

7-7 70 60 50 

8-8 86 78 68 

9-9 82 69 62 

10-10 94 82 72 

11 89 79 69 

olyethylene) 101 86 79 

Table III. Critical Surface Tensions of Wetting 

Nylon X c , Dynes/Cm. 

6 42 

6- 6 42 

7- 7 43 

8- 8 34 

9- 9 36 

10-10 32 

11 33 

<*> (Polyethylene) 28 

from the Young-Dupré equation,WA = f s v o + r L V o (1 + cos 0), assuming 
that f s v o , the free energy of immersion of the solid in the vapor, was 
negligible [6] and that the measured contact angles, 0, approximated the 
true equilibrium values, 0 E . WA varied as the separation of the amide 
groups in the polymers changed and was lowest for polyethylene and 
highest for 7-7 nylon. 

Discussion 

It was expected that as the average nylon number increased, the 
contact angles exhibited by hydrogen-bonding liquids on the various sur
faces would rise, approaching the wettability of polyethylene as an 
asymptotic limit (polyethylene might be regarded as nylon oo). Such 
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Table IV. Approximate Works of Adhesion 

Approximate WA, Ergs . /Sq . C m . 

Nylon Water Glycerol Formamide 

6 97.0 92.5 94.8 

6-6 93.4 94.4 93.5 

7-7 96.9 95.4 95.1 

8-8 76.1 76.8 79.6 

9-9 82.3 86.2 85.1 

10-10 67.3 72.4 75.8 

11 73.5 75.5 78.6 

)lyethylene) 58.4 67.4 68.9 

behavior would be predicted from consideration of the "constitutive law 
of wettability" [14] and the Young equation [19], cos θ = ^sv " ^ S L 

since decreasing the surface density of amide groups in the nylons 
should reduce the difference between the solid-vapor, y s v , and solid-
liquid, y S L , interfacial tensions. This behavior was found. However, 
when y c , WA, or θ for any given wetting liquid was plotted as a function 
of average nylon number (Figure 1), the data fell on not one but two 
curves. 

It was reasoned that the indicated alternation of polymer wettabili
ties had to result from differences in density, orientation, and/or bond
ing of the amide groups in the nylon surfaces. Consequently,an attempt 
was made to relate the observed wettabilities to polymer morphology. 

A literature survey revealed that each class of nylon crystallizes 
to form sheets of polymer chains, with 100% hydrogen bonding between 
amide groups on adjacent chains in the sheets [10]. To achieve this 
complete bonding, different crystal habits must be taken by the differ
ent classes, as shown in Table V . Diagrams of the hydrogen-bonded 
sheets for representative members of each class are indicated by F i g 
ure 2. 

The plane of the hydrogen-bonded sheets in thin nylon films might be 
expected to correspond to the plane of the films. Diffraction studies 
have confirmed this arrangement as correct for oriented films made by 
squashing nylon samples under the wheels of a railway train [2] or by 
evaporating the solvent from a formic acid solution of 6-6 nylon [9,13]. 
However, studies by Barriault and Gronholz [1], Burnett and McDevit 
[3], and Jenckel and coworkers [8] have shown that melt-quenched 6-6 
nylon is spherulitic and that the surface of this nylon normally consists 
of a thin "transcrystalline skin" in which the polymer chains are or
iented parallel to the surface but with their hydrogen-bonded planes 
normal to it. It is significant that the " skin " has been observed in nylon 
films prepared by melt-pressing between aluminum plates [8], as were 
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Figure 1. Variation in wettability with average 
nylon number 

Table V . Structure of Crystalline Polyamides 

Class of Polyamide Crystal Habit a Polymer Chains Reference 

Even-even Tricl inic Planar zigzag [2] 

Odd-odd Hexagonal Twisted [10, 15] 

Even (4 and 6) Monoclinic Planar zigzag [2, 17] 

Even(>6) Hexagonal Twisted [16,17] 

Odd Tricl inic Planar zigzag [10, 16] 

a E v e n and even-even nylons are polymorphic. Crystal habit listed is normal 
stable structure at room temperature. 

the samples used in this study. The transe r y stall ine region is formed 
as a result of growth from spherulite nuclei which exist at the surface 
of the polymer. Since the density of these nuclei is always high, cover
age of the nylon by the transcrystalline layer is complete, unless quench
ing is extremely rapid, even if the bulk of the polymer is amorphous in 
character. 
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Figure 2. Hydrogen-bonded sheets in representative 
nylons 

Ο Carbon atoms 
• Oxygen atoms 
Q Nitrogen atoms 

Hydrogen bonds 

Contact angle measurements showed that the odd and odd-odd ny
lons wet easier than their even and even-even homologs, a differentia
tion not consistent with the crystal structures listed in Table V . How
ever, if the transcrystalline layer extends all the way to the surface of 
the polymers, so that the edges of the hydro gen-bonded sheets dia
grammed in Figure 2 make up the interface, the even and even-even homo-
logs expose, alternately, a keto oxygen and imido hydrogen function, 
while the odd and odd-odd homologs expose one or the other, but not 
both. The wettability of the even polyamides would then represent an 
average for the two kinds of polar groups, while that of the odd poly-
amides would represent only one of them. Since these would logically 
be different, the observed variation in wettability could be explained. 
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Exposure of the plane of hydrogen-bonded sheets cannot explain the 
observed wettability differences. If this orientation were taken, the 
energy of the odd-odd nylons would be increased slightly, relative to 
that of the other polymers tested, because of the approximately 5% 
greater amide group density in the "pleated" odd-odd nylon sheets [10]. 
However, this increase would not seem large enough to account for the 
wetting results, and the orientation is further disqualified by the fact 
that nylon 11, which crystallizes with fully extended polymer chains, 
behaves like its odd-odd and not its even-even homologs. 

Finally, it is necessary to consider the effects on wettability of the 
different separations of the hydrogen-bonded sheets in the extended and 
twisted chain polymers. These differences are caused by the greater 
space requirements of the twisted chain structures. Thus, in nylon 6-6 
the interplanar distance is 3.7 A. [2] and in nylon 7-7 it is 4.2 A. [11]. 
Zisman and coworkers [7] have shown that closer packing of hydrocar
bon chains leads to more difficult wetting, while closer packing of polar 
functions has the opposite effect. Since nylons 7-7, 9-9, and 11 all be
haved so similarly, the two effects must come near to canceling in the 
polymers tested. 
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22 
The Wettability of Road Aggregates with 

Doped Bituminous Binders 

R. P. DRON 

Laboratoire Central des Ponts et Chaussées 
58 Boulevard Lefebvre 
Paris, France 

The ability to coat wet aggregates is con
nected with immersion adhesion tension and 
antistripping effect is connected with emer
sion adhesion tension. These values are 
measured by Guastalla's wetting balance for 
the system water-kerosine-mineral slide. 
Increasing amounts of the studied dope are 
dissolved in kerosine. Two thresholds of 
concentration were found. The lower one 
may be related to the antistripping effect; 
the higher may be related to the coating of 
the wet aggregate. 

While analyzing the adhesive qualities of binders on aggregates, 
several authors have pointed out the leading part played by wetting. 

Duriez [1] underlines the necessity of considering the ternary sys
tem mineral-binder-water to explain the affinity for coating wet mate
rials on the one hand and the stripping of coated materials by water on 
the other hand. He emphasizes the role played by dopes as modifiers of 
the absolute value of the adhesion tensions of water and binder on the 
minerals, which are the motivating factors behind the development of 
coating, the viscosity of the binder and the roughness of the stone acting 
as a brake. 

Hallberg [4] has shown that, from an experimental point of view, it 
is of interest to replace the binders by liquid hydrocarbons; this elimi
nates viscosity, which is an interfering factor. The qualitative sense is 
not seriously altered, as the chemical properties of the hydrocarbons, 
which control the wetting phenomenon, are very closely related to the 
properties of the bituminous binders. 

Nevertheless, the experimental method which Hallberg suggests, 
based on measuring the speed of capillary ascension of the hydrocarbon 
in sand, does not eliminate the roughness of the mineral. 

It is of interest to know the adhesion tensions by direct measure
ment. According to whether or not the forces put in action by the 
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surface phenomena are able to overcome the forces of viscosity, evolu
tion or stabilization of the coating state will take place. 

These surface actions appear only when water and binder coexist 
on the mineral and it is necessary, then, to study the phenomenon at the 
line of contact between the three phases. 

Such a knowledge is particularly valuable for the study of the addi
tives known as dopes. The action of the dopes is precisely that of modi
fying, by surface adsorption, not only the absolute values of adhesion 
tensions and of interfacial tensions, but also the signs of these forces, 
which are indicated by a change of the contact angles. 

Inspired by Hallberg's method, we have taken up the problem of re 
placing the binder by a liquid hydrocarbon. However, instead of using 
sand, we worked with slides of polished minerals in order to eliminate 
the roughness factor. 

As Duriez indicated, it is not necessary to study a great variety of 
minerals; it is enough to establish a distinction among the acid minerals, 
composed of silicates, and basic materials (alkaline earth carbonates). 
Our work proved that there is no essential difference within each of 
these two categories. 

The hydrocarbon chosen is kerosine, which, like asphalt, is of pe
troleum origin and is sufficiently fluid without being too volatile. 

We have been able to define the difference in behavior of the 
mineral-hydrocarbon-water system according to whether the mineral is 
initially wetted by water or by hydrocarbon, by utilizing J . Guastalla's 
wetting balance which permits one to measure successively the immer
sion, and emersion, adhesion tensions. 

Experimental Technique 

Guastalla Wetting Balance. This instrument [2,3] allows one to 
measure the force exerted on a vertical slide (2.5 x 2 cm.) when it is 
partially immersed in a liquid or, as in the case with which we are 
concerned, when it is placed perpendicular to the interface of two l iq 
uids, the upper part of the slide being in the lighter liquid and the lower 
part in the heavier one. 

The slide is hung on a lever which exerts a torsion on the torsion 
wire and the distortion is optically amplified by a mirror system (Fig
ure 1). The reading is done on a graduated scale in dynes per centi
meter. 

The entire torsion balance is mobile in the vertical sense, which 
allows displacement of the slide either upward or downward, in order 
to immerse or withdraw it progressively. This shifting is done by 
means of a drum, where each turn corresponds to a change of level of 
1 mm. 

Technique of Measurement. A beaker containing water and kero
sine is placed under the torsion balance, each layer having a thickness 
of about 2.5 cm. The slide being studied is hung on the lever and com
pletely immersed in the water layer before the layer of kerosine is 
floated on top of the water. By turning a knurled knob, the wire is 
twisted so that the spot indicates zero. The drum is then turned to 
raise the slide until its upper part comes in contact with the interface. 
The position of the drum is used as the point of departure for measure
ments of vertical displacement. 
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LEVER -

KEROSINE 

WATER — 

Figure 1. Guastalla's wetting balance 

Tracing of Wetting Cycle 

The slide is raised progressively, millimeter by millimeter, and 
the force exerted on it is read on the scale at each position. Equilib
rium is obtained after 1 minute. 

The force increases progressively for the first few millimeters 
and then stabilizes. This stable value corresponds to the immersion 
adhesion tension. 

The slide is then progressively lowered; the reading is stabilized 
at the end of several turns of the drum. This second reading corre
sponds to the emersion adhesion tension. If the values measured, while 
the slide is being raised and lowered, are taken into consideration in 
relation to the number of turns of the drum (in other words, the portion 
of the slide immersed in the kerosine),a parallelogram is obtained,two 
sides being horizontal when the slide is extremely thin. Because of the 
different buoyancies in the two liquids, a slight slope is noticeable and 
the exact values of the immersion and emersion tensions are obtained 
by extrapolation to zero (Figure 2). 

Figure 2. Tracing of wetting cycle 
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The slide is then replaced by a platinum stirrup (2.5 cm. long) in 
order to determine the interfacial tension. The tearing free method is 
employed, as usual, and a direct reading is obtained on this instrument. 

The relation between the adhesion and the surface tensions gives 
the cosine of the contact angle. 

Preparation of Slides. A 2.5 x 2 cm. slide, about 0.5 mm. thick, 
is sawed and ground from a sound and homogeneous part of the stone 
being studied. It is then polished with finer and finer abrasives and the 
operation is finished with alumina obtained after 5 hours of sedimenta
tion. 

Then, using a diamond point, a small hole is pierced, by scratching, 
in the middle of the upper edge of the slide, so that it may be hung on 
the balance. 

The slides are cleaned before each experiment by placing them for 
one hour in methylene chloride vapor, inside a flask topped by a reflux 
cooler. We verified that this process is sufficient to obtain reproducible 
measurements (± 1 dyne per cm.). 

A Study of Mineral Wetting in Presence of Dopes 

Systems Studied. We have made slides of various materials and 
studied the variations of immersion and emersion adhesion tensions by 
adding Dinoram S,an amine currently utilized in France for doping road 
materials and similar to the American Duomeen T , which has an alkyl 
propylenediamine base. 

The water-kerosine interface is always used and the amine is dis
solved in the kerosine phase. The action of amine hydrochlorate or 
amine acetate can also be studied by dissolving them in water. 

The slides were cut from quartz crystal and from porphyry and 
basalt. It was not possible to make slides from calcite crystal because 
of its extreme cleavability. Figures 3 and 4 show the immersion and 
emersion tensions on various materials vs. the logarithm of the dope 
concentration. The dashed curve shows the interfacial tension. 

Examination of Results. Interfacial Tension. The interfacial tension 
of water-kerosine is equal to 40 dynes per cm. in the absence of dope. 
It is not affected by the presence of dope unless its concentration in 
kerosine increases beyond a certain value, which is approximately 
10" 7 gram per ml. It then decreases linearly vs. the logarithm of the 
concentration and attains very low values which are not measurable 
when the concentration reaches 10" 2 gram per ml. The slope of the 
linear part is: 

d r / d log c = 12 dynes per cm. 
The immersion adhesion tension is negative and nearly equal in 

absolute value to the interfacial tension, as long as the dope concentra
tion remains low. It deviates from this value when the concentration 
attains 10~6 gram per ml. The interesting fact is the cancelling out and 
the change of sign of the adhesion tension for a certain threshold of 
concentration which changes with the nature of the solid. At high con
centration the immersion adhesion tension is equal in value and sign to 
the interfacial tension. 

The curve of immersion adhesion tension concentration ultimately 
joins the curve of interfacial tension and this means that the contact 
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Figure 3. Immersion adhesion tensions 

1. Basalt 
2. Quartz 
3. Porphyry A 
4. Porphyry Β 

Figure 4. Emersion adhesion tensions 

angle becomes nil and the wetting by hydrocarbon is perfect. The emer
sion adhesion tension varies greatly with the materials in the absence of 
dope. It is negative in the case of quartz, positive for other materials. 
It is affected by dope as soon as the concentration attains 10 " 7 gram per 
ml . and becomes equal to the interfacial tension when the concentration 
is equal to 10 " 5 gram per ml . 

The results are appreciably different when working with amine 
salts, introduced in the equeous phase. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
02

2

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



2 2 . DRON Wettability of Road Aggregates 3 1 5 

With amine acetate at a higher concentration (10"2 gram per ml.) 
the interfacial tension is nearly 5 dynes per cm. , but the adhesion 
tensions are close to zero, so that the contact angles are equal to 90°. 

With amine hydrochlorate, the problem is still more paradoxical. 
The adhesion tensions are negative and their absolute values may, in a 
high dope concentration, be equal to the value of the interfacial tension, 
but of opposite sign. The solid is , therefore, perfectly wetted by water. 

Interpretation of Results 
The technological problems relative to the competing of water and 

binder on the surface of the stone are of two categories. 
Problem 1. A wetted stone is to be coated with a binder. This 

problem arises at the time the macadam is made. Water is to be dis
placed by the binder on the surface of the mineral. This process is 
equivalent to the immersion of the slide in thekerosine phase. We must 
consider, therefore, the immersion adhesion tension. 

The immersion tensions of all the materials studied are negative in 
the absence of dope. Therefore, it is not possible to displace a film of 
water by the binder in the absence of surface active agents. 

When an amine is dissolved in the hydrocarbon phase, a threshold 
of concentration exists, beyond which the adhesion tension becomes 
positive. This threshold is characteristic of the efficacy of the dope 
employed on the mineral. It is equal to the concentration of the dope 
required for the binder to displace the water off the mineral surface. 

When the dope is in its hydrochlorate state and dissolved in the 
water phase, it acts only on the interfacial tension; its role seems un
favorable from the wetting point of view. A film of water is drawn along 
the mineral when it is immersed in kerosine, probably because of the 
adsorption of whole micelles and no longer of isolated molecules as 
Ter-Minassian found on glass slides [6]. Thus, the outer part of the ad
sorption coating is hydrophilic instead of lipophilic. 

When acetate is utilized, the contact angle is near 90°. The addi
tive acts only to lower the tension and not as a wetting agent. 

Problem 2. A different problem appears when the material is set 
in place on the road and we want to avoid displacement of the binder by 
water. It is a matter of protecting the structure, if, for example, the 
laying is followed by rain. This is equivalent to the emersion process 
and the force of displacement is then the emersion adhesion ten
sion. 

The emersion adhesion tensions at the lower concentration of dope 
indicate different tendencies to spontaneous stripping according to the 
minerals. The spontaneous stripping can occur only on quartz, for 
which the adhesion tension is negative. 

However, although positive, the emersion adhesion tensions are very 
low (practically nil in the case of porphyry). Because of the hysteresis 
(difference between immersion and emersion adhesion tensions) under 
the effect of outside energy—mechanical action, for example—the binder 
may be irreversibly replaced by water, and the stripping will continue, 
leading to the destruction of the structure. 

For the quartz, a threshold of concentration of the dope exists, 
above which the emersion adhesion tension becomes positive and the 
spontaneous stripping can no longer take place; its value is near 5.10"7 

gram per ml. 
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Conclusions 

Measurements of adhesion tensions on polished mineral slides by 
the Guastalla wetting balance point out certain aspects of the physical 
mechanism of the wetting of aggregates with doped hydrocarbons in the 
presence of water. 

This technique permits one to determine whether the aggregates 
are initially wetted by water or by hydrocarbons. The results show that 
water-wetted materials can be made receptive to coating by adding a 
certain quantity of amine, and that spontaneous stripping can occur only 
on very acid minerals and may be prevented by adding a smaller quan
tity of amine. 
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23 
Surface Activity at Organic Liquid-Air Interfaces 

V. The Effect of Partially Fluorinated Additives on 

the Wettability of Solid Polymers 

N. L. JARVIS, R. B. FOX, and W. A. ZISMAN 

U. S. Naval Research Laboratory, 
Washington 25, D. C. 

The present investigation describes the suc
cessful modification of the surface proper
ties of polymeric solids by the adsorption of 
appropriate partially fluorinated compounds 
at polymer-air interfaces during the forma
tion of the polymer surfaces. The extent of 
additive adsorption was found to be depend
ent upon the molecular structure, fluorine 
content, and solubility of the additives in the 
solute—i.e., their organophilic-organophobic 
balance with respect to the solute. Certain 
effective additives were able to decrease the 
critical surface tension, γc, of such poly
mers as poly(methyl methacrylate) and poly-
acrylamide to 20 and 11 dynes per cm., re 
spectively. These low γc values correspond 
to surfaces containing closely packed CF2 

and CF3 groups. 

Many surface properties of solid, smooth polymers are strongly 
dependent upon the chemical constitution of the surface layer of mole
cules [25,26,27]; therefore, to modify a given surface property it is 
necessary to alter the chemical composition of the surface in someway. 
One example of such a modification is the commercial use of controlled 
oxidation of the surface of polyethylene foil to ensure wetting by and 
adhesion of polar printing inks [2]. 

A series of studies of surface activity of soluble and insoluble 
compounds at organic liquid-air interfaces has been reported by Zis 
man, Ellison, Bernett, and Jarvis [4,10,11,16,17,18]. The most sur
face active compounds were found to be various fluorocarbon deriva
tives having the proper organophobic-organophilic balance. If one 
considers a plastic solid to be either a supercooled liquid or a liquid of 
very high viscosity, one would expect many of these partially fluorinated 
compounds also to manifest great surface activity when dissolved in 

317 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
02

3

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



3 1 8 ADVANCES IN CHEMISTRY SERIES 

various polymers, provided sufficient time is allowed for diffusion of 
the solute to the interface and for adsorption equilibrium to occur. The 
rate at which one of these surface active agents will adsorb at the 
polymer-air interface will be primarily determined by the rate of dif
fusion in the bulk polymer phase. If added to a molten polymer or to a 
solution of the polymer in a volatile solvent, the surface active agent 
will be able to diffuse rapidly to the surface as the polymer solidifies 
or as the solvent evaporates. Once the polymer film is solid, however, 
it may take hours or days for a significant amount of the additive to 
migrate to the surface, depending upon the concentration of the additive 
and the nature of the polymer. 

The extent to which a surface active solute adsorbs at a polymer 
surface will be determined by essentially the same properties that are 
responsible for their effectiveness in organic liquids—namely, their 
concentration, ability to lower the surface energy of the system, fluo
rine content, and solubility or extent of association with the polymeric 
substrate. By analogy with aqueous systems one might briefly call 
the combination of these properties in a fluorocarbon derivative its 
organophilic-organophobic balance. The presence of adsorbed and 
oriented fluorocarbon groups at the polymer-air interface will not only 
decrease the surface free energy of the polymer, and thus its wettabil
ity, but should modify its coefficient of friction and decrease its adhe
sive properties as well. It is the purpose of this report to demonstrate 
the effectiveness of a small concentration of a partially fluorinated 
additive in changing the surface constitution and reducing the wettability 
of various polymer surfaces. 

Experimental Materials and Methods 

The partially fluorinated compounds used in this investigation as 
surface active additives are listed in Table I. 

T A B L E I. List of Partially Fluorinated Compounds 
Used as Surface Active Agents 

I Tris(lH,lH-pentadecafluoro-octyl) tricarballylate 
II 3-(Hydroxymethyl)-l,5-pentanediol tris(heptafluorobutyrate) 
III Bis(lH,lH-undecafluorohexyl)-3-methyl glutarate 
IV Bis(lH,lH-pentadecafluoro-octyl) tetrachlorophthalate 
V ΙΗ,ΙΗ-Pentadecafluoro-octyl ethane sulfonate 
VI Bis(lH,lH-heptafluorobutyl) adipate 
VII 18,18,19,19,20,20,21,21,22,22,22-Undecafluorodocosanoic acid 
VIII N,N,N-Dimethyl-3-(n-perfluoroheptanecarboxamido)propyl 

-3-aminopropionic acid, inner salt 

Additives I through VI were prepared in high purity by O fRear and 
coworkers at this laboratory [12,19] and have been used in the previous 
studies of surface activity at organic liquid-air interfaces[4,10,11,16, 
17,18], Additives VII and VIII are research preparations donated by the 
Organic Chemical Department, Ε. I. du Pont de Nemours & Co., and the 
Minnesota Mining and Manufacturing Co., respectively. The carefully 
purified liquids used in the determination of yc were selected to give 
a wide range of surface tensions and a variety of structural types. 
Sources, methods of purification, and surface tensions of the majority 
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23. JARVIS ET AL Fluorinated Additives vs. Wettability 319 

of these liquids (listed in Tables II to V) have been given in previous 
reports from this laboratory [20,22]. The 1,1-diphenylethane was a 
product of Eastman Organic Chemicals, which had been freed from 
polar impurities by several percolations through a column of Floris i l . 

Four polymers with different surface compositions were used in 
this study—polystyrene (PS), poly(methyl methacrylate) (PMMA), poly-
acrylamide (PAM), and a poly(vinylidene chloride) (PVeC) copolymer 
(containing 20% polyacrylonitrile). Polystyrene has essentially a hydro
carbon surface, whereas the surfaces of poly(methyl methacrylate) and 
polyacrylamide contain ester and amide groups, respectively. The 
surface of the poly(vinylidene chloride) copolymer on the other hand 
will contain a relatively large number of chlorine atoms. The presence 
of acrylonitrile in the poly(vinylidene chloride) copolymer improved the 
solubility characteristics of the polymer for the purposes of this study, 
but did not appreciably alter y c , its critical surface tension of wetting. 
Values of y c of these polymers ranged from 30 to 33 dynes per cm. for 
polystyrene to approximately 40 dynes per cm. for the poly(vinylidene 
chloride) copolymer. No attempt was made to determine the crystal-
linity of the polymer samples, or to correlate crystallinity with ad
sorption of the fluorocarbon additives. 

The poly(methyl methacrylate) used in these experiments was ob
tained from freshly distilled degassed monomer by bulk polymerization 
to 30% conversion at 60° C. with azodiisobutyronitrile as initiator. The 
polymer was purified by two reprecipitations from tetrahydrofuran 
solution with methanol. After drying _at room temperature under vac
uum for 24 hours, the material had M v = 7.76 x 10 s . Mass spectro
scopic analysis of the volatile material obtained by heating 0.1-gram 
film samples of the polymer at 110° C. for 4 hours showed 7.4 x 10" 7 

mole of monomer and traces of methylene chloride solvent, no other 
volatile material having been evolved. Films of PMMA about 15 m i 
crons thick, with and without additives, were prepared in shallow rec
tangular borosilicate glass dishes by the slow evaporation (for 24 hours 
or more) at room temperature of methylene chloride solutions of about 
0.1 gram of the polymer and appropriate amounts of additive. During 
most of this time the surface-active compounds were free to diffuse to 
the polymer-air interface. Traces of solvent were removed by con
tinuous pumping at room temperature an additional 16 hours. Finally, 
samples were stored in an evacuated desiccator until the contact angle 
measurements were made, usually within 3 days. In each case there 
appeared to be no significant change in contact angle with time after the 
third day. 

Polystyrene was prepared from freshly distilled and degassed sty
rène by bulk polymerization at 50° C. under nitrogen with benzoyl perox
ide as the initiator: Conversion was about 50%. After precipitation with 
methanol, the polymer was purified by two reprecipitations from tetra
hydrofuran solution with methanol, exhaustively extracted with metha
nol, and finally vacuum-dried at room temperature. The polymer had 
M v = 1.8 x 10 s. Films of this material were prepared from methylene 
chloride solution in the same way as the PMMA films. 

Acrylamide (m.p. 85° C. from ethyl acetate) was polymerized in 
aqueous solution at about 75° C. in the presence of 2-propanol and 
potassium persulfate as described by Sorenson and Campbell [23]. The 
polyacrylamide was further purified by an additional precipitation from 
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aqueous solution with methanol and dried in vacuum. Films were pre
pared by the slow evaporation of water from aqueous solutions of the 
polymer and additive. 

The poly(vinylidene chloride) copolymer (Dow Chemical Co.) con
tained 80% vinylidene chloride and 20% acrylonitrile. A small amount 
of a carbonyl- containing compound was the only impurity detected by 
means of the infrared spectra of a thin film of the copolymer. Films 
were prepared by the slow evaporation of tetrahydrofuran solutions; 
otherwise they were handled in the same manner as the PMMA samples. 

Smooth surfaces of each polymer were also prepared (without ad
ditives) by pressing samples of the powdered polymers against a highly 
polished stainless steel surface in a Carver press at 16,000 p.s.i . 
Circular disks 1 inch in diameter and weighing several grams were 
formed in this way. PS and the PVeC copolymer were compressed at 
room temperature, P A M at 120° C , and PMMA at 150° C. The pressure 
was maintained until smooth polymer surfaces were obtained. The 
mold and stainless steel piston were cleaned prior to use, so that con
tact angles could be measured on the polymer surfaces without further 
surface treatment. 

The contact angles of the various liquids in Tables II to V on each 
polymer surface were determined while increasing the volume of the 
drop, and thus slowly advancing its periphery over the surface. The 
contact angles on each polymer surface prepared by solvent evapora
tion were measured through the plane ends of the rectangular borosili-
cate glass dishes using the method and improved goniometer telescope 
described previously [13], A l l contact angles on PMMA, PS, and PVeC 
copolymer were measured in air, but to prevent the adsorption of water, 
contact angle measurements on P A M were made in a dry nitrogen 
atmosphere. 

Every contact angle reported is the average of the values obtained 
on at least three different drops on a plastic surface, and at least two 
independent samples of each film were prepared. Contact angles for 
successive drops on a given polymer surface seldom varied more than 
4° ; however, somewhat larger differences were sometimes observed 
between independently prepared samples of the same polymer contain
ing small amounts of certain additives. These variations may have 
been a function of the age of the solid—i.e., the longer the polymer 
specimen ages, the greater the amount of additive that may diffuse to 
the surface. Because of the difficulty involved in measuring small con
tact angles through the plane ends of the glass sample dishes, contact 
angles of 5° or less were considered as essentially zero and indicative 
of spreading for the purposes of this study. Each prepared sample 
containing an additive was allowed to stand no longer than 4 days before 
contact angle measurements were made. A l l measurements were made 
at 25° ± 1° C. with the relative humidity varying from 15 to 30%, except 
for P A M . 

Experimental Results 

Polystyrene. Contact angles of the various pure liquids on poly
styrene are given in Table II for surfaces of pure polystyrene prepared 
by solvent evaporation as well as by compression of the powdered 
polymer. Values of θ obtained in each case agree well with those 
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T A B L E II. Contact Angles for Various Liquids on Polystyrene 

Contact Angles, 0, Degrees 

Surface ,. , Surface by Solvent Evaporation 
Liquid Tension, _ 

Dynes/Cm. N q N q 4% 10% 
additive additive a d d * i v e a d d £ i v e 

Water 72.6 93 96 96 97 
Glycerol 63.4 82 84 
Formamide 58.2 76 80 
Thiodiglycol 54.0 63 
Methylene iodide 50.8 a a 
Arochlor 1242 45.3 18 16 

(trichlorobiphenyl) 
1 -Bromonaphthalene 44.6 18 15 
Tricresyl phosphate 40.9 14 18 16 18 
Hexachloropropylene 38.1 11 14 
1,1 -Diphenylethane 37.7 12 12 
tert-Butylnaphthalene 33.7 Spr . b Spr. 
Dicyclohexyl 32.8 Spr. Spr. 
Bis(2-ethylhexyl) 31.3 7 10 12 14 

orthophthalate 
Squalane 29.5 6 
Hexadecane 27.6 Spr. Spr. 6 9 
Tetradecane 26.7 Spr. Spr. Spr. Spr. 

a P o l y m e r dissolved in methylene iodide, 
bContact angle less than 5°. 

reported by Ellison and Zisman [9], as shown in Figure 1. This agree
ment indicates that the polystyrene surfaces formed by solvent evapo
ration were essentially free of contamination, for the presence of a 
modest fraction of a monolayer of residual methylene chloride solvent 
at the interface would have significantly decreased the contact angles 
[8] below those reported in Table Π. The plot in Figure 1 of cos θ vs. 
surface tension, ( y L V o ) , for various pure liquids indicates that y c for 
polystyrene is between 30 and 35 dynes per cm., the range previously 
reported as the best estimate of the critical surface tension of poly
styrene [9, 24]. 

The fluorocarbon additives I through VII listed in Table I were 
added in varying concentrations to solutions of polystyrene in methylene 
chloride. Each was added in concentrations up to at least 1% by weight 
of polymer, while the pentanediol (Π) and 3-methylglutarate (ΠΙ) de
rivatives were added in concentrations up to 10 and 4%, respectively. 
In every case where only 1% additive was present there was no per
ceptible change in the wetting behavior of the polystyrene surface. 
Even at the higher concentrations, additives II and ΙΠ had only a slight 
effect on the wettability of polystyrene, the most significant change 
being that hexadecane now gave definite, measurable, contact angles. 
The ineffectiveness of these additives in polystyrene is a result of their 
low solubilities in the polymer. Each additive contains one or more 
highly polar ester or acid group, which in combination with the high 
fluorine content of the molecule tends to cause low solubility in nonpolar 
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Cos θ vs. y L V ° for various pure liquids 
on polystyrene surfaces 

liquids. In most instances the additives were so insoluble in the poly
styrene that they either separated as another phase as the solvent 
evaporated or formed cloudy, opaque films. Evidently, in order to 
modify the surface of polystyrene by adsorption of surface active mole
cules, it will be necessary to find partially fluorinated compounds that 
are more soluble in polystyrene. 

Poly (methyl Methacrylate), The contact angles of the various l iq 
uids on PMMA surfaces are given in Table III. The surfaces of PMMA 
(without additives) prepared by the two independent techniques were 
initially studied exactly as prepared, without any attempt to clean the 
newly formed surfaces. Significant differences were observed between 
contact angles on these two surfaces, the specimen prepared by solvent 
evaporation exhibiting much higher contact angles with some liquids 
than the pressed disks. However, after the surface prepared by solvent 
evaporation was washed with detergent, rinsed profusely with distilled 
water, and dried, contact angles were obtained which agreed within the 
limits of experimental error with those measured on the pressed disk, 
and were in better agreement with values reported in the literature. 
Craig, Berry, and Peyton [7] have reported a contact angle of 78° for 
water on clean PMMA, in very good agreement with that reported here 
for the clean surface. Therefore, the surface of the PMMA prepared 
by solvent evaporation had been contaminated by an easily removed 
film. It is unlikely that the contamination came from the solvent, for 
samples of polystyrene prepared from the same batch of solvent and by 
the same technique did not show evidence of such contamination. It is 
concluded that the film removed by cleaning originated from a small 
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amount of impurity in the PMMA sample which had adsorbed at the 
polymer-air interface as the solvent evaporated. A similar accumula
tion of impurity would not be expected to occur at the surface of the 
pressed disk, because of the slower rate of diffusion in the solid 
polymer. 

From the contact angles in Table ΙΠ, cos θ vs. y L V was plotted in 
Figure 2 for clean PMMA. From the intercept it is seen that y c is 
approximately 39 dynes per cm., well within the range of 33 to 44 dynes 
per cm. recently reported by Wolfram [24]. Ellison and Zisman [9] 
also obtained a critical surface tension of between 39 and 40 dynes per 
cm. for poly (ethylene ter ephthalate), another polymer containing a large 
number of carboxylic ester groups. 

I -Oi 

0.8 

0.6 

UJ 
? 0.4| 
if) 
Ο 
o 

0.2| 

0.0 

-0.2 

Ο MISC. LIQUIDS ON PMMA 

Δ n-ALKANES ON PMMA + 0.5% ADDITIVE I 

• n-ALKANES ON PMMA* 10% ADDITIVE H 

10 20 30 40 50 60 70 

S U R F A C E T E N S I O N (DYNES/CM.) 

Figure 2. Cos θ vs. y L y 0 for various pure liquids 
on poly(methyl methacrylate) surfaces 

The following fluorinated compounds were added to PMMA: t r i -
carballylate (I), pentanediol (II),and 3-methylglutarate (ΙΠ) derivatives. 
Additive I was added in concentrations up to 0.5% by weight of polymer, 
while Π and ΠΙ were added in concentrations up to 1.0 and 2.0%, re 
spectively. Contact angles were measured on PMMA films containing 
fluorinated additives without prior cleaning of the film surface, as in 
many cases washing with a detergent removed significant amounts of 
the adsorbed additive. The trace of impurity in the PMMA discussed 
in the previous paragraph was not considered important here, since in 
the competitive adsorption between it and one of the highly surface 
active fluorinated solutes, the latter would probably be the dominant 
species adsorbed. Therefore, an additive was considered effective 
only if it increased θ above the values reported in Table ΠΙ for PMMA 
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prepared without additives by solvent evaporation. Additive III ap
peared to be so soluble in PMMA that even a 2.0% concentration r e 
sulted in essentially no change in the wetting properties of the poly
mer. However, additives I and II brought about significant changes in 
the wettability. The fact that identical concentrations of these additives 
in methylene chloride did not cause a similar change in the wettability 
of polystyrene indicates that this effect is truly related to the surface 
activity of the additives in the polymer and not to their surface activity 
in the evaporating solvents. 

The fluorinated tricarballylate (I) was very surface active in PMMA 
and at a concentration of only 0.2% had apparently reached its maximum 
adsorption at the polymer-air interface. As is shown in Table ΙΠ, θ did 
not increase further when the concentration was increased to 0.5%. 
However, significant changes in θ were observed only for the high sur
face tension polar liquids and the low surface tension nonpolar liquids; 
those having intermediate properties exhibited contact angles identical 
to those measured on the additive-free PMMA. Previous work on the 
behavior of these additives when dissolved in organic liquids [17] indi
cates that the observed effect arose from the ability of the sessile drop 
to dissolve the film of additive accumulated in the surface of the poly
mer. Even if the entire fluorocarbon monolayer beneath a drop was 
dissolved, the concentration within the drop would still be too low to 
reduce the liquid surface tension. Essentially then we would have a 
situation analogous to a pure liquid drop resting on the additive-free 
PMMA. 

Additive Π did not show the same surface activity in PMMA as the 
tricarballylate (I), for 0.5% caused only moderate changes in Θ, and 
only when 1.0% had been added did θ approach values obtained with 
additive I. At the higher concentrations the polymer films containing 
the pentanediol derivative (Π) tended to wrinkle badly and pull away 
from the bottom of the glass dish; therefore reliable measurements of 
θ were difficult to make and hence fewer are reported. Again, the most 
significant changes in θ occurred for the very polar and nonpolar 
liquids. 

In many studies of wettability Zisman and coworkers have used the 
contact angles of a series of n-alkanes as a convenient means for de
termining r c for low energy solid surfaces [5, 6,13, 20]. In Figure 2 
are plotted the cos θ vs. y L V o curves for the n-alkanes on PMMA sur
faces containing 0.5% additive I and 1.0% additive II. The critical sur
face tensions with additives I and Π were 19 and 20 dynes per cm., 
respectively, representing a decrease of about 20 dynes per cm. from 
the value of yc obtained with the additive-free surface. Since the yc 

values of 19 and 20 dynes per cm. are very close to that of 18 dynes 
per cm. reported by Fox and Zisman [13] for the n-alkanes on poly
tetrafluoroethylene surfaces, it is apparent that a number of perfluoro-
alkane groups are present in the outermost part of the surface phase 
with the principal axis of each carbon-carbon chain parallel to the 
surface. 

Poly(vinylidene Chloride) Copolymer. Contact angles observed on 
poly(vinylidene chloride) copolymer surfaces prepared by solvent evapo
ration are given in Table IV, along with the values obtained on highly 
polished surfaces of compressed disks of the additive-free powdered 
polymer. Values of θ exhibited by the various liquids on each type of 
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T A B L E IV. Contact Angles of Various Liquids on 
Poly(vinylidene Chloride) Copolymer 

Contact Angle, 0, Degrees 

Liquid 
Surface 
Tension, 

Pressed 
disk Surface by Solvent Evaporation 

Liquid 
Dyne s / C m . No 1.0% 1.0% 

IN υ 
additive additive additive 

I 
additive 

IV 

Water 72.6 81 85 86 100 
Glycerol 63.4 67 72 72 92 
Formamide 58.2 65 70 71 82 
Thiodiglycol 54.0 42 
Methylene iodide 50.8 27 27 29 50 
Arochlor 1242 45.3 11 Spr. 8 23 

(trichlorobiphenyl) 
1 - B r omonaphthalene 44.6 9 9 Spr. 
Tr icresyl phosphate 40.9 10 11 12 30 
Hexachloropropylene 38.1 Spr. Spr. Spr. 
1,1 -Dipheny lethane 37.7 Spr. Spr. Spr. 
tert-Butylnaphthalene 33.7 Spr. Spr. Spr. 
Dicyclohexyl 32.8 Spr. Spr. Spr. 
Bis(2-ethylhexyl) 31.3 Spr. Spr. Spr. 20 

orthophthalate 
44 Hexadecane 27.6 Spr. Spr. 44 

Tetradecane 26.7 41 
Dodecane 25.4 36 
Decane 23.9 27 
Octane 21.8 11 

PVeC copolymer surface are in good agreement, generally within the 
limits of experimental error. These values of θ are very similar to 
those reported previously by Ellison and Zisman [8] on a poly(vinylidene 
chloride) surface, which for comparison are plotted in Figure 3 along 
with the present results. The plot of cos θ vs. Ύυγ° in Figure 3 shows 
the critical surface tension of the additive-free PVeC copolymer sur
face to lie between 38 and 44 dynes per cm. 

Fluorinated compounds I, III, IV, and V were dissolved in tetra-
hydrofuran solutions of the PVeC copolymer in concentrations up to 1% 
by weight of the polymer. Of these additives, the 3-methyl glutarate 
(III), ethane sulfonate (V), and tricarballylate (I) derivatives failed to 
modify the wettability of the polymer surface. However, the tetra-
chlorophthalate derivative (IV) caused a marked decrease in the wetta
bility of the polymer (see Table IV, last column). In Figure 3 the graph 
of cos θ vs. y L V o for the n-alkanes on the resulting surface shows that 
yc is between 20 and 21 dynes per cm., which is close to the charac
teristic 7C value of polytetrafluoroethylene), 18 dynes per cm. It is 
apparent that the polymer surface is rich in the fluorinated aliphatic 
chains of the solute and that the presence of the chlorine atoms in the 
tetrachlorophthalate molecule has increased the solubility of the addi
tive in the highly chlorinated PVeC copolymer. The presence of the 
chlorine groups in the tetrachlorophthalate derivative thus gave it a 
more suitable organophilic-organophobic balance than was present in 
additives I, ΙΠ, and V. 
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S U R F A C E T E N S I O N ( D Y N E S / C M . ) 

Figure 3. Cos θ vs. y L y 0 for various pure liquids 
on surfaces of poly(vinylidene chloride) copolymer 
(containing 20% poly aery lonitrile) 

Polyacrylamide. In Table V are listed the contact angles of the 
various liquids on polyacrylamide. On account of the high water solu
bility of this polymer, extremely low contact angles were observed for 
water, approaching zero with time. Glycerol and formamide also ap
peared to interact with P A M , and failed to give reproducible contact 
angles. Contact angles of the remaining liquids, obtained in a dry 
nitrogen atmosphere, were reproducible (Table V). The contact angles 
observed on the clean PAM surface are somewhat larger than might 
have been predicted on the basis of the polymer 1 s chemical composi
tion. If the amide groups are exposed at the surface, one would expect 
the polymer to have a critical surface tension about as high as PMMA 
or nylon [9], whose y c values are about 40 dynes per cm. On the other 
hand, if the amide groups are not exposed, the yc for P A M would be 
closer to that of polyethylene, approximately 31 dynes per cm. The plot 
of cos θ vs. y ο for the pure liquids on additive-free surfaces does not 
give a well defined yc. If a line is drawn through the points represent
ing the liquids with surface tensions greater than 35 dynes per cm., and 
is drawn parallel to corresponding lines in Figures 1 to 3, it indicates 
a yc somewhere between 35 and 40 dynes per cm. However, if this is 
the true yc of the surface, the liquids with surface tensions below 35 
dynes per cm. should have spread. 

This anomalous wetting behavior of the low surface tension liquids 
on additive-free P A M may indicate that the polymer surface is con
taminated. The most probable contaminant on the surface of this water-
soluble polymer would be a layer of strongly adsorbed water, which is 
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T A B L E V . Contact Angles of Various Liquids on Polyacrylamide 
(Values obtained in dry N 2 atmosphere) 

Surface 
Tension, 

Contact Angle, θ, Degrees Surface 
Tension, Surface by Solvent Evaporation 

Dyne s / C m . 0.6% 1.2% 1.0% 
No additive additive additiv 

Liquid additive VIII VIII v n i a 

Water 72.6 
Glycerol 63.4 
Formamide 58.2 
Thiodiglycol 54.0 28 84 

95 Methylene iodide 50.8 47 91 93 95 
Arochlor 1242 45.3 33 87 86 83 

(trichlorobiphenyl) 
85 1 -Bromonaphthalene 44.6 33 86 87 85 

Tricresyl phosphate 40.9 31 87 87 85 
Hexachloropropylene 38.1 Spr. 39 42 59 
1,1 -Dipheny lethane 37.7 22 82 82 82 
tert-Butylnaphthalene 33.7 20 80 78 78 
Dicyclohexyl 32.8 19 

76 Bis(2-ethylhexyl) 31.3 20 78 77 76 
orthophthalate 

74 Squalane 29.5 76 74 74 
Hexadecane 27.6 14 71 71 70 
Tetradecane 26.7 11 68 68 67 
Dodecane 25.4 66 65 64 
Decane 23.9 62 62 60 
Octane 21.8 57 56 54 

a Additive VIII added to monomer prior to polymerization. 

not removed by drying under vacuum at room temperature. To deter
mine whether or not adsorbed water will influence the contact angle, 
surfaces of PAM prepared by solvent evaporation, and by pressing the 
dried powder into disks, were exposed for several hours to atmospheres 
of varying relative humidity. The contact angles of methylene iodide 
on both surfaces were observed to increase from 47° to 58° as the 
relative humidity rose from 0 to 99%, while the contact angles of hexa
decane increased from 14° to 31° over the same relative humidity 
range. This behavior is analogous to the increase in methylene iodide 
contact angle with increasing hydration of a silicate surface that was 
observed by Shafrin [21]. On the basis of these experiments the finite 
contact angles of the low surface tension liquids on additive-free P A M 
surfaces may be explained by the presence of adsorbed water. 

The incorporation of a fluorocarbon additive in P A M presented a 
somewhat different problem than the previous polymers, inasmuch as 
it required a fluorinated additive that has some solubility in water. 
The partially fluorinated additives, I to VII, are insoluble in water and 
fail to disperse in the polymer when added to aqueous solutions; rather 
they form a separate phase and settle to the bottom of the sample 
dish. Additive VIII was therefore selected for use in this polymer, as 
Guenthner and Vietor [14] have shown that it was soluble in water up to 
1% by weight. Each of the samples containing the additives was handled 
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in the same manner as the additive-free surface, so that all would have 
about the same exposure to water vapor. In this way differences in 
wettability were observed, even though we were unable to determine the 
precise critical surface tension for the polymer itself. It subsequently 
was found that the contact angles on the films containing additive VIII 
did not seem to be susceptible to the presence of the small amounts of 
water vapor in the atmosphere, and did not change significantly upon 
standing in the room at 15 to 20% relative humidity up to several hours. 
The contact angles on P A M containing 0.6 and 1.2% of additive VIII 
given in Table V show that even 0.6% additive dramatically increased 
the contact angles of the liquids on the polymer surfaces. Contact 
angles for the n-alkanes approached those reported for surfaces con
sisting largely of - C F 3 groups [6,15,20,22]. A plot of cos θ vs. y L V o 

(see Figure 4) using the data for the n-alkanes shows that for this sur
face y c is 10.4 dynes per cm. There was no further decrease in y c 

when the additive concentration was increased from 0.6 to 1.2%, indi
cating that even at the lower concentration maximum adsorption of the 
additive had developed at the interface. 

S U R F A C E T E N S I O N ( D Y N E S / C M ) 

Figure 4. Cos θ vs. y L V o for various pure liquids 
on polyacrylamide surfaces 

Besides being added to aqueous solutions of P A M , additive VIII 
was also added to a solution of the acrylamide monomer prior to 
polymerization. After polymerization, the P A M was purified as de
scribed earlier and films were prepared by solvent evaporation with 
no further addition of surface active additive VIII. The contact angles 
given in the last column of Table V for the organic liquids on this film 
correspond, within the limits of experimental error, to those obtained 
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when the additive was added to an aqueous solution of the polymer just 
prior to formation of the film. 

Discussion 

Small amounts of appropriate fluorine-containing compounds, 1% 
by weight or less, significantly modified the wetting properties of sev
eral polymer surfaces. The fluorine-containing surface active agents 
were equally effective when added to the monomer prior to polymeri
zation or to solutions of the polymer in a volatile solvent. If one con
siders the polymer as a liquid of very high viscosity, it should be i m 
material how the additives are incorporated in the polymer, provided 
sufficient time is allowed for diffusion of the solute to the interface. 
The less viscous the polymer, the more rapidly adsorption equilibrium 
will be attained. One further property of a film formed by this tech
nique is that it should be self-healing—that is, any surface active mole
cules lost from the film will be replaced by the diffusion of additional 
material into the interface. The rate of self-healing will be dependent 
upon the rate of diffusion of the fluorocarbon derivatives in the bulk 
polymer, and may be accelerated by heating the solid polymer or other
wise lowering its viscosity. 

It is apparent from this study that in many ways the problems 
involved in selecting surface active agents for polymeric systems are 
analogous to those of finding surface active agents for any organic 
liquid, the primary difference being the slow rate of diffusion of the 
additives in the polymer. The problem of surface activity in a poly
meric system is thus a logical extension of the previous studies of 
surface activity in organic liquids, the effectiveness of a specific addi
tive in a polymer being dependent upon its organophilic-organophobic 
balance with respect to that polymer. In the present study only fluoro
carbon derivatives were used as surface active additives, but many 
hydrocarbons as well as silicone compounds would also be expected to 
show some surface activity in polymers. The primary advantage of a 
fluorine-containing compound is that it will cause a much greater de
crease in surface free energy, and thus give a polymer surface a lower 
wettability. A critical surface tension of 10 to 11 dynes per cm. was 
observed for P A M containing only 0.6% by weight of a fluorinated addi
tive, while PMMA and the PVeC copolymer had yc values of approxi
mately 20 dynes per cm. when small amounts of appropriate additives 
were present at the interface. The critical surface tensions of PMMA 
and the PVeC copolymer were thus reduced 20 dynes per cm., while 
that of P A M was lowered at least 25 dynes per cm. These large de
creases in critical surface tension reflect the change in surface com
position which has taken place, the polymer molecules being replaced 
in the interface by closely packed C F 2 and C F 3 groups. 

The presence of a closely packed layer of adsorbed molecules at a 
polymer surface will have a marked effect on many of its surface prop
erties, such as friction, adhesiveness, and wettability. These proper
ties of an adsorbed film have already found some application in indus
try. Allan [l] has demonstrated that small amounts of oleylamide 
incorporated in polyethylene foil will diffuse to the surface of the foil 
and greatly reduce the friction and adhesion between sheets of the 
plastic. A committee from the Piedmont Section of the American 
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Association of Textile Chemists and Colorists recently [3] described 
the incorporation of small amounts of fluorocarbon derivative in a 
polymeric material normally used to treat textiles for water repellency. 
They observed that the fluorocarbon preferentially adsorbed at the in
terfaces and decreased the γc values to 16 to 18 dynes per cm. Their 
films clearly showed the ability to self-heal, for when the initially ad
sorbed layer was deliberately scraped off, additional molecules quickly 
adsorbed at the interface when the polymer matrix was recured at an 
elevated temperature. The usefulness of adsorbed films of surface 
active molecules is thus apparent, and one may expect wide application 
of this technique to specific problems. The present study, in combina
tion with previous investigations of wettability and surface activity in 
organic liquids, forms an excellent guide for the design and synthesis 
of further surface active agents for polymeric systems. 
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24 
Prevention of Liquid Spreading or Creeping 

Marianne K. Bernett and William A. Zisman 

U. S. Naval Research Laboratory, 
Washington 25, D. C. 

Spreading of liquids over solid surfaces can 
be prevented by three approaches: The liquid 
can be inherently nonspreading in its pure 
state, it can be made nonspreading by addi
tion of carefully selected solutes, or the solid 
surface can be modified by coating it with 
substances of low surface energy. Require
ments for nonspreading oils for watches and 
fine instruments are discussed in terms of 
the basic mechanism of spreading and wet
ting, the effect of chemical composition on 
spreading, and the use of oleophobic addi
tives. The solid surface can be modified by 
monolayer coatings. These sometimes can 
be too readily removed, whereas coatings of 
selected fluorinated polymers remain effec
tive when laid down in the form of a circular 
ring surrounding the oil drop. 

In the lubrication of large machinery the whole bearing is usually 
surrounded by a viscous lubricant which is continually renewed at de
termined intervals of time. Conditions for the lubrication of watches, 
clocks, and many indicating meters, however, are quite different, since 
the oil in the watch must be left in the bearing for months or even years, 
and during this long interval must remain in the form of a drop without 
spreading away. Thus, the most important requirement for a good watch 
oil is its retention in a small droplet at the lubricating point over long 
periods of time. By the seventeenth century, certain bearings of watches 
and clocks consisted of a steel pivot rotating on a ruby or sapphire, 
each lubricated with a tiny drop of a nonspreading oil . 

Practice today is not much different, except that synthetic corundum 
(a - A1 2 0 3 ) has replaced the natural gems. Until about 30 years ago, 
nonspreading clock oils had been obtained mainly by various refining 
procedures from porpoise jaw, blackfish, olive, neatTs-foot, and bone 
oils by procedures which were more or less considered as trade se
crets. The principal difficulties with these products were their tenden
cies to evaporate, to thicken, and to deposit gums. Batches of oil from 
the same source were often too variable in nonspreading and stability 

332 
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properties, effective product control was rare, and oil specifications 
were inadequate. During the twentieth century Woog [27, 28] and Bulk-
ley and Snyder [8] found that on addition of small concentrations of oleic 
or stearic acid as well as olive, castor, and lard oil, the spreading tend
ency of refined oils on polished steel, brass, and jewel bearing material 
was decreased. They concluded that this reduced spreading tendency 
was due to a very thin coating deposited on the bearing surface. Woog 
[27, 28] developed and patented a process in which a dilute solution of 
the fatty acid in a volatile solvent was used to coat the bearing surfaces 
with a thin film or "epilame" of fatty acid. Some refined oils suitable 
for watch lubrication did not spread on such a film-coated surface. 
Since the film, however, was removed whenever the bearing was cleaned 
with a solvent, a new film treatment was necessary after every cleaning. 
In mass production, therefore, the process did not justify itself, espe
cially since this process also promoted increased oxidation. 

As the supply of effective, high-quality clock oils became increas
ingly meager and the cost mounted accordingly, several clock manu
facturers started research on clock oils and their synthesis. The best 
known American investigation, supported first by the Elgin National 
Watch Co. and later during World War II by the Navy Bureau of Aero
nautics, was conducted by Barker and coworkers [1, 10] of the Mellon 
Institute. During an extensive search among organic liquids with the 
requisite physical and chemical properties for clock lubricants, i n 
cluding nonspreading at subzero temperatures, they prepared several 
hundred synthetic compounds and 185 blends [10]. They developed a 
useful synthetic clock oil (N-28) which was acceptable to the military 
late in World War II and was the basis for military clock oils used 
since [21], Despite this success, lower vapor pressure, better oxida
tion stability, lower freezing point, and lower cost were desired. In ad
dition, at the end of World War II there still was no theory offered to 
explain the nonspreading of either these synthetic oils or the formerly 
used natural products. 

In the decade after the war, Zisman and coworkers at the U .S . Naval 
Research Laboratory investigated the surface chemistry of the spread
ing of oils and other liquids on solids and by 1958 had published an es
sentially complete picture of the various mechanisms involved. In an
other paper Zisman [29] has reviewed our present knowledge of the 
molecular mechanisms and theory relating to the wetting of solid sur
faces. 

Prevention of Spreading by Oleophobic Additives 

It has been established that the spreading tendency of a liquid de
creases with increase of its contact angle, Θ, on the respective solid 
surface and that the cosine of the contact angle bears a linear relation
ship to the surface tension of the liquid, γ L V o . The relation between 
contact angle 0 , surface tension y,v° > a n c i work of adhesion W A is given 
by the classic Dupré equation [13] 

W A = y L V o (1 + cos 9) + f s v o 

where fsv<> stands for the specific free energy decrease on immersion 
of the solid in the saturated vapor of the liquid. Nonvolatile liquids 
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exhibiting nonzero contact angles (liquids useful for clock oils) have 
negligible f sv<> values [30]. The Dupré equation demonstrates that 
maximum adhesion of the droplet of oil can be expected when y L V ° is 
as large and θ as small as possible; in qualitative agreement, it has 
been found that all of the useful clock oils have y L V ° values above 35 
dynes per cm. at 20°C. and θ values smaller than 15°. 

Pure liquids exist which are inherently nonspreading on high-
energy surfaces. The background on the wettability of low-energy 
surfaces [29] has proved essential in explaining the spreading proper
ties of these liquids on high-energy surfaces. The pure nonspreading 
liquids can be grouped into three classes. The first class, the auto-
phobic liquids [18], is exemplified by molten stearic acid, octyl alcohol, 
tricresyl phosphate, and trichlorodiphenyl [26]. The first molecules of 
these liquids to come in contact with the solid adsorb instantly to form 
a monomolecular film whose critical surface tension of wetting is less 
than the surface tension of the liquid, thus preventing it from spreading 
upon its own adsorbed film. The second class is comprised of numer
ous esters which, although able to spread completely on metal surfaces, 
are unable to spread on glass, silica, and sapphire. The ester hydrolyzes 
immediately upon adsorbing on these hydrated solid surfaces [15]; of the 
two products of the hydrolytic reaction, the one having the greater aver
age lifetime of adsorption remains to coat the surface with a close-
packed monolayer, thereby blocking further progress of the hydrolysis 
reaction. If this protective monolayer has a critical surface tension of 
wetting which is less than the surface tension of the liquid ester, non-
spreading results—i.e., the ester is unable to spread upon the adsorbed 
film of one of its own hydrolyzed products. 

It can now be understood why many of the early clock oils could be 
made from such raw materials as porpoise jaw oil, blackfish oil, bone 
oil, and olive oil . Such substances are rich in fatty acid esters whose 
hydrolysis, though slight, releases fatty acids and alcohols capable of 
serving as effective oleophobic film-forming solutes. A third class of 
nonspreading liquids may exist, comprised of those liquids whose surface 
tensions are so high and adhesional energies so low that the energy of 
adhesion is smaller than that of cohesion and spreading is thus thermo-
dynamically impossible—i.e., the Harkins spreading coefficient is nega
tive. If such liquids exist, they differ from autophobic liquids in not 
leaving a film behind them when rolled over a horizontal polished solid 
surface [26], 

By utilizing the principles responsible for the nonspreading qualities 
of pure liquids, ways can be devised to impart those same qualities to 
spreading liquids. This result can be achieved by the addition of se
lected solutes which act in either of two manners. The first approach 
is based on the ability of the solute to adsorb on a high-energy surface 
and forma monolayer witha critical surface tension of wetting less than 
the surface tension of the original liquid. Having modified the higher-
energy surface, this monolayer then prevents the liquid from spreading 
on that surface. When the liquid involved is an oil, the solute is said to 
make the oil become "oleophobic" to the solid surface, and the solute is 
called an oleophobic additive [6, 7, 14, 25, 32], If the liquid surface ten
sion is below 24 dynes per cm., the oleophobic additive must be a fluoro
carbon or silicone derivative; if it is above 24 dynes per cm., a fatty acid 
or other paraffinie polar compound will be effective. When the liquid 
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surface tension is above 30 to 32 dynes per cm., a branched-chain or 
cyclic hydrocarbon derivative can be used as the polar solute. 

The second approach is based on the addition of a more volatile 
solute which creates a surface tension gradient at the edge of an oil 
drop that opposes the spontaneous spreading of the oil . This method is 
reported by Bascom, Cottington, and Singleterry [2], The use of oleo-
phobic additives as a means of obtaining nonspreading properties pre
sents a number of problems, such as their limited solubility in many 
oils, or the necessity of using very low concentrations of the additive so 
that Θ will not become so large as to cause inadequate adhesion. When 
θ is kept small enough to be below 15°, the additive concentrations nec
essary are often so low that any careless handling of the lubricant dur
ing storage or pouring from one container to another may cause a sig
nificant decrease in the oleophobic property because of the adsorption 
by the active ingredient on the walls. 

Synthetic clock oils have been and can readily be found from among 
the aromatic esters of aliphatic alcohols or acids [1, 12, 15]; some have 
high enough surface tensions to be autophobic, and many are nonspread
ing because their hydrolytic products adsorb to form low-energy surface 
films. The introduction of aromatic rings in the molecular structure 
always increases the slope of the curve of viscosity vs. temperature 
and hence decreases the temperature range over which the oil can be 
used, a difficulty evident in the work of Barker et al. [1], O'Rear [22], 
and Portnoy et al. [24], Recent results of Cottington, Murphy, and 
Singleterry [11] on the control of oil spreading by the use of certain 
silicone additives capable of adsorbing as monolayers on high-energy 
surfaces, have shown a new route to making nonspreading oils. Their 
results have already led to the development of a useful clock oil from 
an ester containing only one aromatic ring [23]. 

One of the unexpected results of the long-term NRL study of spread
ing and wetting was to dispel an old, widely held, belief that a good lub
ricating liquid has better wetting and adhering qualities to a bearing 
surface than a poor lubricant. It was shown that the ability of liquids to 
spread on metals has no necessary relation to their lubricating proper
ties [17, 19, 31, 32], On the one handsome liquids, such as tricresyl 
phosphate, have exceptionally good boundary lubricating properties but 
do not spread on clean metals. For this reason, clock oils containing 
tricresyl phosphate are in use, but they have steep viscosity vs. tem
perature graphs and the fault that even the slightest decomposition will 
liberate corrosive phosphoric acid. On the other hand, liquids like the 
dimethyl silicones have inadequate boundary lubricating properties, yet 
spread freely on all clean metals. In general, it can be shown that the 
molecular structural requirements for good spreading ability are very 
different from those for good boundary lubrication properties. 

Control of Spreading through Modification of Surface 

The previously reviewed investigations of spreading and wetting 
make it possible to give a simple and fundamental explanation of the 
epilame treatment of Woog [27, 28]. Essentially the epilame is a modi
fication of the substrate surface. A close-packed adsorbed monolayer 
of a higher fatty acid, such as stearic acid, has a y c value of 24 dynes 
per cm. Any oil or other liquid having a surface tension, y L V ° , at 20°C. 
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greater than 24 dynes per cm. would therefore be nonspreading on such 
a monolayer, and the equilibrium contact angle would be greater the 
larger the difference from liquid surface tension to critical surface 
tension. 

The epilame treatment can be improved greatly by applying our 
present knowledge of the constitutional laws of wetting. Since a silicone 
resin coating on a solid surface can be prepared having a y c value as 
low as 24 dynes per cm. [11, 30], such a coating can be used in place of 
the fatty acid as the epilame. It is possible to lay down such a silicone 
coating on a metal or gem from an air-drying lacquer or dilute benzene 
solution; thus, an effective and more durable epilame treatment can be 
made using such a silicone air-drying varnish. An immediate advantage 
would be the less destructive action of many solvents used in cleaning 
watches and clocks to the silicone coating than to WoogTs epilame of 
stearic acid. 

Another way to prevent spreading of the instrument oil is to use 
one of several commercially available fluorinated polymers whose low 
y c values render them especially attractive for such application. Suit
able coatings can be made from Teflon (polytetrafluoroethylene), F E P 
Teflon (a commercial copolymer of tetrafluoroethylene and hexafluoro-
propylene), or fluorinated esters of poly (aery lie) or poly (methacry lie 
acid); their y c values are 18.5 [16], 17.0 [3, 4], 11.1, and 10.6 dynes per 
cm. [5], respectively. Each such coating will prevent the spreading of 
any lubricating liquid known. However, one essential precaution must 
be observed in using such coatings. Since these liquids have such low 
yc values, the drop of oil placed on top of the coating will have a con
tact angle so large that the adhesion of the liquid to the coating will be 
inadequate, and a slight jar of the instrument might detach the oil drop. 
This difficulty can readily be avoided, however, by applying the fluoro
carbon resin coating in the form of a circular ring surrounding the oil 
drop. If the oil in the middle portion does not rest on the coating, there 
will be adequate adhesion to the bearing surface. 

Techniques for Depositing Coatings. Teflon coatings are normally 
applied from a dispersion in water [12]; in applying them there is usu
ally difficulty with the requirement of a brief bake at temperatures 
around 700°F. in order to sinter the Teflon particles, obtain good film 
adhesion, and eliminate the water and additives. This treatment is often 
impractical in the manufacture of many instruments. The coating pro
cedure is more advantageous with F E P Teflon [20], since its melting 
point of 545°F.is much lower; in addition, small bearings may be coated 
by immersing each in a fluidized bed of the hot polymer powder [9], 

A more generally applicable and simpler method, which does not 
require any heat treatment, can be used with either of the fluorinated 
polymers prepared as research products by the Minnesota Mining and 
Manufacturing Co. The chemical formulas of the respective mono
mers investigated at NRL are C 7 F 1 5 C H 2 O C O C ( C H 3 ) = C H 2 , IH, IH-
pentadecafluoro-octyl methacrylate (polymer A), and C 8 F 1 7 S 0 2 N ( C 3 H 7 ) 
C 2 H 4 O C O C H = C H 2 , 2-(iV-propylperfluoro-octane sulfonamido) ethyl acry-
late (polymer S), whose properties have been described [5], These low 
surface-energy films can be readily laid down from a solution in an ap
propriate solvent such as xylene hexafluoride or benzotrifluoride which, 
after slow evaporation, leaves a suitable coating. A fine camel's-hair 
brush can be used to paint bands of any desired width (such as 1 to 3 mm.) 
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around a circular area surrounding the bearing of sufficient size to 
contain the oil drop. 

These fluorinated materials have the additional advantage of not 
being readily dissolved by any of the cleaning solvents commonly used 
in the instrument field. Organic solvents such as xylene, petroleum 
ether, or AMSCO 140 solvent (140°F. flash point aliphatic solventmanu-
factured by American Mineral Spirits Co.) had no adverse effect on 
polymer A coatings on stainless steel, brass, and aluminum disks when 
totally immersed for 3 weeks at ambient temperature. Ammonia -
containing aqueous watch cleaning solutions are capable of detaching 
the coating after prolonged immersion without dissolving it (Extra Fine 
Solution, L and R Manufacturing Co., started to loosen the film edges 
on a stainless steel disk after 2 days1 immersion and completely de
tached the film after 2 weeks; Concentrate Cleaning Solution, Zenith 
Cleaning Fluid Co., had the same effect, but after an immersion period 
of 4 weeks). Fluorinated solvents, such as Freon T F (b.p. 117.6°F.), 
understandably act as good solvents on the polymer. 

To determine the applicability of these coatings for instrument-oil 
barriers for drops of either spreading or nonspreading watch oils, 
spreading tests were made on three smooth surfaces of 18/8 stainless 
steel, fused borosilicate glass, and synthetic sapphire. The surfaces 
were freshly cleaned according to the procedure described by Fox, 
Hare, and Zisman [14]. Small rings of a fluorocarbon coating were 
deposited on each surface by the above-mentioned techniques. Three 
drops of each of the five chemically diverse spreading oils (freshly per
colated to remove any polar impurities) and of one synthetic nonspread
ing oil (Table I) were placed in the uncoated center of the ring, one drop 

Table I. Oils Observed for Spreading in Uncoated Center of 
Fluorinated Polymer Rings 

Surface Tension 
( y L V o ) at 2 5 ° C , Source 

Dynes/Cm. 

30.1 (20°) Rohm and Haas 

Spreading Oil 

Bis (2-ethylhexyl) sebacate 

Bis (IH, IH, 7H-dodecafluoro-
heptyl) 3-methyl glutarate 

Silicone DC 200 (20 cs. at 
25°C.) 

Petroleum lubricating oil 
MS 3042 

Ucon Fluid DLB-140E 

Nonspreading clock oil 
14-L-16 

24.6 

29.1 

32.3 

Naval Research Laboratory 

Union Carbardide Chemical 
Co. 

Lehigh Chemical Products 
Co. 

20.6 Dow Corning 

28.9 E s so Standard Oil 

to a ring. These oils were then observed periodically while stored in a 
dust-free closely confined chamber at 20°C. Each oil drop spread 
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initially over the uncoated surface within each circle and it did this for 
each of the three different surfaces used, until it came in contact with 
the inner rim of the ring-shaped coating of the fluorinated polymers. 

Figure 1 shows the results after 100 days for the stainless steel 
substrate. A l l oil drops, with the exception of one system, still re 
mained confined within the rings after 100 days. The one exception was 

Figure 1. Three drops of each of six oils after 100 
days at 20°C. on stainless steel confined by polymer 
S (left) and polymer A (right) 

Only oil 2 for polymer S spread 

observed with the fluorinated ester drops, bis(l#, 1H, 7#-dodecafluoro-
heptyl) 3-methyl glutarate, which spread over the coating of polymer S 
only (Figure 1, upper left, series 2), regardless of the nature of the sub
strate surface. After 3 to 4 days, this oil began to creep over the inside 
rim of the coating, and then it slowly continued over the whole width of 
the band, and remained there for the 100-day observation period. On 
stainless steel the oil drop never passed the outer r im of fluoropolymer 
S; on glass the oil reached the outer rim of about half the band, but 
never did on the opposite half; on sapphire, one of the three drops of 
the fluorinated oil spread after 90 days beyond the outer circumference 
onto the clean surface. 

The reason why only the fluorinated ester drops spread over one of 
the fluorinated coatings can be explained by mutual attraction promoted 
by the structural and chemical affinity of the two fluorine-containing 
organic compounds. It had been established [5] that the fluorinated side 
chains of polymer S are sterically less closely packed and have more 
freedom of rotation than those of polymer A; they may thus permit some 
lateral penetration of the closely related fluoro chains of the glutarate 
ester, whereas polymer A with its tight array of side chains is imper
vious to such penetration. The fluorinated ester exerts a slight solvent 
action on polymer S, but not on polymer A, when the polymer is totally 
immersed in the ester for periods longer than 10 days at ambient tem
perature, or 2 days at 50°C. 

Lubricants are required to remain nonspreading at subzero as 
well as high temperatures in modern instruments. After 100 days 
at 2 0 ° C , the above-mentioned specimens were therefore subjected 
to cycling between + 50° and -20°C. for 24 hours at each temperature, 
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to observe if spreading could be induced or whether the adhesion of the 
coatings remains acceptable. After 20 full cycles (40 days), all liquids 
with the exception of the fluoroesterwere still contained within the rings 
of polymer S. On sapphire and glass some of the liquid drops, espec
ially nonspreading clock oil 14-L-16, had slightly flattened out, whereas 
on stainless steel the drop shape remained unaltered. Most of the liq
uids began to creep over the containing bands of polymer A after two 
full cycles but did not go beyond them even after the 20 full cycles. 
Again the drops on stainless steel showed the least effect. These ob
servations may indicate that the coefficient of expansion of polymer S 
is not so different from those of steel, glass, and sapphire, that it 
adversely affects its adhesion to these materials. Coatings of polymer 
A, however, are more susceptible to temperature changes; this is evi
denced by the spreading of almost all oils to the rim of the polymer 
ring on sapphire and glass. The adhesion relative to stainless steel is 
much greater, as shown by the almost unchanged shape of the oil drops 
after full cycling. 

Conclusions 

Liquid spreading can be prevented by three approaches: 

1. Use of a pure nonspreading liquid. 
2. Modification of a spreading oil through additive agents. Selected 

solutes can be added which act either as additives of low surface tension 
capable of adsorbing as monolayers whose critical surface tension is 
lower than the surface tension of the liquid; or as additives of higher 
volatility which create a surface tension gradient. 

3. Modification of the solid surface. The surface can be completely 
coated by monolayers of low surface energy compounds on which oil 
drops having higher surface tension will not spread, or covered with 
narrow ring coatings of insoluble polymers of low surface energy, such 
as fluorocarbon derivatives, which surround the oil drop. 

Since the nonspreading oil feature can be obtained by the surround
ing ring-shaped coating of a fluorocarbon resin, the nonspreading re
quirement of the oil is not essential. Hence, it becomes possible to 
employ any one of the many available spreading-type lubricating oils 
(such as petroleum, poly ethers, or aliphatic diester s ) which fulfill to a 
higher degree than present clock oils all of the other important require
ments of such oils—i.e., small temperature coefficient of viscosity, low 
pour point, lowest possible evaporation rate, and low cost as well as 
excellent boundary lubricating properties, rust inhibition, and oxidation 
stability. 
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25 
Effect of Polar-Nonpolar Additives on Oil Spreading 

on Solids, with Applications to Nonspreading Oils 

ROBERT L. COTTINGTON, CHARLES M. MURPHY, and 
CURTIS R. SINGLETERRY 

U. S. Naval Research Laboratory 
Washington 25, D. C. 

Nonspreading oils can be prepared from 
many lubricating oils by proper choice of an 
adsorbable additive, but an additive that makes 
one oil nonspreading may cause violent 
spreading of another. This anomalous 
spreading is produced by surface tension 
gradients resulting from adsorptive depletion 
of additive along the edge of the drop. Oily 
contamination of a surface may also cause 
spreading of an otherwise nonspreading oil . 
Since contamination rarely produces a criti
cal surface tension above 30 dynes per cm., 
a practical nonspreading oil should have a 
surface tension above this value. Effective 
additives for nonspreading include the sili-
cones, fluoroesters, amine-organic acid 
salts, high molecular weight organic acids, 
alcohols, or amines, and some oil-soluble 
soaps. A predeposited film of a polysiloxane 
prevents the spreading of most oils on metal 
surfaces. 

For an important group of applications the spreading characteristic 
of a lubricating oil may be as important as its viscosity, oxidation sta
bility, or boundary lubricity. This has long been recognized by watch
makers, who require an oil that will not spread from jewel bearings to 
the hair spring, where it may alter the escapement rate. Jeweled bear
ings in meters for military electrical equipment require a similar l u 
bricant. The nonspreading property of oil is also important because it 
minimizes evaporation; a drop of oil after spreading may expose as 
much as a thousand times the original surface. A drop of a good non-
spreading oil will remain almost undiminished on a test plate for a year 
or more, whereas a spreading oil of equal volatility will be lost com
pletely within one or two weeks. A spreading oil film is also undesirable 
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because it promotes the collection of dust and lint which absorb addi
tional oil . The nonspreading characteristic of instrument lubricants 
may be expected to assume additional importance as problems emerge 
in maintaining highly instrumented missiles in instant readiness over a 
period of years. Nonspreading oils may also find critical uses in satel
lite instruments, which cannot be relubricated, and which are sometimes 
exposed to evaporation in a high vacuum. 

Nonspreading oils are not new [1, 2, 8,10,11]. Earlier work in this 
laboratory [6] has established criteria for spreading or nonspreading of 
liquids on solid surfaces. This work [18] explains the behavior of watch 
oils that have already been developed by empirical methods and pro
vides the basis for a rational approach to the formulation of instrument 
oils to meet more exacting requirements. 

Such an approach must choose between the attempt to synthesize a 
truly autophobic liquid having suitable physical properties and the search 
for additive-oil combinations that will be reliably nonspreading. The 
truly autophobic liquids reported to develop contact angles greater than 
3° are aromatic phosphates or halides. Since such compounds have large 
viscosity-temperature coefficients, the most promising approach to the 
preparation of nonspreading oils with better low-temperature proper
ties would appear to be a basic study of the effect of surface active ad
ditives on the spreading behavior of nonautophobic oils. The results of 
such a study should provide rational guidance for the formulation of non-
spreading oils from available low-temperature lubricants of the spread
ing type. 

The present investigation has established that almost any oilcan be 
made nonspreading on clean and smooth stainless steel or sapphire sur
faces by the inclusion of a proper additive. However, unsuitable addi
tives may sometimes accelerate rather than prevent spreading. This 
report describes the diverse wetting phenomena observed with oil solu
tions of polar-nonpolar molecules and identifies the properties favor
able to the formulation of a stable nonspreading lubricant. It also ex
amines new possibilities for preventing spreading by predepositing 
silicone coatings in a manner somewhat analogous to the f fepilameM 

treatment of bearings with stéarates and/or stearic acid. 

Experimental 

Materials. The bis(2-ethylhexyl)sebacate (EHS) used in this study 
was prepared from lubricant grade diester by fractionation in a molec
ular still and percolation through Floris i l adsorbent before use. The 
other aliphatic esters were research preparations which were perco
lated through Floris i l before use. The fluoroesters were pure materials 
prepared at this laboratory for other purposes [5, 7,12], and reperco-
lated through Florisi l before use. The fluoroester prepared from a 
telomer alcohol, bis(lH,lH,7H-dodecafluoroheptyl) 3-methyl glutarate, 
is referred to as fluoroester I, that prepared from an alcohol terminated 
by aperfluoromethyl group(lH,lH-undecafluorohexyl alcohol) as fluoro
ester II, and tris(lH,lH,4H-hexafluorobutyl)tricarballylate as fluoroes
ter III. 

The squalane (2, 6,10,15,19, 23-hexamethyltetracosane) was mate
rial represented to have an iodine number of 7.5 or less (Eastman No. 
7311). It was treated with concentrated sulfuric acid, washed, and 
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percolated through silica gel and Floris i l before use. The absence of 
polar impurities was shown by its nonspreading on clean water. The 
pristane (2, 6,10,14-tetramethylpentadecane) was a commercial sam
ple which was twice percolated through silica gel and Flor is i l . The 
cetane (n-hexadecane) was a highly pure material which was perco
lated through silica gel and Floris i l before use. Isopropylbiphenyl, 
supplied by the Monsanto Chemical Corp., was percolated through alu
mina and Floris i l before use. The isopropyl 1,9-diphenylnonane was a 
research sample supplied by the California Research Corp. [15] and 
percolated through alumina and Floris i l before use. It was a mixture 
of the meta and para isomers. The Grade 1010petroleum oil was alight 
aircraft engine oil supplied under specification Mil-0-6081/B(ASG). It 
was percolated through alumina, fuller Ts earth, and Flor is i l . 

The DC 510 silicone was material supplied commercially by the Dow 
Corning Corp. It was used after percolation through Floris i l , except 
where the nonvolatile residue from stripping in a molecular still is 
specified. This residue was also percolated through Floris i l before use. 
The dimethyl silicone (DC 200), the moderately phenylated DC 550, and 
the highly phenylated DC 710 were obtained from Dow Corning; they 
were percolated through alumina and Floris i l before use. The fluoro-
silicone was a sample supplied by Dow Corning Corp. under the desig
nation QF-1-0065. It had a nominal viscosity of 1000 cs. and was per
colated through alumina and Flor is i l . 

Procedure. Wetting behavior was studied mostly on stainless steel 
surfaces (304 SS: 18% C r , 8.0% Ni, 2.0% Μη, 0.75% Si)which formed the 
ends of short cylinders 3/4 inch in diameter and 1/2 inch long. Special 
care was exercised to prepare the test pieces from bar stock contain
ing a minimum of microscopic inclusions and voids. The cylinders 
were ground to exact height and polished on a pitch lap to a high mirror 
finish. The surface was cleaned immediately before use by a light pol
ishing with y-alumina on a metallographic wheel, rinsed with hot dis
tilled water, and dried at room temperature. Sapphire and fuzed quartz 
surfaces were cleaned in the same manner before use. Oil droplets 
were applied to test surfaces with a freshly flamed platinum wire. The 
drops commonly had initial diameters of 0.03 to 0.10 cm. and were ob
served under a metallurgical microscope with vertical incident i l lumi
nation. 

Contact angles of 5° or more were measured with a contact angle 
goniometer. Angles of less than 5° were determined by measurement 
of the spacing of interference bands generated by monochromatic light 
on the slope adjacent to the drop edge. This technique permits a pre
cision of 0.1° or better with such small angles. True nonspreading 
edges were readily distinguished from the edges of slowly spreading 
drops by the different appearance of the first interference band; this 
band was sharp and spaced uniformly with the adjacent bands for true 
nonspreading, but was widened and displaced outwards from uniform 
spacing in the case of slow-spreading liquids. 

The test surface with the oil drop in place was protected from aero
sols and dust during observation and storage by enclosing it in a glass 
cylinder 3 mm. larger in diameter and 2 mm. higher than the test piece. 
The upper end of the glass cylinder was covered with a standard micro
scope cover slip through which observations were made. The small 
volume of air enclosed and the very low head room between the test 
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surface and the cover slip reduced aerosol contamination so that test 
drops could be studied over storage periods of as long as 12 months. 
Experience indicates that oily aerosols—e.g., from tobacco smoke—are 
a major source of contamination for clean surfaces. 

Results and Discussion 

Preliminary experiments revealed four typical patterns of behavior 
for oil solutions of additives which adsorb strongly at the oil-metal 
interface: 

1. The solution was nonspreading and developed a reproducible con
tact angle which decreased only moderately during several monthsT 

storage of the test assembly at room temperature (Figure 1). 
2. The solution spread initially in the same way as a pure oil, but 

eventually retracted from the wetted area to form many small drops with 
finite contact angles (Figure 2). 

3. The drop exhibited a substantial contact angle, but skated over 
the surface at a rate of several millimeters per minute. It refused, 
however, to cross any previous track in its gyrations. 

4. The drop spread McatastrophicallyM at a rate two or three orders 
of magnitude faster than drops of pure oils of comparable viscosity. In 
such cases, the spreading liquid formed an intricate dendritic pattern, a 
series of rapidly growing lobes about the drop circumference, or a re 
ticulated pattern containing parallel threads of liquid obviously related 
to polishing directions on the solid surface. These patterns, after a few 
hours of development, were stable, and exhibited finite contact angles at 
the oil margins (Figure 3). 

Figure 1. A nonspreading droplet 

Squalane containing 0.1% DC 510 silicone, 
after 30 days 

Spreading Anomalies. The anomalous spreading behaviors of types 
2, 3, and 4 that are exhibited by some liquids containing strongly adsorbed 
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Figure 2. Retraction after initial 
spreading 

Bis(2-ethylhexyl) sebacate containing 1% 
of sodium dinonylnaphthalene sulfonate 

Figure 3. Dendritic spreading of bis 
(3,5,5-trimethylhexyl) sebacate con
taining 1% of DC 510 silicone 
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Figure 4. Surface tension lowering in squalane 
and in bis(2-ethylhexyl) sebacate as a function 
of concentration of surface active solute 

γ 1 - y 2 · Difference between the surface tension of 
major component and that of liquid added to reduce 
surface tension 

additives need to be clearly understood if such effects are to be avoided 
in practical formulations of nonspreading oils. The information in Tables 
I, II, and III and Figure 4 suggests the following explanations for the 
various behaviors. 

Stable spreading behavior of type 1 results when the additive has 
only a small effect on the surface tension, y L V , of the oil but deposits a 
monolayer whose critical surface tension, y c , is smaller than y L V , so 
that the solution exhibits a substantial contact angle against the adsorbed 
monolayer. Several such systems are shown in Tables I, II, and in,with 
data for the decrease in y L V of the liquid produced by the specified addi
tive. Stable nonspreading compositions result when dimethyl (or lightly 
phenylated) silicones are added to aliphatic hydrocarbons and when 
fluoroesters are added to bis(2-ethylhexyl) sebacate. Other examples 
not included in the table are barium dinonylnaphthalene sulfonate in 
isopropylbiphenyl and a moderately phenylated (DC 550) silicone in 
isopropyl-l,9-diphenylnonane. The significant common feature of these 
systems iâ that the additive lowers the surface tension of the pure liquid 
by not more than 5 to 6 dynes per cm. 

Normal spreading with delayed retraction to droplets (type 2 spread
ing) is characteristic of nonvolatile additives which do not lower the sur
face tension of the solution significantly and whose monolayers at the 
solid interface have γ c only slightly smaller than y L V . Type 2 spread
ing is understandable °if we recall that all the oils studied with non-
spreading additives spread normally on metals in the absence of the ad
sorbed monolayer. It must be assumed that at the instant of application 
a "footM or meniscus of oils turns outward at the base of the drop to 
form a zero contact angle with the solid surface. If the adsorption of 
additive from this thin film is insufficient to make the critical surface 
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Table I. Spreading of Oils Containing DC 510 
Silicone on Clean Stainless Steel 

L i q u i c * Silicone 
Spreading 
Behavior 

Pristane 
n-Hexadecane 
Squalane 
1010 petroleum oil 
Bi s(3,5,5 - tr imethy lhexy 1) 

sebacate 
Polypropylene glycol 

Trimethylolpropane 
tri-n-alkanoate 

Bis(2-ethylhexyl) 
sebacate 

Isopropylbiphenyl 

a N S — Nonspreading. 

1 .0 N S a 

1, .0 NS 
1, .0 NS 
1 .0 NS 
1 .0 Slight spr. 

1, .0 Rapid 
dendritic 

1 .0 Rapid 
dentritic 

1 .0 Slight 
dendritic 

0 .1 Strong 
dendritic 

Surface Tension, y L V , 
at25°C. 

Base oil Soin. 

25.5 23.4 2.1 
27.3 23.6 3.7 
27.8 22.7 5.1 
28.7 23.6 5.1 
28.4 22.5 5.9 

29.2 - -

29.6 22.8 6.8 

30.3 23.2 7.1 

34.8 24.1 10.7 

tension of the surface less than the surface tension of the oil solution, 
spreading will continue. As the bulk of the droplet passes over the zone 
of unsaturated adsorption, more additive will be deposited to saturate 
the monolayer, which will then have y c < y L V , although spreading still 
continues at the drop margin. The thin film of oil above the monolayer 
eventually breaks and retracts into irregular droplets. In other cases 
the ultimate nonspreading may result from m situ hydrolysis of an ester 
to give acids or alcohols which adsorb to form a low energy oil-solid 
interface after the drop has spread. 

Type 3 behavior, in which nonspreading drops move about spon
taneously over the surface, is observed for several oils containing 
amine salts of fluorinated acids. Since there may be some free amine 
present in the oil, it is suspected that the evaporation of amine vapor 
from the drop is nonuniform because of air convection; this nonuniform-
ity causes slight differences in the surface tension, so that the surface 
film flows toward the point of higher surface tension. Such a flow 
carries along the bulk oil underneath and produces a self-propagating 
movement of the drop along a straight path. The self-propagation re 
sults because the new surface generated on the trailing side of the drop 
will have a lower surface tension than the surface on the advancing edge. 
The significance of additive evaporation for this phenomenon is sup
ported by the fact that a second sample, when held at 60°C. for two 
weeks, lost its nonspreading property and its mobility, and spread nor
mally. 

Such mobile behavior has also been noted for drops of squalane and 
isopropyl-l,9-diphenylnonane supported, respectively, on the adjacent 
faces of a polished metal disk and a glass cover slip 1 mm. above it. If 
the drop of squalane (surface tension 27.8 dynes per cm.) is centered on 
the disk and the drop of the aromatic hydrocarbon (surface tension 34.4 
dynes per cm.) on the underside of the cover slip above it is displaced from 
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Table II. Effect of Surface Active Solutes on the Spreading 
Behavior of Bis(2-ethylhexyl)sebacate. (y Lv of pure ester. 

30„3 dynes/cm. Experiments on polished stainless steel) 

Additive 
Concn., Wt. - Ay L V of 

Additive % Spreading Behavior Soin. 

DC 200 silicone, 70 cs. 0.01 NS, low Θ 4.9 
0.1 NS, low Θ 

DC 200 silicone, 20 cs. 0.1 Dendritic spr. 
DC 200 silicone, 5 cs. 1.0 Dendritic spr. 
DC 510, silicone 50 cs., 

stripped sample 0.1 Dendritic spr. 5.9 
1.0 NS, low θ 7.1 

10.0 Slow spr. 8.6 
40.0 Mod. spr. dendritic 9.1 

DC 550 silicone, 100 cs. 1.0 Slow spr. 
Fluorosilicone, 1000 cs. 0.01% Slow spr. 

(sat) 
Fluoroester I a 1.0 NS, low Θ 0.4 

5.0 NS, low θ 0.9 
Fluoroester IID 1.0 NS Θ = 17° 2.3 
Fluoroester IIIe 1.0 NS 
Barium dinonylnaphthalene Normal spr., then 

sulfonate 2.0 retracts to i r r e g  0.2 
ular drops 

11-H-Eicosofluoroundecylic 1.0 NS; self-mobile 0.2 
acid plus dimethyldodecy- drops which leave 
lamine oleophobic trail 

Pentadecafluoro-octanoic 1.0 NS; self-mobile 0.0 
acid plus dimethyldodecy- drops θ = 50°. 
lamine Spreads after 

2 wk. at 60°C. 

aBis(lH,lH,7H-dodecafluoroheptyl)3-methyl glutarate. 
kBis(lH,lH-undecafluorohexyl)3-methyl glutarate. 
cTris(lH,lH,4H-hexafluorobutyl)tricarballylate. 

Table III. Effect of Additives on the Spreading 
Behavior of Squalane on Stainless Steel 

Oil Additive 

Additive 
Concn., 

% Spreading Behavior AyT 

Squalane 
y L V = 2 7 . 8 

DC 510 silicone 0.01 Marginal, 2 of 3 tests 2.0 
were NS 

0.1 NS 
1.0 NS, 6 = 21° 5.1 
9.5 NS 

Fluoroester II a 0.5 NS 1.5 

aBis(lH,lH-undecafluorohexyl)3-methyl glutarate. 
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the center by 2 mm., the interchange of vapor between the two drops 
will lower the surface tension of the isopropyl 1,9-diphenylnonane and 
raise the surface tension of the squalane on the sides of the drops 
nearest each other. As a result of the surface tension imbalance across 
each drop, the aromatic hydrocarbon will move away from the squalane 
drop, but the latter will move in the same direction, so that one drop 
appears to pursue the other. Since both of these compounds have vapor 
pressures low enough to permit their use as the stationary phase in gas-
liquid chromatography, this experiment shows that extraordinarily small 
differences in surface tension are sufficient to produce bulk movements 
of oil if the surface tension gradient can be maintained over an interval 
of minutes or hours. 

The rapid dendritic (or lobar) spreading of type 4 is characteristic 
of oils containing a strongly surface active additive which lowers the 
surface tension of the additive-containing oil by 5 dynes per cm. or 
more, and which is also strongly adsorbed at the oil-solid interface. 
The dendritic pattern usually follows the direction of microscratches 
produced during polishing. It is believed that spreading occurs initially 
along these capillary scratches, which are effectively open capillaries 
with a radius of curvature of only a few hundred angstroms. A liquid 
forming a contact angle of less than 90° with the solid will spread along 
such a capillary, even though it may be nonspreading on a plane surface. 
The filling of such capillaries is not directly observable with an optical 
microscope, but indirect evidence is obtainable after the oil has had 
time to diffuse over the metal surface adjacent to the scratches. A 
breath pattern of the surface then reveals a network of hydrophobic 
bands which eventually fuse into a continuous hydrophobic ring outside 
the drop. 

Capillary spreading occurs with all nonspreading oils, but in the 
absence of unusual surface tension effects, the process slows or stops 
within 1 mm. or so as the oil reaches dead ends in the scratch struc
ture or as the viscous drag on oil moving through long capillaries starves 
the advancing front. The total volume of oil removed from the drop is 
then negligible. However, if the surface tension lowering agent origi 
nally present is strongly adsorbed at the metal surface, the surface-to-
volume ratio in the tiny capillary may be so great as to permit exten
sive depletion of additive from the oil advancing through the capillary. 
This raises the surface tension of the oil in the capillary with respect to 
the central drop, which produces a surface flow outward along the capil
lary. The viscous drag of this flowing film carries additional oil beneath 
it toward the tip of advancing liquid [Marangoni effect (13,14)]. This flow 
may lead to the formation of an actual mound of oil near the outer end 
of the capillary. Thus surface tension gradients produced by adsorption 
from thin advancing films of liquid provide a powerful mechanism for 
the transport of bulk oil along a solid surface. The changes in surface 
tension which may result from adsorption can be estimated from F i g 
ure 4, in which the change in surface tension of the solution, Δ y L V , is 
plotted against the concentration of additive present. 

The whole dendritic spreading process is relatively rapid; after 
one or two hours the pattern becomes nonspreading and may remain un
changed for weeks. In the absence of scratches a related depletion 
process may occur along the edge of the main drop in a random way to 
initiate lobes which spread most rapidly at the point furthest from the 
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main drop. Such lobar spreading is usually slower and less extensive 
than the typical dendritic spreading along scratches. Oils which show 
dendritic spreading on polished stainless steel or sapphire are either 
nonspreading or develop lobar patterns when applied to scratch-free 
surfaces of blown or melt-drawn glass. 

It is clear that the formulation of a nonspreading oil requires a dis
cerning choice of the amount and nature of the adsorbable additive. It 
should be appreciably soluble in the base oil over the temperature range 
contemplated, it should adsorb promptly from the leading edge to give a 
film from which the oil retracts, and it should lower the surface ten
sion of the base oil by less than 5 dynes per cm. In addition, it should 
not be more volatile than the base oil, and should not be altered by hy
drolysis or oxidation in such a way as to increase the free surface 
energy of the adsorbed film. Polydimethyl siloxanes and their slightly 
phenylated analogs are useful only with aliphatic oils having surface 
tensions below about 29 dynes per cm. The moderately phenylated 550 
silicone, on the other hand, was found to produce a stable nonspreading 
composition giving a contact angle of 14° when added to isopropy 1-1,9-
diphenylnonane (y L V = 34.4). Although bis(2-ethylhexyl) sebacate is 
nonspreading on a predeposited film of the 510 silicone (Table VI), a 1% 
solution of this silicone in the same ester spreads on clean steel; the 
film initially adsorbed from this solution is clearly not equivalent to 
one prepared from the silicone in a volatile hydrocarbon solvent. The 
behavior of the fluoroesters as additives probably depends upon trace 

Table IV. Effect of Surface Contamination or Roughness 
on Behavior of Nonspreading Oils 

Spreading Behavior 

Squalane Bis(2 -ethylhexyl) -
+ 1% DC sebacate + 5% 

Surface 510 fluoroester II a MIL L 3S 

Polished stainless steel NS _ NS NS 
Abraded stainless steel Slight Slight Slight NS 

(600 A paper) spr. spr. spr. 
NS Naval brass, clean NS NS Slight NS Naval brass, clean 

lobes 
Brass, not cleaned Slight Slight NS NS 

spr. spr. 
Chrome plate, not cleaned Lobes Lobes Slight NS 

spr. 
1020 steel, not cleaned Slight Slight Slight NS 

(smooth) spr. spr. spr. 
32.3 Surface tension of solution, 22.7 24.4 28.3 32.3 

dynes/cm. 

aBis(lH,lH-undecafluorohexyl)3-methyl glutarate. 
experimental nonspreading oil containing 97.75% bis(2-ethylhexyl)sebacate, 

1.0% barium dinonylnaphthalene sulfonate, 1.0% fluoroester II, and 0.25% 
phenolic oxidation inhibitor. 

c M i l i t a r y specification nonspreading oil . 
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hydrolysis to give strongly adsorbed fluorinated alcohols or half esters. 
The purified ester was nonspreading even shortly after percolation, but 
it has been shown [6] that esters are readily hydrolyzed by the water 
normally adsorbed at an alumina surface; a similar behavior on the 
oxidized stainless steel surface is probable. The fluoroesters are 
promising additives for the ester-type oils most likely to satisfy low 
temperature requirements because they produce much smaller lower-
ings of the surface tension of the diesters than the methyl silicones 
give, but nevertheless deposit low energy adsorbed films. The present 
work has examined representatives of a few classes of additives; fur
ther work using the guidelines set forth may produce more nearly op
timum combinations than are reported. 

Effect of Organic Surface Contaminants on Performance of Non-
spreading Oils. An examination of the behavior of nonspreading formu
lations on oil-contaminated, shop-soiled, or abraded surfaces, as sum
marized in Table IV, indicates that practical nonspreading oils must 
have surface tensions above 30 dynes per cm. This restriction is under
standable in terms of the concept of the critical surface tension, y c , and 
the established laws for spreading pressure and the spreading of one 
liquid on another. These relations are illustrated in Table V , which 
records spreading data for a variety of liquids on some low energy sur
faces. If a solid surface is covered with a thin film of organic material 
which exposes aromatic or oxygenated structure at the air interface, 
the critical surface tension, yc , may readily exceed 30 dynes per cm. 
Since aliphatic hydrocarbon liquids do not have surface tensions above 
30 dynes per cm., any oil having such a base must spread upon the con
tamination. The behavior of aliphatic diester oils, which usually have 
surface tensions in the range of 30 to 32 dynes per cm., will be marginal 
in the presence of organic contaminants. Oils having higher surface 
tensions than the aliphatic esters do not spread on such surfaces. 

Pretreatment with Silicone Films to Prevent Oil Spreading. Films 
of stearic acid or metal stéarates have been used to prevent spreading 
of oil in watch and clock mechanisms [4,16,17]. In the present work it 
has been noted that silicones are readily and rapidly adsorbed on stain
less steel, brass, sapphire, quartz, and glass to form films over which 
none of the oils studied will spread. The silicones have been reported 
to adsorb to give films several times as thick as a stearic acid mono
layer [9]. The silicones are much more resistant to oxidation than are 
aliphatic carbon structures, and have low volatility, so that silicone 
films may be expected to have long useful lives. The critical surface 
tension of a dimethyl silicone film is about 23 dynes per cm., which is 
closely comparable with y c for stearic acid or stéarate films. Tests 
showed that nonspreading behavior persisted for test drops that have 
been in contact with the silicone-treated surface for 9 months. A l l of 
the base oils studied were nonspreading on a film adsorbed from DC 
510, a lightly phenylated methyl phenyl polysiloxane. 

Films of the silicones having different degrees of phenylation can 
be arranged in a series according to increasing y c of the treated sur
face. DC 550 and DC 710 silicones spread on their own films, but not 
on films from silicones having a lower degree of phenylation (Table VI). 

Silicone films are readily deposited from extremely dilute benzene 
solutions, so that films of submicron thickness can be formed uniformly 
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Table V . Spreading Behavior of Various Oils 

Liquid 
Surface 
Tension Teflon 

Fluoroester II b 19.6 
Squalane + 1% DC 510 22.7 
Fluoroester I e 24.3 
n-Hexadecane 27.3 
E H S a + 1% fluoroester II 28.0 
EHS + 1% fluoroester I 29.9 
Mil-L-3918 32.3 
Isopr opy 1 -1,9 -dipheny lnonane 34.4 
Methylene iodide 50.3 

18 

Spreads 
42 
19 
46 
58 
62 
68 
73 
88 

a Bis(2 -ethylhexyl) sebacate. 
b B i s ( 1Η, 1H -unde caf luor ohexy 1) 3 -methyl glutarate. 
cBis(lH,lH,7H-dodecafluoroheptyl)3-methyl glutarate. 

and reproducibly either by dipping the instrument into a very dilute solu
tion and draining, or by applying a light film of the dilute solution as an 
aerosol spray. Such films could be renewed at the time of cleaning the 
instrument by including a very small amount of a suitable silicone in 
the cleaning solvent. 

Table VI. Contact Angles of Various Liquids on Silicone 
Films over a Stainless Steel Substratea 

Liquid 

DC 200 silicone 
DC 510 silicone 
DC 550 silicone 
DC 710 silicone 
Squalane 
Bis (2-ethylhexyl) sebacate 
Isopropyl 1,9-dipheny lnonane 
Methylene iodide 
Water 
n-Octane 
η-De cane 
n-Dodecane 
n-Tetradecane 
n-Hexadecane 

DC 200 

9 
26 
47 
43 
48 
56 
77 
95 
6 

13 
24 
30 
35 

Contact Angle 0 on 

DC 510 

11 
31 
25 
25 
31 

DC 550 

Spreads 

12 

ca. 3 
25 
48 

a F i l m s prepared by adsorption from bulk silicone oil , followed by repeated wash
ing with benzene. 
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and Reference Liquids on Some Low Energy Surfaces 

Contact Angle, θ on 

Octadecyl Phenyl Thin 
amine stearic Ba(DNNS)2 film 

monolayer monolayer monolayer EHSa 

on SS on SS on SS Polyethylene on SS 

Critical Surface Tension 

22 ca. 28 29 32 ca. 31 

26 Spreads Spreads Spreads -
18 Spreads Slow spr. Spreads -
49 18 16 4 -
39 Spreads Spreads Spreads -
41 Spreads Spreads Spreads -
45 ca. 4 12 Spreads -
50 17 20 8 7 
53 29 31 9 13 
69 55 - 52 -

The silicone film responsible for the nonspreading was not removed 
by repeated washing in benzene. It appears desirable to use a silicone 
of relatively high molecular weight to reduce volatility and to decrease 
the rate of lateral flow. The film should be kept below 300 A. to reduce 
lateral flow as well as to minimize dust collection by the treated sur
face. The utilization of thicker resin-type films for the control of oil 
spreading is described in another report from this laboratory [3], 
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26 
Dynamic Surface Phenomena in the 

Spontaneous Spreading of Oils on Solids 

WILLARD D. BASCOM, ROBERT L. COTTINGTON, and 
CURTIS R. SINGLETERRY 

U. S. Naval Research Laboratory 
Washington 25, D. C. 

A study by interference microscopy and ellip-
sometry shows that the spontaneous spread
ing of nonpolar liquids on smooth, clean 
metal surfaces is characterized by the ad
vance from the bulk liquid of a primary film 
less than 1000 A. thick, usually followed by 
a thicker secondary film. The movement of 
the secondary film results from a surface 
tension gradient across the transition zone 
between the primary and secondary films. 
This gradient is produced by the unequal 
evaporative depletion from these two regions 
of a volatile contaminant having a lower sur
face tension. If the volatile contaminant has 
a higher surface tension than the main com
ponent, the gradient is reversed, and the 
liquid recedes. Removal of the volatile con
stituents eliminates the secondary but not 
the primary spreading. Liquid may also 
spread by capillary flow in microscratches. 

The tendency of certain liquids to spread spontaneously or "creep" 
over solid surfaces is sometimes desirable and sometimes a distinct 
annoyance. Lubrication engineers must often rely upon the creep of oils 
to carry the lubricant to surfaces which otherwise would be inaccessible. 
On the other hand, the ease with which some liquids will creep out of a 
container and contaminate the surrounding area can be most disconcert
ing. The spontaneous spreading of liquids over solids is not simple, and 
it presents an intriguing problem in surface chemistry which has not re 
ceived the detailed attention it deserves. 

Three previous studies of spontaneous spreading are pertinent to 
this present investigation: Sir William Hardy's studies [9], the some
what later work of Bangham and Saweris [2], and the recent studies by 
Zisman and coworkers [8] of liquids spreading on polar surfaces. 

355 
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Hardy, in his classic study of boundary lubrication, gave careful 
attention to the spreading of drops of water and of various polar organic 
liquids on clean surfaces of glass and steel. He observed that a sen
sibly invisible film of liquid about 1 micron thick spreads from a drop 
and that this primary spreading may or may not be followed by spread
ing of the drop itself. These two distinct processes Hardy termed the 
primary and secondary spreading, respectively, and he arrived at some 
interesting conclusions concerning the nature of the primary film. It 
was his opinion that this film is usually many molecules thick and that 
it has a surface tension greater than that of the liquid itself. This p r i 
mary film he termed "contractile," in that it pulls the liquid drop out 
to form a secondary spreading. He also concluded that the primary 
film is formed only by deposition of liquid from the vapor. 

Bangham and Saweris observed the behavior of various liquids on 
freshly cleaved mica. They found that of the many polar and nonpolar 
liquids observed on this surface in air only a few would spread spon
taneously, and that none would spread when the surrounding atmosphere 
was saturated or supersaturated with vapor. Their conclusions were 
essentially the same as Hardy's, except that they believed the primary 
film could be formed by surface diffusion of molecules from the drop 
edge as well as by deposition from the vapor. 

Zisman and coworkers studied the spreading of liquids on both the 
nonpolar surfaces of organic solids and the polar surfaces of metals, 
oxides, and glass. They determined experimentally that for nonpolar 
surfaces of organic solids and for close-packed monolayers of organic 
molecules adsorbed on polar solids there exists a critical surface ten
sion of wetting, yc , characteristic of the surface [16]. Liquids having 
surface tensions greater than the value of y c of any given solid surface 
will not spread on that solid. Their experiments with polar solids 
demonstrate that organic liquids will usually spread on these surfaces, 
unless the liquid forms a monolayer that has a γc value lower than the 
surface tension of the liquid itself [8 ] . 

The experimental work of the present investigation deals exclu
sively with hydrocarbons showing zero contact angles on the surfaces 
studied. Their spontaneous spreading behavior on both horizontal and 
vertical surfaces was observed by interference microscopy and ellip-
sometry, which allowed the study of the topography of the spreading 
films in considerable detail. The spreading of these liquids is charac
terized by the formation of an extremely thin primary film, much 
thinner than the 1 micron suggested by Hardy, and often but not invari
ably followed by a much thicker secondary film. An important aspect 
of the geometry of spreading films revealed by interference techniques 
is the development of a ridge between the primary and secondary re 
gions of the film. This observation, along with a careful study of the 
effect on spreading of surface roughness, the chemical constitution of 
the solid surface, and the chemical composition of the liquid, permits 
us to propose a mechanism of spontaneous spreading. The mechanism 
is entirely consistent with the experimental results and satisfactorily 
explains why certain liquids that have a zero angle with the solid show 
no tendency to spread spontaneously and why certain others actually 
recede. 

Any explanation of the observed spreading behavior must account 
for the fact that a film of liquid many hundreds of molecules deep can 
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spread upward against gravity over an already developed primary film 
of the same liquid. Hardy and Bangham believed that spontaneous 
spreading of the secondary film occurs because the liquid in the p r i 
mary film ahead of it has a higher surface tension. They attributed 
this higher surface tension to interaction between the molecules of the 
primary film and the solid substrate, even though the surface of the 
primary film was many molecules away from the liquid-solid interface. 
Zisman, however, shows that the exterior surface of a close-packed 
monolayer of a compound such as stearic acid on a polar solid has a 
critical surface tension characteristic of the exposed methyl end groups, 
and nearly the same as the critical surface tension of a paraffin crystal 
face exposing similar groups. This finding argues against long-range 
effects of a polar solid on the surface tension of an overlying liquid. 
This paper reports experimental results which suggest an alternate 
source of surface tension gradients capable of producing the observed 
spreading phenomena, develops a mechanism for bulk transport in 
liquid films, and describes further experiments designed to test the 
ability of the theory to predict spreading behavior. 

Experimental Methods 

Metal Surfaces. The stainless (18-8) steel plates used to study 
vertical spreading were 1/4 inch thick, cut in 1 x 2 inch rectangles, 
and machine-ground on all sides; one face was polished to an optical 
mirror finish. Prior to each experiment all surfaces of the plate were 
cleaned of adsorbed polar contamination by polishing on a metallo-
graphic wheel with alumina powder suspended in water and then rinsed 
in a strong stream of distilled water to remove adhering particles. 
The plate was placed on end on a washed piece of filter paper, covered, 
and allowed to dry. The presence of surface contamination could be 
detected by the tendency of the water film to retract and drain irregu
larly from the affected area. In such an event the plate was recleaned. 
For studies of horizontal spreading, stainless steel disks 3/4 inch in 
diameter and 3/4 inch high were prepared with one face highly polished. 
They were cleaned and handled in the same manner as the rectangular 
plates. 

Evaporated films ofNichrome metal deposited on glass microscope 
slides were also employed. The glass slides were cleaned by chemical 
methods and then by glow discharge in the evaporation chamber. N i -
chrome wire was evaporated onto the glass to give an opaque coating. 

Spreading Liquids. The liquids whose spreading behaviors were 
observed are listed in Table I, with their surface tensions and viscosi
ties at 25°C. 

The surface tensions were determined by the ring method with ap
propriate corrections [7,10] and the viscosities were measured in an 
Ostwald-Cannon capillary viscometer. 

Polar impurities were removed from the organic liquids by perco
lation through columns of activated Floris i l adsorbent. The absence of 
polar contamination was assumed if a drop of the percolated liquid 
would not spread on a clean water surface. Passage of the alkyl aro
matic liquids through Floris i l did not always achieve sufficient purifi
cation; some required passage through fuller's earth adsorbent as 
well. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
02

6

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



3 5 8 ADVANCES IN CHEMISTRY SERIES 

Table I. Surface Tensions and Viscosities of Spreading Liquids 

. Surface Tension, Kinematic Viscosity, 
L l c * u l d Dynes/Cm. Centistokes 

Aliphatic hydrocarbons 
Hexane 18.4 0.46 
n-Hexadecane 27.6 4.0 
Pristane 

(tetramethylpentadecane) 25.6 7.3 
Squalane 

(hexamethy ltetr aco sane) 27.6 26.8 
Squalene 

(hexamethy ltetr aco sahexene) 31.0 17.0 

Aromatic hydrocarbons 
Dodecylbenzene 31.5 21.7 
Polyamylnaphthalene 32.2 101.6 
Amylbiphenyl 34.2 17.4 

Liquid polymers 
Polyisobutylene a 28.3 346.0 
Polychlorotrifluoroethylene 

(Kel F)b 27.4 49.4 
Polychlorobiphenyl 

(Arochlor 1221)C 41.8 6.7 
Methyl silicone oilsd 

7-cs. oil 19.2 6.9 
7-cs. oil , fraction 19.4 7.5 

a-Amoco Chemicals Corp. 
bMinnesota Mining and Mfg. Co. 
CMonsanto Chemical Co. 
dDow Chemical Co. 

Soap Adsorbate s. The barium salt of dinonylnaphthalene sulfonic 
acid, Ba(DNNS) 2, was prepared by metathesis of the sodium salt with 
barium chloride [3]. 

An aqueous solution of potassium perfluorodecanoate was prepared 
by dissolving 0.016 gram of the free acid into 10 ml . of distilled water 
and exactly neutralizing with aqueous potassium hydroxide. The re 
sulting solution was diluted with distilled water to a concentration of 
3 x 10 " 4 mole per liter of the potassium salt. 

Observation of Spreading by Interference Microscopy. Profiles of 
the liquid films were plotted from photomicrographs of the interference 
bands taken with conventional microphotographie equipment. The light 
source was a mercury vapor lamp from which the mercury green line, 
5460 Α. , was isolated by a filter mounted so it could be moved out of 
the light path to permit observation of the film with polychromatic i l lu 
mination. For the observation of films on vertical surfaces a metallo-
graphic microscope was mounted in a horizontal position on an optical 
bench. The metal specimens were supported vertically from the lower 
end of a rod adjustably mounted on a separate carriage. Another car
riage positioned beneath the specimen bore a table whose vertical loca
tion was alterable by a rack and pinion movement. This table carried 
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a small beaker of the liquid under study. A draining film was formed 
by bringing the table and beaker up until the plate was about three-
quarters wet by the liquid. The beaker was sufficiently wide so the 
plate could be kept away from the meniscus curvature near the beaker 
walls. The immersion was done slowly and smoothly, so that the liquid 
surface formed a horizontal line across the face of the plate. Drainage 
was initiated by lowering the beaker with as smooth a movement as pos
sible by squeezing the table and the supporting carriage between the 
thumb and forefinger in the manner of pulling the trigger of a gun. The 
film drainage was particularly sensitive to any jerky or hesitant move
ment in lowering the beaker. Unusual edge effects were not propagated 
into the central area of observation. The geometry of the liquid at the 
bottom edge of the plate had no detectable effect on the upper part of the 
film if the bottom edge was more than 2 cm. from the section studied. 
The usual practice was to keep the lower end of the plate touching the 
surface of the liquid. 

A l l spreading experiments were performed at 25°C. in a constant 
temperature room. The metal plates and disks were allowed to come 
to thermal equilibrium before an experiment commenced. The steel 
disks on which horizontal spreading was studied were protected from 
airborne dust and aerosols by a covered glass cell through which the 
spreading liquid could be observed microscopically. The vertical steel 
plates and coated slides were not enclosed, but ellipsometric determi
nation of the rate of contamination indicated that it required nearly a 
day for a layer 10 A . thick to accumulate, whereas observations on the 
vertical plates were limited for the most part to the first 4 or 5 hours. 

It was not always possible to determine the film profile unambigu
ously from a single interference photograph when the film of liquid 
developed a ridge or a ridge and a trough. Progressive changes in 
bandwidths on a given photograph were sometimes helpful in indicating 
the presence of a maximum or minimum, which could then be confirmed 
by viewing the film with polychromatic illumination and noting the se
quence of interference colors. 

Ellipsometric Determination of F i lm Thickness. The principal 
use of the ellipsometer was to study the upper edge of the films on 
vertical plates where the thickness became less than 1000 A . and could 
not be observed with the interference microscope. The ellipsometric 
measurement of film thickness is described in the literature [4,6]. For 
the purposes to which the technique was applied here, the approximate 
equation given by Drude [6] relating the film thickness and refractive 
index with the optical parameters of the incident and reflected light was 
entirely adequate. In order to use the Drude approximations it was 
necessary to assume the refractive index of the liquid film to be the 
same as that of bulk liquid. These approximate equations are highly 
inaccurate for film thickness greater than 100 A . 

The films studied with the ellipsometer were of uniform thickness 
in the horizontal direction, but varied in thickness continuously in the 
vertical direction. It was therefore desirable that the area of film 
viewed by the instrument be as narrow as possible in the vertical d i 
rection, so that the film thickness in the observed area would be nearly 
constant. The aperture of the instrument was therefore reduced to a 
narrow horizontal slit by cementing two pieces of razor blade edge across 
the 1-mm. opening to leave a 0.2-mm. space between them. Any further 
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reduction in the slit width diminished the light intensity beyond the 
working sensitivity of the instrument. 

When viewed through a relatively wide aperture (1x2 mm.), re 
gions of the film having thickness greater than λ/4 exhibited interfer
ence bands in nearly the same position as the interference bands ob
served with unpolarized, normal incident light. Although there is not 
an exact correspondence between the bands observed in the two differ
ent ways, the interference bands retained their identity and did not 
move significantly even with a complete change of setting of the quarter-
wave plate and analyzer of the instrument. Therefore, an approximate 
film thickness was computed from these bands, taking account of the 
angle of incidence imposed by the ellipsometer. 

Results 

The spreading of selected organic liquids of high molecular weight 
was observed on both horizontal and vertical surfaces by interference 
microscopy. Liquids having low vapor pressures were taken, so that 
evaporation of the spreading liquid would have a negligible effect on 
film thickness. This choice provided relatively viscous liquids whose 
spreading was slow and conveniently observed. The choice of spread
ing liquids was limited to relatively nonpolar materials, because mole
cules having highly polar functional groups are generally adsorbed on 
metal surfaces to form monomolecular films over which the liquid 
cannot spread [8]. 

The behavior which was found characteristic of many liquids on 
horizontal surfaces is illustrated by the photomicrographs in Figure 1, 
A , for a drop of squalane on a polished, stainless steel disk. From 
measurements of interference band spacing and of bandwidths, the film 
profiles for each photograph were plotted as in Figure 2. The dome-
shaped profile initially assumed by the drop had within an hour devel
oped a plateau region and was advancing with the leading edge at a 
small angle to the solid surface. After 3 hours the drop still maintained 
an apparent angle with the solid and a ridge had developed behind the 
leading edge. The individual profiles could not be drawn to an experi
mental intercept of the horizontal axis, because the first-order inter
ference band corresponds to a liquid layer about 1000 A . thick. 

Careful examination of these drops revealed that a thin film of 
liquid invisible with the interference microscope extended out ahead of 
the apparent edge of the spreading liquid. The actual angle of contact 
with the solid is therefore zero and not a finite angle, as the interfer
ence photographs might suggest. Breath patterns formed by breathing 
over the spreading drop indicated that the outer edge of the film was 
distinctly ahead of the first-order interference band. These experi
ments also showed that the advancing edge of this invisible film was 
close to the visible edge during the initial stages of spreading but that 
the distance between them increased as the liquid spread. The pres
ence of this very thin film was also demonstrated by placing ahead of 
the visible edge minute drops of another liquid, such as isopropyl-1,9-
diphenylnonane, having a surface tension higher than that of squalane. 
When placed on the invisible film, such drops would immediately re 
tract from the spreading liquid, but when placed on a clean metal sur
face they would spread uniformly in all directions. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
96

4 
| d

oi
: 1

0.
10

21
/b

a-
19

64
-0

04
3.

ch
02

6

In Contact Angle, Wettability, and Adhesion; Fowkes, F.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1964. 



2 6 . B ASCOM ET AL Dynamic Surface Phenomena 3 6 1 

Figure 1. Interference photomicrographs 

A . Squalane drop spreading on horizontal steel surface 
B. Squalane film spreading up vertical steel plate 
C. F i l m of polyamylnaphthalene receding from vertical steel plate 

The upward spreading of liquid on vertical surfaces was in many 
respects similar to the behavior observed on horizontal surfaces. 
Photomicrographs of squalane on a polished stainless steel plate are 
presented in Figure 1,B; the upward spreading of the edge is evidenced 
by the progressive displacement of the first-order interference fringe 
from the stationary reference line. The film profiles plotted in F i g 
ure 3 were drawn from the corresponding interference photomicro
graphs. The dashed lines in this and all the other figures represent 
the profile for purely hydrodynamic drainage calculated from an equa
tion given by Jeffreys [11], 

χ = f h 2 t (l) 

Here χ is the distance along the plate measured from the initial posi
tion of the liquid surface when drainage began, h is the film thickness, 
t is the time of drainage, and ν is the kinematic viscosity of the liquid. 
This equation was derived for laminar flow from a vertical plate 
without including the effect of surface forces, and so by superimposing 
the calculated profiles on the experimental film profiles it is immedi
ately evident to what extent surface forces have disturbed the hydro-
dynamic drainage of the liquid. 
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HORIZONTAL DISTANCE FROM FILM EDGE, cm 

Figure 2. Profiles of edge of squal
ane drop spreading radially on hori
zontal steel surface 

F i l m thickness magnified 250 χ 

The position of the liquid surface when drainage began, which cor
responds to the point on the plate from which the hydrodynamic profile is 
drawn (x = 0), was determined by plotting the displacement of the film 
edge from the reference line against the time of drainage. The dis
placement was a reasonably linear function of the time, so that the data 
could be extrapolated to t = 0 and the intercept taken as the initial po
sition of the liquid surface. The horizontal scale of film thickness has 
been expanded 250-fold by the choice of coordinate scales. The actual 
slopes, therefore, lie much closer to the vertical than the figures sug
gest. The film profile, if plotted to equal scales in the two dimensions, 
would have been almost indistinguishable from the edge of the figure. 

Inspection of the film profiles shows that the apparent angle of 
contact of the upper edge of the film with the plate and the progressive 
development of a ridge of liquid at the leading edge resemble the spread
ing phenomena observed on horizontal surfaces. For this particular 
experiment this geometry was maintained through the first 6000 sec
onds, after which there was a gradual decline in the maximum height of 
the ridge and the apparent angle of contact. As had been observed for 
drops of squalane on horizontal surfaces, breath patterns and indicator 
drops demonstrated the presence of liquid ahead of the first-order i n 
terference band of squalane films on vertical plates. 

The extent and thickness of the primary film, which was invisible 
with the interference microscope but detectable by breath patterns, 
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Figure 3. Film profiles for squalane spreading 
up vertical steel plates 

A . Undistilled 
B. Distilled 

F i l m thickness magnified 250 χ 

were investigated directly with the ellipsometer. Quantitative ellipso-
metric measurements indicated that in the early stages of spreading 
the primary film was particularly thin and extended only a short dis
tance ahead of the first-order interference band. A region of the plate 
from the first-order interference band to 8 mm. above it was scanned 
with the ellipsometer after 1 and 5 hours of drainage. The settings for 
the instrument over this entire region were the same as for light re 
flected from the bare steel substrate. Evidently the primary film does 
not extend far enough beyond the first interference band at these times 
to allow resolution of its width by the 0.2-mm. slit of the ellipsometer. 

Successful quantitative measurements of the thickness of the squal
ane primary film were possible after 18 and 42 hours of drainage. The 
film profiles determined from these measurements are shown in F i g 
ure 4. The film thickness was measured at various distances from a 
reference line drawn on the metal plate. The points plotted at about 
1200-A. thickness correspond to the first-order interference fringe. 
These measurements demonstrate a sharp change in the slope of the 
film and also a tendency for the primary film to thicken over the 24-
hour period. Undoubtedly there is some error in the measurement of 
film thickness where the thickness is changing abruptly and also near 
100 Α. , where the Drude calculations of film thickness are invalid. 
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0 200 400 600 800 1000 I2UU 
FILM THICKNESS. ANGSTROMS 

Figure 4. Ellipsometrically determined pro
file of leading edge of squalane film spread
ing up vertical steel plate 

F i l m thickness magnified 100,000 χ 

However, such errors would not alter substantially the inference of an 
abrupt change in film slope just outside the first interference fringe. 

The presence of a ridge near the leading edge of a spreading film 
conflicts with the equilibrium configuration required by surface tension 
and gravity for liquid forming a zero contact angle with a plane solid 
surface. To explain the presence of a ridge it is necessary to look for 
transient phenomena of a dynamic rather than a static character. How
ever, a static experiment was found which proved particularly helpful 
in defining the conditions required for the formation of a ridge of liquid 
at the leading edge of spreading films. Specifically, a ridge was ob
served at the upper edge of films draining from vertical plates when 
upward spreading had been prevented by forcing the edge of the film to 
assume a finite contact angle with the plate. To do this a narrow band 
of potassium perfluorodecanoate monolayer was deposited across a 
clean metal plate about three quarters of the distance from the bottom 
edge by touching the plate with a silk string wet with an aqueous solu
tion of the soap. It was already known that squalane will not spread on 
a close-packed monolayer of these per fluorinated molecules. The plate 
was dipped into a vessel of squalane until the barrier was in the liquid 
surface and drainage was initiated by lowering the vessel from this 
position. 

The profiles of a squalane film draining from a perfluorodecanoate 
barrier are presented in Figure 5. The film established itself some 
distance below the visible residue left by the aqueous soap solution, 
presumably at the edge of the perfluorodecanoate monolayer. The 
presence of the barrier entirely prevents spreading and imposes a con
tact angle of slightly over 1° on the upper edge of the film. A ridge of 
liquid developed at the upper edge of the film and this geometry was 
maintained for the 72 hours during which the film was observed. Below 
the ridge the drainage corresponds closely to that predicted for purely 
hydrodynamic flow. 
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• 3500SEC 

12 16 20 24 28 32 0 4 8 12 16 20 2 4 0 4 
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Figure 5. Film profiles of squalane film draining from 
perfluorodecanoate barrier on vertical steel plate 

F i l m thickness magnified 250 χ 

In a second experiment drainage was initiated from about 1 mm. 
below the region of the barrier. At first the upper edge of the squalane 
film spread in the same manner as the film shown in Figure 3, but when 
the liquid reached the barrier the upward spreading of the film ceased. 
However, there was a sustained flow of liquid from the film below up to 
the stationary edge where the liquid formed into a ridge. This ridge 
reached the same dimensions as the one observed at the upper edge of 
draining films that originated at the barrier. This experiment demon
strated the spontaneity of ridge formation whenever the surface of the 
liquid was forced to assume a finite contact angle with the plate. The 
explanation of ridge formation by spreading squalane then requires 
some dynamic mechanism which will maintain a nearly constant slope 
of the advancing edge of the secondary film in the face of the zero con
tact angle required for a spreading liquid. 

Effect of Volatile Constituents. A large part of the spontaneous 
spreading behavior observed for squalane and other liquids was found 
to be due to the presence of materials which had a greater volatility 
than the main constituent but were otherwise chemically similar. This 
was first suspected when it was found that different batches of squalane 
had very different spreading behaviors, even though each batch had 
been carefully cleaned of polar contaminants. When a batch of squalane 
was molecularly distilled, three fractions were obtained having slightly 
higher volatilities than the main fraction (Table II, A). Removing these 
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Table II. Properties of Distillation Fractions 

Fraction Temp. Range, °C. Volume, M l . 

Original 
1 
2 
3 
4 
5 

Residue 

Original 
1 
2 
3 
4 

Residue 

1 - 4 μ Hg 

30 - 50 
50 - 60 
60 - 65 
65 - 70 
70 - 80 

8 mm. Hg 

175 
175 - 178 
179 - 186 
187 - 190 

A. Squalane 

500 
1.5 
7.5 

27 
55 

355 
54 

Surface Tension, 
Dynes/Cm. 

28.2 
26.5a 
27.5 
28.5 
28.6 
28.6 
28.6 

B . Polyamylnaphthalene 

250 32.2 
5 32.9 

15 32.2 
50 32.4 
15 32.9 

115 31.8 

Refractive 
Index 

1.4523 
1.4451 
1.4461 
1.4510 
1.4525 
1.4525 
1.4525 

1.5479 
1.5590 
1.5515 
1.5530 
1.5543 
1.5460 

aDetermined by maximum bubble pressure method. 

volatile materials reduced drastically the rate of upward spreading on 
a vertical plate and eliminated any evidence of ridge formation at the 
advancing edge (Figure 3, B). In Figure 6, A , the vertical distance 
spread is plotted as a function of time for a distilled and an undistilled 
squalane. The rate of spreading—i.e., the slope of the plot—was rela
tively large, about 2.5 χ 10 ' 5 cm. per second, for the undistilled mate
rial ; over the same time interval the rate of spreading of the stripped 
material was nearly zero. The spreading rate for the undistilled squal
ane appears nearly constant in Figure 6, A , but after 20 hours had de
creased to 0.05 x 10' 5 cm. per second. 

Experiments were made to determine to what extent the original 
spreading behavior of the distilled squalane could be reinstated by add
ing to the stripped material various amounts of saturated hydrocarbons 
more volatile than squalane itself. In Figure 6, B, the spreading rate 
of distilled squalane is compared with the rates for 10% mixtures of 
this purified material with distilled w-hexane, distilled w-hexadecane, 
and pristane, a branched, saturated hydrocarbon having a slightly higher 
molecular weight than hexadecane. These three hydrocarbons were 
chosen because they have volatilities greater than squalane, the differ
ence being greatest for hexane. The hexadecane and pristane have 
nearly the same boiling point, but the surface tension of pristane is 
25.6 dynes per cm. , whereas hexadecane has a surface tension of 27.6 
dynes per cm. Addition of hydrocarbons of lower molecular weight re 
stored spontaneous spreading behavior to squalane but not in propor
tion to the volatility of the additive. Despite their comparable volatili
ties, pristane mixtures spread nearly twice as fast as the hexadecane 
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SPREADING TIME. SEC 

Figure 6. Comparison of distance spread vs. 
time on vertical steel plates 

A . Distilled and undistilled squalane 
B, C. Various mixtures of hydrocarbons in 

distilled squalane 

mixture. Evidently, the surface tension of the more volatile component 
is also of importance. The highly volatile hexane, on the other hand, 
had no noticeable effect on the spreading behavior of the distilled squal
ane. Figure 6, C , shows that increasing the concentration of pristane 
increased the spreading rates, but the rate of the 50% pristane mixture 
was not five times the rate of the 10% mixture. 

The invisible or primary film that had been detected in advance of 
spreading squalane was not eliminated by distilling the liquid but was, 
at any given time, distinctly further ahead of the apparent edge of a 
film of distilled liquid than of undistilled liquid. After about an hour of 
draining and spreading on a vertical plate, breath patterns revealed 
liquid on the surface 3 or 4 mm. in front of the stationary visible edge 
of distilled squalane, whereas at this relatively early time no primary 
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film was detectable by this technique ahead of the advancing edge of a 
film of undistilled squalane. 

The radial spreading of squalane on horizontal surfaces also was 
markedly reduced after distillation. Figure 7 shows that, after an ini 
tial gravitational spreading, drops of distilled and undistilled squalane 
both reach nearly constant spreading rates, which are less than half as 
great for the distilled as for the undistilled liquid. As on the vertical 
plates, the advancing edge of the stripped squalane showed no ridge 
formation. Breath patterns demonstrated a primary film considerably 
ahead of the drop of distilled squalane. 

Il ι • : • I ι . . ι I , i I . ! i I I I i • • I i I I I I T i I I . I I • 
0 50 100 150 200 250 300 350 

SPREADING TIME, MIN. 

Figure 7. Radial spreading rates of squalane drops 
on horizontal steel surfaces 

• Undistilled squalane 
Ο Distilled squalane 
Δ Undistilled squalane surrounded by 

nearly saturated vapor 

Further evidence that spontaneous spreading is associated with the 
evaporation of volatile components from the liquid appeared when it 
was found that the spreading tendency of undistilled squalane could be 
reduced to that of the distilled material by saturating the surrounding 
air with vapor from the liquid. This was demonstrated by applying a 
film of undistilled squalane to the inside of the glass cell enclosing the 
test specimen. Figure 7 shows that such a drop in an atmosphere 
nearly saturated with its own vapor spread at a rate almost identical 
with that of the distilled squalane. 

To test the generality of the observations on the spreading of squal
ane, spreading tests were made with a variety of viscous nonpolar 
liquids, including a group of polymeric materials. To ensure scratch-
free and reproducible surfaces, these spreading experiments were 
made on Nichrome films vacuum-deposited on microscope slides. The 
spreading behavior grouped these liquids into three classes. 

Group I. Liquids which spread upward, exhibiting a primary film 
and a secondary film with nearly constant slope at the leading edge 
(n-hexadecane, pristane, squalane, squalene, polychlorobiphenyl, and 
the polymer liquids: polymethylsiloxane, polyisobutylene, and polytri-
chloroethylene). 
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Group II. Liquids whose edge remains stationary except for the 
development of a zero contact angle and a primary film above the orig
inal boundary (dodecylbenzene and highly purified liquids containing 
only a single molecular species). 

Group HI. Liquids whose edge appears to recede from the original 
boundary, but leaves a primary film and shows a zero contact angle 
(amylbiphenyl and poly amy lnaphthalene). 

In group I the rate of upward spreading and the volume of liquid 
lifted above the original boundary varied widely but showed no simple 
correlation with structure or viscosity. The film profiles for films of 
these liquids at about 1000 seconds of drainage are given in Figure 8 

FILM THICKNESS cmxIO 5 

Figure 8. Film profiles for various liquids spreading upward 
on vertical Nichrome surfaces 

F i l m thickness magnified 250 χ 

and their spreading rates can be seen in Figure 9. The polymeric 
liquids, which are known to consist of mixtures of macromolecules of 
differing molecular weight and volatility, showed some of the most 
spectacular upward spreadings—e.g., polyisobutylene, most viscous of 
the liquids examined, had one of the highest spreading rates. A 7-cs. 
dimethylsiloxane isolated from a higher molecular weight oil as a nar
row distillation fraction spread much less vigorously (Figure 9,A) than 
a commercial dimethyl silicone of the same viscosity. 

Both group II and group III liquids were alkyl aromatic hydrocar
bons known from their methods of preparation to be mixtures of mole
cules having different alkyl substitution and molecular weight. Liquids 
of group III had an unusual receding behavior (Figure 1,C, Figure 10, A). 
No true contact angle greater than zero was formed; the broadening of 
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Figure 9. Comparison of distance spread vs. time for 
various liquids 

A . Comparison of different structural types 
B. Effect of degree of heterogeneity of 

polydimethyl silicone liquid 

the first interference band showed that the liquid surface approached 
the plane of the solid asymptotically. A drop of the polyamylnaphtha-
lene on a horizontal stainless steel surface spread initially under grav
ity, but spreading stopped after a few minutes. The drop was dome-
shaped, but showed no definite contact angle with the surface. The 
recession of the apparent boundary reported here is not to be confused 
with the much more common retraction of liquids which form definite 
contact angles. Fractional distillation of the polyamylnaphthalene re 
duced its tendency to recede on a vertical surface, and one of the fore
run fractions even spread upward slightly (Figure 10, B). Table II 
shows that the surface tensions of the main fractions remaining after 
stripping of volatiles from squalane and from polyamylnaphthalene dif
fered from those of the original fluids by only 0.4 dyne/cm. in each case. 
However, the surface tension of the squalane was increased by strip
ping, while that of the polyamylnaphthalene was lowered. Another sig
nificant fact was that the heat from a concentrated light source, when 
directed to strike one side only of the drop on a horizontal surface, ac
celerated the spreading of group I liquids and the recession of group III 
liquids. 
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Figure 10. Film profiles on vertical steel plates 

A. Undistilled poly amy lnaphthalene 
B. Fraction distilled from poly amy lnaphthalene 

F i l m thickness magnified 250 χ 

Effect of Surface Finish of Solid on Rate of Spreading. The stain
less steel surfaces employed in this study were optically polished on a 
pitch lap. They appeared scratch-free at 50 χ magnification with 
bright-field illumination, but microscratches could be detected with 
dark-field lighting. The plates were cleaned between tests by polishing 
on metallurgical felt charged with fine alumina. Although their surfaces 
appeared highly polished to the unaided eye, microscopic investigation 
showed that both the number and the depth of the scratches increased 
by almost an order of magnitude with repeated cleaning. Differences 
noted in the spreading of a given liquid up new and repolished surfaces 
prompted the use of melt-drawn microscope slides, on which Nichrome 
had been vacuum-deposited. These surfaces showed no microscratches 
in dark-field illumination. 

The effect of random surface scratches (ca. 1.0 microinch r.m.s. 
hill height in the worst specimens) was to increase by as much as 50% 
the spreading rate of liquids that spread, but roughness did not cause 
spreading of the "nonspreading" squalane obtained by distillation. In
creased spreading rates on rough surfaces were usually associated 
with smaller constant slopes at the edge of the secondary film. The 
effect of scratches was examined more specifically by comparing 
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spreading rates on plates treated to obtain a strong pattern of unidirec
tional scratches parallel or perpendicular to the direction of spreading. 
Figure 11 shows that scratches in the direction of spreading accelerate 
the rate, while those at right angles to the oil movement reduce the 
spreading rate slightly below that on the smooth Nichrome-coated slide. 
When these experiments were repeated with distilled squalane, this 
liquid was not induced to spread by a favorable scratch configuration. 

Figure 11. Effect of directional scratches on dis
tance spread vs. time for 10% pristane in distilled 
squalane on vertical steel plates 

Effect of Surface Energy of Solid on Spreading. It was to be ex
pected that spreading rates and spreading geometries for a given liquid 
were essentially the same on the two metal surfaces, Nichrome and 
stainless steel. We were surprised to encounter essentially the same 
rate and spreading geometry on a stainless plate coated with a close-
packed monolayer of barium dinonylnaphthalene sulfonate. Such a sur
face has been shown to have a critical surface tension for spreading of 
29 dynes per cm. , closely comparable with that for a polyethylene sur
face [3]. This value of y c is only a minor fraction of the surface energy 
for a clean metal oxide surface. Tests with a 0.5% solution of barium 
dinonylnaphthalene sulfonate in squalane ruled out the possibility that the 
monolayer was desorbed by the advancing oil . It appears that, given a 
liquid that wets a solid at a zero contact angle, the surface energy of the 
substrate is not an important factor in determining the rate of secondary 
spreading. 

Discussion 

A systematic explanation of the spreading phenomena observed re 
quires consideration of mechanisms which will account for the invari
able advance of a primary film, and relate the presence of volatile 
impurities to the spreading of secondary films and the frequent devel
opment of a ridge at their leading edge, account for the distinct reces
sion of some liquids from a boundary at which they exhibit a zero con
tact angle, and explain the upward transport of significant amounts of 
liquid in films a micron or more thick. 
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In the case of the slightly volatile liquids studied, the primary film 
is considered to advance largely by surface diffusion. While evapora
tion from squalane occurs at 2 5 ° C , the rate is so low that the amount 
transferred across an 0.08-cm.air gap between plane parallel surfaces 
of squalane and clean stainless steel during 72 hours is not great enough 
to be measurable with the ellipsometer. This instrument is capable of 
detecting the deposition of a monolayer or more of the hydrocarbon on 
clean steel. DeBoer [5] has pointed out that the energy of activation for 
the lateral motion of a physically adsorbed molecule is significantly 
smaller than that required for desorption to the vapor phase. The few 
surface diffusion constants of large organic molecules which have been 
measured appear to be of the same order of magnitude as the self-
diffusion constants of similar molecules in the liquid phase [19]. This 
magnitude appears adequate to account for the observed rates of ad
vance of the primary film. These rates will vary with the concentra
tion gradient between bulk film and clean metal, and, more signifi
cantly, with the gradient resulting from differences in the energy of 
adsorption of the organic molecules on bare metal oxide and on a mono
layer or more of the liquid species. Thus the crowding of the primary 
film by advancing bulk liquid sharpens the gradients and promotes 
faster diffusional advance. When the advance of bulk oil ceases, diffu
sion widens the primary film, reduces the gradient, and slows the dif
fusion rate. 

Another factor which modifies the spreading rate of the primary 
film is the presence of microscratches or other microroughness on 
mechanically polished surfaces. These scratches are often 1000 A . or 
less wide and have width-depth ratios of no more than 10 [14]. The 
radius of curvature of such a trough may be as small as 1 χ 10" 5 cm. 
The pressure difference across a concave squalane surface wetting 
such a scratch will be of the order of kilograms per square centimeter. 
It is sufficient to induce rapid flow of oil along the bottom of the scratch 
until the radius of the oil surface in the scratch approaches infinity. 
Such open capillaries fill well ahead of the true diffusional advance of 
the primary film. Liquid spreads laterally from them by surface dif
fusion, so that a breath pattern reveals a network of squalane-wetted 
strips ahead of the slow moving film boundary. 

The secondary film advances over a primary film which is gener
ally more than a monolayer thick. Both the experimental results and a 
consideration of the nature of the primary film indicate that differences 
between the surface energy of the clean solid and the surface tension of 
the liquid do not contribute materially to upward movement of the sec
ondary film against gravity. It is believed that its movement results 
from a surface tension gradient produced in and near the advancing 
edge by differential exhaustion of a more volatile species, this exhaus
tion being greater the thinner the film. If the loss of volatile species 
raises the average surface tension of the liquid, surface tension will be 
highest in the primary film, decreasing to that of the original liquid 
mixture as the film becomes thicker. As a result of this surface ten
sion gradient the surface of the film will be drawn upwards; the effect 
will extend as far as the gradient itself. This movement of the surface 
layer will necessarily entrain some of the underlying liquid in accord
ance with hydrodynamic principles. As shown by Figure 12, the move
ment of liquid is greatest in the layer nearest the surface, which tends 
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Figure 12. Schematic representation of flow 
pattern responsible for secondary spreading 

to increase the slope of the advancing edge of the secondary film. The 
process continues until this effect is balanced by gravity and the tend
ency of surface curvatures to be ironed out by surface contraction. 
This balance produces a steady-state slope or false contact angle which 
decreases slowly over many hours, as the more volatile component is 
exhausted from the bulk film. Such qua si-constant slopes are an in
variable feature of rapid spreading. 

This explanation for the upward migration of thick liquid films is 
not new; it was advanced over a hundred years ago by Thomson [18] to 
explain the "tears of strong wineM phenomenon. He suggested that the 
creep of liquor up the glass wall was due to a surface tension gradient 
maintained by progressive depletion of alcohol from the ascending film. 
We are not aware that this explanation has been extended before to the 
spreading of low-volatile liquids. 

This explanation of spreading is in agreement with the data re 
ported. Since the time of Thomson there has been considerable study 
of phenomena ascribed to surface tension gradients and often referred 
to as Marangoni effects [15]. There has also been some quantitative 
analysis of flows produced by surface tension gradients [12,13]. The 
spreading rate of squalane is dramatically reduced by removal of more 
volatile components in a molecular still . The fractions removed have 
lower surface tensions than either the original mixture or the undis-
tilled residue. Spreading of the purified squalane is enhanced by the 
addition of either hexadecane or pristane, which have higher and com
parable volatilities and lower surface tensions than squalane. The in
crease in spreading rate is a function of the amount of volatile liquid 
added; for equal concentrations of either liquid the rate is increased 
more by pristane, which has a lower surface tension than hexadecane. 

The complete failure of the 10% hexane-squalane mixture to spread 
is disconcerting until the rates of exhaustion of the various liquids 
from a thin film are examined quantitatively. Making reasonable as
sumptions about evaporation rates and diffusional transport of the vola
tile component through the solution, it can be shown that half of the 
hexane would be lost from a film 10 microns thick in 1 second. Half 
exhaustion of hexadecane from an equally thick film would require sev
eral hours. Thus the surface tension gradients produced by the evapo
ration of hexane disappear before any detectable flow of the viscous 
squalane has occurred. 
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2 6 . B ASCOM ET AL Dynamic Surface Phenomena 375 

In calculating the depletion rates of hexane and hexadecane from 
films of their mixtures with squalane it was assumed that the squalane 
is for all practical purposes nonvolatile, that the mixture of hydrocar
bons behaves ideally, and that loss from a given film thickness is not 
replenished by lateral diffusion of solute from adjacent liquid. The cal 
culated depletion times represent minimum values, since the failure of 
any of the assumptions would lower the rate of loss. It was also calcu
lated that a very slight concentration gradient between the surface and 
the base of the film would cause transport of solute to the surface as 
rapidly as it was removed by evaporation, so that the difference be
tween the bulk and surface concentration is not an important factor in 
the spreading mechanism. 

A more critical test of an evaporatively induced surface tension 
gradient as an explanation of spreading behavior is afforded by the 
alkyl aromatic liquids, which either do not spread or actively recede 
from their original boundary while maintaining a zero contact angle. In 
the case of the alkyl biphenyls and the alkyl naphthalenes the fractions 
of lower molecular weight and higher volatility have higher surface 
tensions than the major high boiling component. This is because poly-
aromatic structures give higher surface tensions than aliphatic struc
tures, and the proportion of polyaromatic component in the polyalkyl 
naphthalenes and biphenyls decreases as the size of the aliphatic sub
stituent is increased. 

Figure 13 shows that the relation between molecular weight and 
surface tension for the alkyl polyaromatic s is the inverse of that for 

451 
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Figure 13. Change in surface tension with 
molecular weight for various groups of hy
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aliphatic hydrocarbons. As a result of this inverse relation the surface 
tension of the primary film is reduced by evaporative loss of the more 
volatile component and the surface flow is from the primary film to
wards the bulk liquid. This flow pattern causes the film edge to recede 
on the vertical plate and opposes the normal radial flow-out under 
gravity of drops on horizontal surfaces. Figure 13 also reveals why 
the alkyl benzenes show little tendency to advance or recede; there is 
almost no variation in surface tension with the degree of alkyl substi
tution in this particular series, so that loss of lower homologs by evap
oration does not produce significant surface tension gradients. 

The formation of a ridge of thicker film is a common but not an 
invariable characteristic of rapid spreading; its cause is clarified by 
considering the case in which a ridge developed at the upper edge of a 
stationary vertical film. This occurred when a barrier to spreading 
was placed above a squalane film by depositing a band of potassium 
perfluorodecanoate monolayer. The squalane moved upward until it 
reached the edge of the barrier, where it developed a stable contact 
angle of about 1°. Liquid continued to flow up the plate, however, until 
a distinct ridge developed. This ridge then persisted unchanged for 
many hours, while the film below drained away in the manner required 
by the Jeffrey equation. 

The equilibrium contact angle formed by the squalane film at the 
barrier film edge requires explanation, since it differs from the zero 
angle normally found on clean metal surface or the near 80° contact 
angle to be expected for squalane on a perfluorodecanoate monolayer 
[17]. The small angle results because the edge of the barrier is not a 
straight line on the molecular scale but is a series of micropeninsulas 
and bays. The edge of the squalane is dragged against the peninsulas 
by the advance of liquid over clean steel at either side until a contact 
angle develops at the peninsula tip. The existence of the contact angle 
about the tip creates a local thickening of liquid film at this point. The 
action of surface tension to minimize the liquid surface thickens adja
cent sections of the film, so that these also develop a finite angle at the 
film barrier. The apparent contact angle observed is the average of 
these effects when the angle developed becomes just sufficient to sup
port the liquid retained in the resultant ridge. Given a small but stable 
contact angle representing an equilibrium of surface forces, ridge for
mation can be seen to follow as a further consequence of this equilib
rium. Because of the weight of liquid it must support, the upper sur
face of the film curves downward from the angle imposed at the barrier. 
The situation is crudely analogous to that of a flexible rod attached to a 
vertical wall at a fixed angle and progressively loaded at points away 
from the wall. A mechanical equilibrium must ultimately be reached 
at which surface forces balance the weight of liquid that is restrained 
from draining by the fixed slope at the upper edge of the film. In prin
ciple, the equilibrium shape of the ridge can be determined analytically 
from the general equation for the mechanical equilibrium of an inter
face in a gravitational field [1], but such a calculation is involved and 
has not been undertaken. 

Once it is clear that ridge formation is a consequence of a previ
ously established slope at the film boundary, the appearance of such a 
ridge at the leading edge of rapidly spreading liquids is readily under
stood. In the moving film the surface tension gradient resulting from 
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2 6 . B ASCOM ET AL Dynamic Surface Phenomena 377 

evaporative depletion creates and maintains the necessary fixed angle, 
and a ridge forms. If the rate of upward liquid transport below the 
ridge is sufficient to maintain the spreading film at a thickness as great 
as that of the required ridge, the secondary film will advance as a pla
teau rather than a ridge. As spreading continues, this rate of transfer 
below the film edge diminishes and the ridge is accentuated. 

When a drop of liquid is allowed to spread on a smooth horizontal 
surface similar phenomena are observed, but the spreading pattern is 
modified because the gravitational forces are much smaller and oper
ate to promote spreading rather than to oppose it. There is an initial 
gravity-driven spreading during the first few minutes, after which the 
hydrostatic head becomes negligible in comparison with viscous re 
sistance or with the surface tension gradients which develop. The p r i 
mary and secondary films then appear and ridges or plateaus form as 
in the case of upward spreading. Oils purified by removal of more 
volatile components spread extremely slowly and maintain the charac
teristic domed profile of a static drop. A liquid containing volatile i m 
purities of lower surface tension, on the other hand, usually takes the 
form of a plateau a few microns thick, which thins as spreading con
tinues, but maintains uniform thickness within one or two wavelengths 
of light. This leveling is a logical consequence of the spreading mech
anism proposed, since any variation in film thickness creates a surface 
tension gradient tending to pull liquid into the thinner portions. 

The observation in this work and by Bangham [2] that, in the pres
ence of nearly saturated vapor the spontaneous spreading tendency of a 
drop is suppressed, is entirely consistent with the proposed mecha
nism. The evaporative depletion of solute from the liquid edge is pre
vented by the presence of surrounding vapor. 

The observed spreading behaviors were promoted by surprisingly 
small differences in surface tension between the primary and second
ary films. The lot of undistilled squalane which spread most vigor
ously had a surface tension of 27.6 dynes per cm. The surface tension 
of purified squalane is 28.6 dynes per cm. , which indicates that, at the 
advancing film edge of impure squalane, the maximum possible differ
ence in surface tension between the primary and secondary films is 1 
dyne per cm. if all the more volatile components were lost from the 
primary film. Since the surface tension gradients are small, contami
nants having comparable volatilities but minor differences in their sur
face tensions may produce significantly different spreading rates. A 
10% solution of pristane in squalane has a surface tension of 28.3 dynes 
per cm. , while a 10% solution of hexadecane in squalane has a surface 
tension of 28.5 dynes per cm. Since the surface tension of the purified 
squalane is 28.6 dynes per cm. and pristane and hexadecane have com
parable volatilities, the potential driving gradient for spreading of the 
pristane solution is approximately three times that for the hexadecane 
solution. 

The similarity between the spreading behavior of impure squalane 
on clean stainless steel and on steel coated with a monolayer of barium 
dinonylnaphthalene sulfonate provides further support for the explana
tion of spreading offered here. The surface energy of the monolayer-
coated steel is only a fraction of that for the clean oxide-coated surface, 
but the monolayer's critical surface tension for spreading, 29 dynes 
per cm. , is above the surface tension of the squalane. Consequently 
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the latter gives a zero contact angle and forms a primary film on the 
monolayer. Since secondary spreading occurs over a primary film in 
both cases, the explanation proposed requires the spreading behavior 
on the two surfaces to be similar, and is in agreement with experiment. 

Another support for the theory is furnished by the contrasting be
haviors of the boundaries of drops of squalane and of polyamylnaphtha
lene when one side of each drop is warmed by a concentrated light 
beam. The heated boundary of the squalane drop spreads ahead of the 
unheated boundary on either side, while the heated edge of the drop of 
alkyl aromatic liquid recedes even more rapidly than the adjacent 
boundary. Evidently the heat, in each case, accelerates the process of 
evaporative depletion and thereby augments the surface tension gra
dient already present. If only the decrease in surface tension due to 
the increased temperature were operative, the heated squalane film 
should also have receded. 

An interesting example of surface tension flow induced by temper
ature effects alone has been noted in thin films of silicone liquids on 
horizontal glass or metal plates heated to 400°C. Because of the great 
difference between the temperature of the plate and the air above it, 
there is a sharp vertical temperature gradient in the liquid film. The 
surface of any thin spot in the film will be hotter and have a lower sur
face tension than thicker portions near it. Consequently the film is un
stable and the liquid draws up into small droplets, distributed over a 
much thinner film against which they nevertheless show zero contact 
angles. The droplets spread as soon as the temperature is lowered. 

The theory of spreading proposed makes it possible to select addi
tives for almost any liquid to enhance or counteract its tendency to 
spread. Experiment verified that undistilled squalane could be made 
nonspreading for several days by the addition of 5% of isopropylbi
phenyl. The latter has a surface tension 7 dynes per cm. higher and a 
boiling point 50°C. lower than squalane, so that evaporation at the edge 
of a film lowers the surface tension relative to the bulk liquid mixture 
instead of raising it. The polymethylsiloxane liquids are often trouble
some because of their excessive spreading, but the addition of small 
amounts of a more volatile methyl phenyl silicone having a higher sur
face tension prevented spreading for 2 to 3 weeks. 

Practical Implications 

The spreading phenomena reported here have more than academic 
significance; they modify or control the performance of liquids in lubri
cation, in surface coating, and in the application of insecticides. 

In the lubrication of ball bearings, oil is transported by surface 
creep from the grease supply to the raceway; this creep is favored by 
the molecular heterogeneity of ordinary petroleum oils, whose more 
volatile components have lower surface tensions than the total oil mix
ture. If one undertakes to lubricate with a radiation-resistant alkyl 
aromatic oil , however, the situation may be reversed, and the deliber
ate inclusion of a minor amount of an oil of lower surface tension is 
indicated. The recession phenomena reported for silicone liquids on a 
400° surface remind us that at the high temperatures and temperature 
gradients existing in some military equipment oil films maybe expected 
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26. B ASCOM ET AL. Dynamic Surface Phenomena 379 

to migrate away from the hottest points on the surface, which may be 
where the lubricant is needed. 

In the spray application of thin coatings it is important that the 
droplets spread quickly to cover bare islands on the surface; the re
sults of this study point the way to formulations in which a high spread
ing rate is assured by the choice of solvents of suitable volatility and 
surface tension. Similar considerations apply to the spraying of disin
fectants and insecticides. 

The excessive creeping tendency that causes polymeric liquids 
such as polyisobutylene and the methyl silicones to contaminate their 
surroundings can be counteracted by the addition of small amounts of a 
suitably chosen liquid. 
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Drops, movement on tilted 
plates 253 
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of polished metal surfaces 269 
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Energy barriers 119,122 
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noncomposite surface . . . 129 
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tension of wetting 336 
Fluorocarbon surfaces . . . . 74 
Fluorocarbons, interactions 

of, at interfaces 105 

G 

Gallium 211 
Gallium-mercury interfacial 

tension 218 
Glass 211 

chemisorption and de
wetting 232 

Graphite, heats of immersion 109 

H 
Heat of immersion 108 

alumina 226 
combining with other 

techniques 91 

curves 89 
classification 89 
new types 90 

double layer f o r m a t i o n . . . 97 
in hexane 230 
hydrophilic character . . . 95 
interaction energies . . . . 88 
oxides 95 
polarity of solids 92 
problems 90 
relation to adhesion 46 
site heterogeneities 93 
solution adsorption 96 
surfactants 94 
titania 227 

Heterogeneities of sites . . . 93 
Hexane, adsorption isotherms 

on alumina 230 
on quartz 230 
on titania 230 

High energy solid surfaces . 108 
High energy surfaces 

definition of 11 
wetting of 23 

Hydrogen bonds 82 
Hysteresis . . . 204, 205, 217, 219 

in capillary tubes 262 
of contact angles . . . . 202, 250 

I 

Immersion, free energy of . . 108 
Immiscible liquids . 159, 164, 169 
Incorporation of solvent . . . 291 
Interfacial discontinuity . . . 184 
Interfacial energy, conditions 

for neglect of 35 
Interfacial hydrostatics . 160, 161 
Interfacial monolayers, 

tension and pressure i n . 101 
Interference microscopy of 

spreading films 358 
Ionization energy 3, 83 
Iron, coadsorption of stearic 

acid and n-octadecane on 268 

J 

JeffreyTs equation 361 

Κ 

K e l - F polymer, wetting of . . 15 
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INDEX 3 8 5 

Langmuir's principle of 
independent surface 
action 7 

Liquid-liquid interfaces, 
structure of 100 

Liquid vs. solid state in re 
lation to angle of contact 62 

London dispersion forces . . 100 
Low energy surfaces, 

definition of 11 
Lubricants, control of spread

ing of 378 
Lubrication conditions for 

fine instruments 332 

M 

Macadam, oil-bound 315 
Marangoni effect 349, 374 
Meniscus shape 214 
Mercury 204, 211 

interface between, and 
polar organic liquids . 106 

Mercury-water interfacial 
tension 102 

Metal, effect on composition 
of coadsorbed films . . . 273 

Metal films, adsorption on. . 295 
Metal-metal systems 75 
Metals, coadsorption of 

stearic acid and 
n-octadecane on 268 

Methanol, adsorption iso
therms 

on alumina 229 
on quartz 229 
on titania 229 

Methyl groups, attraction 
for water 55 

Methylene groups, attraction 
for water 55 

Methyline groups, attraction 
for water 55 

Mobile drop effect 347 
Molar volumes 76 
Mold-release agents, defini

tion of 44 
Molecular forces, Laplace 

treatment of 1 
Monolayers 275 

adsorbed by metals 300 

of ψ - alkanoic acid, 
properties of 18 

barium dinonylnaphthalene 
sulfonate, spreading 
on 272, 377 

octadecylamine 75 
perfluorodecanoate 364 

Movement of liquid in 
capillary tube 253 

Multilayers 290 
adsorbed on metal 

surfaces 272, 273 

Nonspreading 
on glass, silica, and 

sapphire 25 
clock oils 332, 333 
oils 341 

Nylon wettability 302 

n-Octadecane 
adsorbed on films . . . 271, 272 
coadsorption with stearic 

acid 268 
Oleophobic 

additive 334 
films, Langmuir Ts orienta

tion of 7 
monolayers, critical tem

perature of w e t t i n g . . . . 28 
Optimum joint strength, 

conditions for 46 
Organic liquid-air interfaces, 

surface activity 317 
Oxides, solid, thermo

dynamics of wetting . . . 222 
Oxygen 204 

Parting agents, definition of . 44 
Peel strength 182 
Perchloropentadienoic acid 

monolayer, wetting of . . 14 
Perfluoro fatty acid mono

layers, wettability of . . 17 
Perfluorolauric acid mono

layer 
surface free energy 77 
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Perfluorolauric acid mono
layer, continued 

wettability of 17 
pH, influence of 206 
Platinum, coadsorption of 

stearic acid and 
n-octadecane on 268 

Polarity of solids 92 
Polarizability 76 
Polyacrylamide, wettability of 327 
Polydimethylsiloxane 

monolayer 
retracted 147 
packing of methyl groups . 149 

Polyethylene 
adhesion of, to epoxy . . . . 198 
tensile strength and relation 

to joint strength of . . . . 41 
wettability of 13 

Polyhexafluoropropylene, 
surface free energy . . . 77 

Polymer crystal structure 
morphology and 
wettability 306 

Polymer wettability 302 
Poly(methyl methacrylate), 

wettability of 0 . . 322 
Polymethylsiloxane liquids, 

causes of spreading . . . 23 
Polystyrene, wettability of . . 320 
Polytetrafluoroethylene, 

wetting by homologous 
series of liquids 12 

Polytrifluoroethylene, surface 
free energy 77 

Poly(trifluoromonochloro)-
ethylene, surface free 
energy 77 

Polyvinyl chloride), wetta
bility of 14 

Poly (vinyl fluoride) wetting of 15 
Poly(vinylidene chloride) 

copolymer, wettability of 325 
Poly(vinylidine chloride), 

wettability of 14 
Poly(vinylidine fluoride), 

wetting of 15 
Potential energy f u n c t i o n . . . 76 
Potential functions 85 
Pressure differential across 

liquid in a capillary tube 251 
Principle of independent sur

face action, exceptions to 22 

Progressively fluorinated 
acids, retracted mono
layer 147 

fatty acids, synthesis 
by Brace 22 

Q 

Quaternary ammonium 
salts, effect of solu
tion pH on chem
isorption of 235 

Quartz, adsorption iso
therms 225 

R 

Radiation detection of 
combined H 3 and C 1 4 . . 270 

Radiostearic acid, ad
sorption of on metals . . 295 

Radiotracer adsorption 
technique 296 

Reactivity and adsorption 
of metals 300 

Readvancing contact angle . . 208 
Receding contact angles. . . 5, 206 
Refractive index, polariz

ability from 78 
Regular interfaces 74 
Relaxation 184, 208 
Replicas 280 
Resistance to movement of 

liquid-solid-vapor 
boundary line 250 

Retracted films 
condition for solvent i n 

clusion 29 
metastability of films i n 

cluding solvent 29 
Retracted monolayers 

advancing vs. receding 
contact angles 10 

effect of varying solvent. . 10 
orientation of 8 
relation to Langmuir-

Blodgett films 9 
structural requirements 

for 8 
Retraction from aqueous 

solutions 9 
Retraction method 

choice of solvent for . . . . 27 
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Retraction method, continued 
discovery of 8 
explanation of 26 
generalization of 26 

Retraction process, effect of 
temperature on 9 

Reversible work of liquid 
adhesion 

effect of surface tension 
in plastics 39 

estimation for monolayer-
coated surfaces 40 

maximum in 38 
method of estimation . . . . 38 

Road aggregates 310 
wettability of 310 

Rough surface 
composite 119, 124 
idealized 112 
noncomposite 119, 123 
preparation 138 
sinusoidal 112 

Roughness 
of adherend, effect on 

joint strength 44 
effect of on adhesion . . . . 192 

Rutile, heats of immersion . 109 

Selective adsorption 188 
Self-healing of adsorbed 

films 330 
Shadow-casting 280 
Silica 

aqueous solutions of 
dodecy ltr imethy lam -
monium bromide 

adhesion tension o f . . . . 238 
effect of pH on adhesion 

tension of 243 
chemisorption and de

wetting 232 
Silicone films to prevent 

spreading 351, 352 
Silver, coadsorption of 

stearic acid and n-octa
decane on 268 

Solid-liquid interfacial 
tension. . . 20, 158, 173, 175 

Solid surfaces, chemical 
structure of 52 

Solid-vapor interfacial 
tension 158, 162 

Solubility effects in inter-
facial tension 75 

Solubility parameters, recent 
work of Gardon in r e 
lation to yc 48 

Solvent inclusion in films 
formation by retraction . . 28 
work of Bartell and Ruch . 28 

Solvent purity 270 
Speed dependence 209 
Spreading . . . . 161, 163, 168, 170 

177, 181 
of aliphatic hydrocarbons . 369 
of alkyl aromatic hydro

carbons 370 
anomalous 347 
behavior of additive 

oils 344, 346, 348 
coefficient . . . . . . . . 192, 218 
condition of Cooper and 

Nuttall 4 
condition of Harkins . . . . 5 
effect of scratches on 371, 373 
effect of temperature 

difference on 370 
nonreciprocity of 193 
of polymeric liquids . . . . 369 
pressure 75 

of adsorbed layers on 
solids 103 

in metal-metal systems 77 
values of f s y o for 

metallic surfaces . . . 37 
values of f S V o for 

nonmetallic surfaces . 37 
of water on graphite . . . 107 
of water on mercury 

and graphite 104 
primary film 356, 360, 363, 373 
secondary film 356, 373 
spontaneous 355 
vapor effect on 368 

Spray coating, control of 
spreading in 379 

Spreadability 
ο η α - Α 1 2 0 3 24 
on fused silica 24 
on metals 24 

Static contact angles 203 
Stearic acid 281 
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Stearic acid, continued 
adsorbed on films . . . 271, 272 
coadsorption of solvent 

with n-octadecane . . . . 268 
Stress concentration 184 

near occlusions 43 
Stress propagation in inter

face, effect of surface 
voids 44 

Subscript system of Boyd 
and Livingston 4 

Surface active agents in non
aqueous systems 

organophilic -organophobic 
balance 36, 318 

partially fluorinated 
compounds 318 

Surface activity 
of fluorocarbon additives 

in polyacrylamide . . . . 329 
in poly (methyl 

methacrylate) 325 
in polystyrene 321 
in poly(vinylidene chlor

ide) copolymer 326 
fluorochemicals in non

aqueous liquids 36 
at organic liquid-air i n 

terfaces 317 
of polymer-air interface . 318 
silicones in nonaqueous 

liquids 36 
Surface cleaning 304 
Surface contamination, ef

fect on nonspreading. . . 351 
Surface energy 

perfluorolauric acid 
monolayer 81 

polyhexafluoropropylene. . 81 
polytetrafluoroethylene . . 81 
poly (trif luoromonochloro) -

ethylene 81 
Surface entropy 84 
Surface forces, localization 

of 6 
Surface free energy . . . . 74, 181 
Surface heterogeneity and 

angle of contact 69 
Surface hydrolysis 

of 2-ethylhexanoates . . . . 26 
on silica, glass, and 

sapphire 25 

Surface poisoning by hydro-
lytic products 25 

Surface polarity 82 
Surface potentials, pure and 

mixed monolayers on 
metals 29 

Surface roughness . . . . 203, 272 
and angle of contact 58 
and contact angle hystere

sis 266 
and critical line force . . . 266 
effect on contact angle . . . 136 

Surface tension 
of bare solid 175, 177 
gradient by adsorption . . . 349 
gradient by evaporation . . 373 
of hydrocarbons, table . . . 358 
lowering, survey of F i s 

cher and Gans, conven
tional agents 30 

of polymeric liquids, table 358 
by temperature difference 378 
temperature effect on . . . 194 
in water, effect of con

ventional wetting agents 31 
Surface wicking 117, 142 
Surfactants, packing on 

Graphon 94 

Teflon, heats of immersion . 109 
Textile fibers and fabrics, 

surface treatment with 
fluorochemicals 19 

Three-phase interline. . 208, 209 
Thermodynamic treatment of 

capillary phenomena. . . 3 
Threshold, concentration, for 

adhesion tension 313 
Titania, adsorption iso

therms 225 

Vapor adsorption 
and f i s v o 

on low energy surfaces . 
on polytetrafluoroethylene 

Vapor-deposited metal 
films 296 

Velocity of liquid movement 
in a capillary tube . . . . 251 

38 
38 
38 
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Viscoelastic response 184 

W 

Water adsorption, essentially 
hydrophobic surfaces . . 95 

Waxes, resins, early work of 
Bartell and Zuidema 
on 20 

Wenzel's equation . 116, 127, 131 
and the roughness factor . 5 

Wenzel's ratio 115 
Wettability 

comparison of hydrocar
bon and fluorocarbon 
surfaces 17 

comparison of monolayers 
and solid p o l y m e r s . . . . 15 

effect of progressive 
fluorination of co-CH 3 

group 18 
by heats of immersion . . . 88 
by higher boiling liquids . . 24 
and moisture sorption . . . 304 
of polyethylene by aqueous 

solutions 31 
of polytetrafluoroethylene 

by aqueous s o l u t i o n s . . . 32 
Wetting 

action of "wetting 
agents" 30 

adhesion, applications of 
research on „ 47 

agents, new method of 
comparison 35 

agents for nonaqueous 
systems 36 

balance 311 
criterion 182 
definition of 180 
heats of immersion 94 
of poly(ethylene terephtha-

late) 20 
of polyhexafluoropropylene 20 
of poly (hexamethy lene 

adipamide) 20 
and polymer surface 

chemistry 306 
and polymer surface 

crystallinity 306 
of polystyrene 20 
properties 275 
and separation of polymer 

crystal planes 309 
by solutions, aqueous and 

nonaqueous 30 
spreading, and adhesion, 

future research on . . . . 46 
thermodynamics of 222 

Work of adhesion 304 

Y 

Young-Dupré e q u a t i o n . . . 58, 305 
thermodynamic value of . . 59 
verification of 66 

Young's equation . . 52, 115, 158, 
159, 161, 163, 168, 177, 202, 205 
complications in use of . . 3 
early treatment 2 
Sumner's and latter treat

ments of 3 
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