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A new hypothesis is suggested for the evaluation of the components (yd and y°) and the elements
(y* and y") of the surface free energy. The respective equations are introduced for the interactions
at interfaces between a non-polar acid and non-polar base, a polar phase and non-polar acid
or base, and two polar phases. The dispersion component, %, equals the total surface free energy
of non-polar phases. However, they can interact at the interface as an acid or a base through
their single permanent elements »* or y°, respectively. Otherwise, induced elements % and yi®
can also be effective. The surface free energy of polar phases is additively composed of the dis-
persion, »%, and acid-base components, 7*® = 2(»*y*)1/2. The proposed equations are verified
using the known values of the surface and interfacial free energies for the liquid-liquid systems
and they are applied to the solid-liquid interfaces. The values of the elements are determined
for water, y}y = 67-7 and y%, = 106 mJ/m?2, and for other liquids, such as glycerol, formamide,
mercury, benezene, diethyl ether and trichloromethane.

The determination of the surface free energy of solids, s, is one of the problems which
have not yet been solved satisfactorily. There are various methods of calculation,
based on the evaluation of the contact angles of liquids on solid surfaces, but the
accuracy and the correctness of these methods remain a matter for controversial
discussion, as there is no independent method for reliable verification of the cal-
culated yg values. The work of adhesion, W,, between two liquids can be used as
a criterion of the correctness of calculation methods because the surface free energy
of liquids and the respective interfacial free energy, in contrast to solids, can be
measured directly. Fowkes' employed this procedure when he proposed his theory.
Various related methods were checked in the same way?.

Fowkes' suggested the distribution of the surface free energy into the ever-present
London (dispersion) component, y%, and the other components, such as the Keesom
(polar), y°, Debye (induction), y', and hydrogen bond, y*, components, These non-
-dispersion components have often been combined and denoted as y". Accordingly,
the equation

y=7y"+ (1
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has been used. Later, Fowkes® introduced the acid-base component, y*®. He also
proposed the additivity of the partial works of adhesion, which he expressed by the
relationship

Wy =W34+ W2+ Wi+ W+ W+ ... ()

The dispersion component of the work of adhesion is given by the geometrical mean
of the dispersion components of the surface free energies of the adjoining phases 1
and 2

We =2(yi3)'"*. 3)

In contrast to Eq. (3), Fowkes? denied the validity of the geometrical mean for other
components, i.e., Wi # 2(y8y3)/2 or W3 # 2(y{*y5")'/%. Nevertheless, the equations
introduced by Owens and Wendt*,

Wi = 2(12)"? + 2(0iv3)' 2, 4
or by Kaelbe and Uy?,

Wy = 2(yy3)'? + 2(y1y8)"/2, (5)

or by Kitazaki and Hate®,
Wy =2(y1y9)" + 20598 + 2(y1y3)"2, (6)

were accepted by many authors and they are still frequently used.

On the other hand, Neumann at al.”*® argued against the validity of Eqs (3)—(6).
They believe that the dispersion and polar forces do not act separately at the inter-
face. They tried to prove that the work of adhesion is a function of the total values
of the surface free energy and not of any of the separate components.

Van Oss et al.® combined all the long range forces, i.e., London, Keesom and
Debye forces into one component, which they call Lifshits—van der Waals or apolar
and denote y“V. Their second component represents the short range forces which
cause the acid-base interaction and it is denoted y*®. Accordingly, instead of Eq. (1),
the authors® write

y = ytW 4 yAB (7)

In later communications'?!!, these authors divided the component y*® into an
element acting as the Bronsted or Lewis acid (i.e. proton donor or electron acceptor),
y*, and an element acting as the Bronsted or Lewis base (i.e. proton acceptor or

electron donor), y~. They suggested the relationships

yAB = 2(y*y )2 (&)
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and

Wa = 2057952 + 2(yT92)Y% + 200 y3 )2 )

The authors call substances with surface free energy corresponding to Eq. (7) bi-
polar. In addition to apolar substances, which contain no elements and have y =
= y'¥, they also define monopolar substances, which contain either single y* or
single y~ elements and also have y = y“%. When, e.g., one phase with y, = ytV
contains y; and the second phase with y, = y;* contains y; or y, = yi% + 5B,

Eq. (9) reduces to
‘ Wa = 2(7"3%)2 + 2(yfv2)"2 (10)

Unfortunately, Eqs (9) and (10) can only be solved when the values of elements.
y* and y~ of one phase are assumed. No actual values have yet been determined
and the results can only be expressed as a ratio between elements of the same sign.
It seems that Eq. (9) cannot be generally valid because it did not yield a reasonable
result in an investigated case'? while the concept of induction?'!? yielded a better
solution. However, some similarity can be found between the ideas of the induction
components in non-polar compounds and of single elements in monopolar com-
pounds.

In this paper, the idea of the acid-base interaction will be further developed and
demonstrated on pairs of liquids. In contrast to Neumann et al.!3 it is believed that
the same approach can be applied to solid-liquid interfaces because there is no
substantial difference from the interaction at liquid-liquid interfaces.

THEORETICAL

First it is necessary to elucidate the separation of the surface free energy into com-.
ponents. The London forces cause attraction among all the molecules, while the
Keesom or hydrogen bond forces contribute to the cohesion of molecules having
permanent dipoles or an intrinsic acid-base interaction, respectively. There is no
need to separate the attraction forces when evaluating the cohesion because they
all act jointly. On the other hand, the forces should be separated for the evaluation of
adhesion because the polar Keesom and hydrogen bond forces of one phase cannot
cause an attraction across the interface when no response appears in the adjoining
phase. The polar forces of one phase can either interact with the polar forces of the
second phase or induce a response in a non-polar phase and thus increase the adhe-
sion. Therefore, accepting the Fowkes principle of attraction between components.
of the same kind across the interface is incompatible with the van Oss et al.!®!!
idea of the y“¥ component. On the other hand, all Keesom, Debye and hydrogen
bond interactions are intermolecular attractions between positive and negative charges.
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(with or without formation of a chemical bond) and, therefore, they can be combined
into one polar component such as, e.g., y" in Eq. (). It is not important to consider
the difference between the rates at which the forces decay with distance because the
equilibrium distance at the interface does not change.

To emphasize the interaction between charges of the opposite sign, the polar
component is further denoted y*®. The positive, proton donor, electron acceptor or
acid element is denoted as y*, and the negative, proton acceptor, electron donor or
base element as y®. Thus, equation

y=y" 4+ (11)

instead of Eq. (1) will now be used. Component y* can be considered to equal half
of the work of adhesion (or, better, half of the work of cohesion) between elements
y* and y® at an imaginary interface inside the phase. Therefore, similar to the work
of adhesion between the two dispersion components in Eq. (3), y® (for the phase 1)
will be given by the relationship

Y = 2(yiy})!/2 (12)

(which is similar to Eq. (8) introduced by van Oss et al.!® without proper justification).
The work of adhesion according to Dupré is

Wa =1y + 72— V12- (13)

This is a thermodynamicrelationship which gives the difference between the equilibrium
energies before and after bringing phases 1 and 2 in contact. Because the sum y; + y,
is the arithmetic mean of the works of cohesion, W, Eq. (13) can be rewritten as

Y2 = We — Wy, (14)
which shows that the interfacial free energy is equal to the difference between the

mean work of cohesion and the work of adhesion. Similarly as in Eq. (11), we can
write

Y12 = Y12 + 713, (15)
We = W& + Wb, (16)
W, = Wi+ wt. (17)

The dispersion component of the interfacial free enery, y,, can be resolved ac-
cording to equation

viz = [(D? = (2)*] (18)
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as was mentioned earlier*~°. According to Eq. (I8), the dispersion component of
the interfacial free energy originates from the difference between the dispersion
parts of the cohesion forces in the adjoining phases. However, the idea (which agrees
with Eq. (14)) that the cohesion force of phase 1 is decreased at the interface by the
attraction from the side of the phase 2, i.e., (y1)"/2 [(y$)'/? — (¥3)"/?], seems to be
more explicit. A similar action takes part on the other side of the interface and this
leads to the equation

yiz = 0D [6D7 = (02)'2] + (522 [(62)'* = ()] (19)

Both Egs (18) and (19) yield the same result, i.e.,
12 =91+ 95 = 2012)', (20)

which is identical with Eq. (3) and justifies the expression of the partial work of ad-
hesion as the geometrical mean of the respective components (or elements) of the
surface free energies.

For an imaginary interface in the bulk of the phase, ¢ = y$ and ¢, =%, =0
should be substituted into Eq. (20) which yields W& = Wy. Similarly, cohesion of
the polar elements has been expressed by the relationship for adhesion in Eq. (12).

Now let us consider the interaction of polar forces at interfaces. In the ideal ar-
rangement of molecules shown in Fig. la, the cohesive attraction of dipoles or of
hydrogen bonds between the molecules of one phase is decreased at the interface
by the adhesive attraction from the adjoining phase between charges of the opposite
sign. The difference between the cohesion and adhesion gives to rise the interfacial
free energy (cf. Eqs (14) and (19)). Thus, it may seem that, for the polar interaction,
the equation

7= 6D 2[00 = 697 + 6D [0 - 697 +
0D IODY = GDT + OO LD - 6D (@)

Q
o
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repulsion

Fig. 1
Scheme of the interface between two polar
liquids with the molecular orientation causing
a attraction, b repulsion

attraction
—>——L<-
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could be valid. Neglecting the different meaning of y® and y*® from y¥ and pA®
respectively, Eq. (21) leads formally to the relationship introduced by van Oss et
al.'%!! (see Eq. (9)). However, the molecules are in continuous motion during
which they change their mutual position. Therefore, in addition to attraction between
charges of the opposite sign, repulsion between charges of the same sign should also
take place (see Fig. 1b) which decreases adhesion. Analysis of the long range forces
showed!* that the dispersion and induction contributions are always attractive.
However, the coulombic contribution may be attractive or repulsive depending on
the mutual orientation of molecules. Hence, Eq. (21) is not complete. It should be
supplemented for this repulsion and then, the following relationship is obtained:

> =(DALON? = ()2 + ()] + N2 (6D ~
+ (V2 + ()] + (V2 [(E)'2 = ()2 +
+ ()] + ()2 ()7 = ()2 + ()] (22)

Equations (22) and (12) give
M2 = 9"+ 95 — 20019512 = 2(0093) % + 20 13) 12 + 20093V (23)

All the cohesion, attraction and repulsion forces at interfaces are assumed to be pro-
portional to the geometrical mean of the involved elements.

The bulk phase is always electroneutral. Each charge should be equilibrated with
the charge of the opposite sign regardless of the difference between the y* and y®
values. Similarly, the charge at one side of the interface of two different phases
is equilibrated with the charge of the opposite sign at the other side of the interface.
The net charge at one side is proportional to (y}y3)'/? — (y?73)!/? and at the other
side to (377)'? — (y3y})"/%. Then, the phase at the interface is no longer electro-
neutral and a polar attraction between the two adjoining phases takes place, propor-
tional to the sum of all charges, i.e., 2(y}y5)'/? + 2(y?73)!/2. The values of y* and y®
are proportional to the number of sites with the negative and positive charges,
respectively. Therefore, the terms 2{y}y3)"/? and 2(y}y3)"/? are also proportional to
the probability of a close approach of charges of the opposite sign at the interface.
Similarly, the probability of approach of charges of the same sign is 2(y}y3)'/? and
2(y}y5)"/2, which determines the polar repulsion. However, the repulsion terms cannot
be involved when the acid and base elements result from induction. They will be
denoted y™® and y'®, respectively.

When »5* = 0 and y}® interacts with element 3 (a non-polar compound with the
character of a base, or briefly non-polar base), Eq. (23) reduces to

Y15 =91 — 2(9i¥3)"7 + 2(35y5)"2 . (24)
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Similarly, when 93" = 0 and y}" interacts with element y3 (a non-polar compound
with the character of an acid, or briefly non-polar acid), the equation

15 = ¥1" — 2003)"2 + 2(viv3)'2 (25)

is obtained. Finally, when y{* = 0, y3* = 0, and the compounds are a non-polar
acid and a non-polar base, respectively, the equation

1 = —2(rir3)"? (26)
results.

Combining Egs (20) and (23) leads to W, = W,, = W{, + W} where
Wia = 2000v)"2 + 2(615)"* + 2(7393)"% — 2(viv3)"V® — 2(¥395)"2. (27)

Similarly, Eq. (20) can be combined with Eqgs (24), (25) or (26) (depending on the
respective conditions) to yield

Wi = 2(1y2)"% + 2(013)"? — 2(v33)"", (28)
Wiz = 200192)'% + 2(093)"> — 2(viv3)"/2, (29)
Wi2 = 20/192)" + 2(r1¥3)"2 . (30)

It seems possible that, in some non-polar compounds with y = y¢ and y*® = 0,
both elements y* and y® can be induced at the interface depending on the properties
of the adjoining phase.

Non-polar acids or bases have no charge in the bulk and, therefore, there is neither
polar attraction nor repusion, i.e., single y* or y* forces do not affect either the
surface free energy or the cohesion. Polar attraction takes place in the bulk between
elements y* and y° only. At the imaginary interface in the bulk of a polar liquid,
7 =95 91 =3, 2 = 7% and y25 = 0. For a non-polar base or acid with 2 =
=9{ = 0 or y{> = y} = 0, Eqs (24) and (25) yield y} = 0 or y? = 0, respectively.
These results only mean that the contribution of the single elements to cohesion is
zero irrespective of their actual value for adhesion. For the imaginary interface in
the bulk of a polar liquid, Eq. (23) yields y{* = 2(y}y%)"/? — y; — 3. Because the
contribution of the single terms y; and y? to the cohesion is zero, as stated in the
previous cases, Eq. (23) then reduces to Eq. (12) which shows the conformity of these
two equations.
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Solution of Eqs (27)—(30) with unknown y* and y® values is not possible. A further
relationship is needed. To this purpose, the relationship of the base or acid elements
to the empirical donor or acceptor numbers, respectively, will be considered.

RESULTS AND DISCUSSION

Calculation of the Acid and Base Elements of Water

Gutmann'? evaluated the donor numbers, D, , and acceptor numbers, A4, , as empirical
parameters of liquids to describe their nucleophilic and electrophilic behavior,
respectively. His values for water, Dy, = 33 and Ay = 54-8, will be further used
together with the recently determined*® values yy = 19-09 and yyy = 5366 (at 20°C).
All data for the surface free energy, interfacial free energy and work of adhesion are
given in mJ/m?. The data for some other liquids are given in Table I. The dipole
moments, u, are also included. The u value for water is 6:17 . 1073° C m. No rela-
tionship of u to Dy and A4, can be found. Therefore, no relationship can be expected
between u and the values of the surface free energy elements.

Direct proportionality,

()" = xy(Aw)'?, (31a)

(vw)'"? = y:(Dw)'"?, (31b)

is assumed for water. However, this relationship cannot be valid for other liquids
as follows from a comparison of the D, and A, values in Table I. Both benzene

TABLE I

Basic data used in the calculations: donor and acceptor numbers (D and A4, ref.ls); surface
and interfacial free energy and work of adhesion for the liquid-water interface (y., »wr, and
Wy (in mJ/m?), ref.!7); dipole moment (u (in C m), ref.'®)

Liquid D AL " YwL War u.10%°
Benzene 01 82 28-88 33-90 67-73 0-00
Nitrobenzene 4-4 14-8 439 257 90-95 14-24
Diethyl ether 19-2 39 17-0 10-7 79-05 3-84
Butyronitrile 16°6 — 28-1 10-4 90-45 13-58
Dichloromethane — 20-4 265 283 70-95 514
Trichloromethane — 231 27-15 31-6 683 3-40
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and diethyl ether should be predominantly nucleophilic. However, while D, > A,
for diethyl ether, the ratio is the reverse for benzene. Therefore, the relationships

(v)''?

()2

xl(AL)llz + x3, (320)

yi(D)'? + ya, (32b)

are used for organic liquids, which give reasonable results as will be shown below.

For the interaction between water and non-polar bases (L, and L,), two Eqs (28)
can be rearranged after substituting Eqs (12), (31) and (32) to give

Yo = [WwLs — W + 2(?*)1/2 (?1/12 - }’11_/22) +
+ ¥w(DL? — DY) DY*I[2(DL? — DiY)/Dw?] . (33)

Similarly, for the interaction between water and non-polar acids, equation

Yw = [Wwer — Wiz + 2(}’&)”2 (V[',/tz - )’ll_/zz) +

AL — AP A4 — AL AY] (39

is obtained. The values of yy, from Eq. (33) are given in Table II. The average value
is y5, = 10-43 + 2:70. For the interfaces of dichloromethane and trichloromethane
with water, Eq. (34) yields y§, = 67-71. From this y}, value and from v = 5366,
Eq. (12) yields yy, = 10-63. The acceptable standard deviation of yo values from
Eq. (33) and the accordance with the value from Eq. (34) justify the applicability of
Eqs (31) and (32). The results also show that, in this case, the influence of dipole
moments on the interaction mechanism can be neglected and the organic liquids
used for the calculations can be considered as non-polar bases or acids.

It should be noted that van Oss et al.'® only assumed that yy, = yy = 255, but
nonetheless they admit!® y5 > yy (equivalent to yy > yy). Their values for other
liquids, y; and y[, are only expressed as a ratio to yy and py, respectively.

Calculation of Elements of Organic Liquids from their Interaction with Water

Using the above obtained 73, = 67-71 and y% = 10-63 values, the values of y; for
non-polar compounds (with y§ = y.) can be calculated from Eq. (28), which we
rearrange to give

()" = W — 2% 2120082 = (W) - (35)
If there is no repulsion, i.e., the polar interaction is caused by the induced element
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7i®, then
()" = W — 20iw9)"?120%)"2 - (36)

The difference between y® and 9™ is in that y® is a permanent or durable property
while y™® can only exist in one phase when an acid group from the adjoining phase,
73, is in immediate vicinity.

The values for aromatic compounds calculated from Eqs (35) and (36) are given
in Table III. The interactions of these liquids with water and mercury were evaluated
earlier? using other relationships. It was found from the interactions with mercury
that the aromatic hydrocarbons have y, = y{ but they can interact with water through
an induced polar component. The average of the values in Table III for aromatic
hydrocarbons (excluding benzene) is yp = 3:15 + 0-54 from Eq. (35) or y° =
= 1-15 + 0-20 from Eq. (36). It will further be shown that, for benzene, y; should
be employed while, for the other aromatic compounds, 7{® is more likely. For a com-
parison, values of y© obtained from Eq. (35) for some other organic liquids are also
included in Table III.

It follows from Eq. (29) that the same right-hand side as in Eq. (35) is valid for
calculations of —(y{)'/? for non-polar acids. Thus, —(y{)"/* = 2-61 is obtained for
dichloromethane (y, = 26'5, Wy, = 70-95) and —(y{)"/? = 229 for trichloro-
methane (y, = 27-15, W, = 68:3). However, the negative values of (y{)'/? lead to
the strange conclusion that the effects of the terms 2(ynyf)!/? and 2(yyy)/? are,
in contrast to the above hypothesis, repulsive and attractive, respectively. This result
cannot be explained at present. On the other hand, after leaving-out the repulsion
term, Eq. (29) can be rewritten to

(vi“)”z = [WWL - Z(Y%YL)I/Z]/Z(Y\"’V)UZ ’ (37)

which yields reasonable values (yi*)!/2 = 3-98 for dichloromethane and 3-49 for
trichloromethane. However, using Eq. (37) is not compatible with Eq. (34) which
was aplied to calculate y3,.

The values of yp, can be checked for liquids with known D, (see Table I) using
7L, from Table III and the relationship derived from Eqs (31b) and (32b),

(DL = D)[Dy? = [(121)"2 = (L)1) - (38)

The results are summarized in Table II. The best agreement of the yp values from
Eq. (38) with those from Eq. (35) is obtained when compounds with similar y values
are used together, i.e., when Eq. (38) is solved for the pairs benzene—diethyl ether
and nitrobenzene-butyronitrile. A comparison of the y; values from Tables IT
and III, e.g., for diethyl ether and nitrobenzene, shows that dipole moments cannot
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play an important role at interfaces where the hydrogen bond interaction takes
place. Therefore, the compounds with a relatively high x can also be regarded as
non-polar bases or acids.

TABLE 11

Base elements (in mJ/m?) of water, y'v’v, and liquids L,, y,, calculated for pairs water-L; from

Eq. (33) and L,-L, from Eq. (38)

b b
L, L, Yw YL1

Eq. (33 Eq. (38)
Benzene nitrobenzene 7-03 5:36
Nitrobenzene benzene 9:62
Benzene diethyl ether 11-11 4-09°
Diethyl ether benzene 19-34°
Benzene butyronitrile 8-98 5-33
Butyronitrile benzene 17-84
Nitrobenzene diethyl ether 14-29 9:20
Diethyl ether nitrobenzene 21-38
Nitrobenzene butyronitrile 10-74 11-02°¢
Butyronitrile nitrobenzene 19-79°
Diethyl ether butyronitrile — 21-31
Butyronitrile diethyl ether 17-27

¢ Values which agree best with the results from Eq. (35) given in Table III.

TaBLE III

Base elements (in mJ/m?), yP and yi®, calculated for aromatic hydrocarbons and for some
organic liquids from the data in ref.

Aromatic 7 yib Organic 3
hydrocarbon Eq. (35) Eq. (36) liquid Eq. (39)
i
Benzene 4:37 1-59 Chlorobenzene 3-39
Toluene 3-47 1-:26 Bromobenzene 3-41
0-Xylene 3:58 1-31 Nitrobenzene 11-07
m-Xylene 2:85 1-04 Diethyl ether 18-75
p-Xylene 2:85 1-04 Butyronitrile 19-73
Ethylbenzene 2:70 0-98 Ethyl acetate 22-50
Mesitylene 2:58 0-94 2-Pentanon 23-11
p-Cymene 4:02 1-47 Aniline 28-05
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Interactions of Liquids with Mercury

The values, yy = 480, 9% = 1906, yym = 415, Wiy = 137-75 for mercury from ref.2,
yw = 7275, y% = 1909, y% = 53-66 for water from ref.!® and y3 = 67-71, yw =
= 1063 from the present communication, are used in Eq. (27), which then becomes

Wam = 20037002 + 2(0m)"? — 2(vm) "2 - (39)

Mercury is assumed to be a non-polar base with yy = yy + ;% (vm being the metallic
component, yp = yy = 0). Equation (39) yields yy = 2-97.

In the previous paragraph, aromatic hydrocarbons were considered to be non-
-polar bases. It has been found earlier? that aromatic hydrocarbons, except for ben-
zene, behave toward mercury as non-polar compounds. Thus, the equation

WuL = 2(7’:4)’1,)1 12 (40)

is valid (see Table IV). However, the interaction of benzene with mercury includes
the repulsion between yp and yy, according to the equation

W = 2(yn)"? — 2(vmn)*'? (41)

which yields Wy = 141-2 (using ¢ for benzene from Table [II), in agreement with
Wy = 1409 from Eq. (13) (yy. = 368).

Nitrobenzene appears to be a non-polar base for interaction with water. It also
interacts as a non-polar base with mercury. Equation (41) (with yy from Table TII)
yields Wy, = 171-5 in good agreement with Wy = 173:9 from Eq. (13). It can be

TABLE IV

Comparison of work of adhesion (in mJ/m?) for the mercury-aromatic hydrocarbon interfaces
calculated from Eqs (40) and (4]) with the actual value according to Eq. (13)

WL
Hydrocarbon S ~

Eq.(/13) Eq. (40) Ea. (41)
Benzene 140-9 1484 1412
Toluene 147-5 147-4 141-0
o-Xylene 1511 151-5 1450
m-Xylene 151-9 148-4 142-6
p-Xylene 147-4 1471 141-3
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concluded that the dipole moment of nitrobenzene does not play an important role
at the interface with mercury. The electron-donor properties of the oxygens seem
to be the only significant factor for the polar interaction. Similarly, chlorobenzene
gives Wy, = 153-7 from Eq. (41), in agreement with Wy = 153-2 from Eq. (13).
On the other hand, interactions of aniline and bromobenzene wjth mercury cor-
respond to Eq. (40) yielding Wy, = 180-9 and 1668 in agreement with the values
Wy, = 181-9 and 1665 from Eq. (13), respectively.

The acid-base interaction of a non-polar acid with mercury can be demonstrated
on the example of trichloromethane. In this case, Eq. (30) becomes

War = 2(vmrn)'? + 2(ymni*)"/? (42)

which yields Wy, = 150-3 in agreement with Wy, = 150-2 from Eq. (13).

A number of examples indicates that the hypothesis of interactions at interfaces
presented in this paper is more reliable than the methods of van Oss et al.!® and of
the other previous authors*~¢. Of course, examples can be found which cannot be
routinely solved using the above equations and a special explanation becomes neces-
sary which is not yet available. It is, e.g., not clear why the mechanism of inter-
actions of benzene with water and mercury differs from that of other aromatic
hydrocarbons. Deviations can be caused by an inaccuracy in the measured values.
The interfacial tension of dichloromethane with mercury!’, e.g., seems to be low
(ymL = 343) compared to the values for trichloromethane (yy, = 357) and tetra-
chloromethane (yy. = 359). Consistent values of W, from Eqs (13) and (42)
would be obtained if yy, for dichloromethane equals 357-5.

Calculation of the Surface Free Energy Elements of Alcohols

The intersection points of the curves representing the dependence of the calculated
vt on the chosen y:® values for the liquid—mercury and liquid—water interfaces have
been used to obtain the actual y; and yi® values of alcohols. For this purpose, y, =
=y + 2 is assumed and Eq. (27) is rearranged to give

v 20m)"% + () [Waae — 20003 — D)2 + 9 (m) 2 = 0 (43)
and
e 2LOw)' 2 = (v)72] = (0)'7 [Waw — 206%)"% (o — 910)'7*] —
+ 9 [OW) = (w)'?] = 0. (44)

The intersections of the curves were obtained using the absolute values of (y7)'/?:
(A) from the first root of Eq. (43) and the second root of Eq. (44) and (B), vice versa,
from the second root of Eq. (43) and the first root of Eq. (44). The second roots of

Collect. Czech. Chem. Commun. (Vol. 56) (1991)



290 Kloubek ¢

both equations yield negative values of (yp)'/2. The same y;° value results from both
solutions, solution A gives the low y; and the high y values, solution B gives the
opposite values, i.e., yp(B) = y{(A) and yp(A) = y{(B). The results from solution B,
which fit Eq. (27) for the water-alcohol interface, yielding the same Wy, as Eq. (13),
are given in Table V. On the other hand, solution A fits Eq. (27) for the mercury-
—alcohol interface. This is a strange result, suggesting that y{ may be interchanged
in some cases for y, which was also found elsewhere and cannot be explained
satisfactorily here. The values are certainly not precise: the yi° values for butanol and
hexanol are too high. However, deviations might arise from inaccurate values of the
work of adhesion, especially for the interface with mercury. The low values of y}
for the water—alcohol interfaces suggest that alcohols might interact as non-polar
bases. Then, Eqs (35) and (41) can be used to calculate y; from the work of adhesion
of alcohols with water and mercury, respectively. Reasonable values are obtained
only for the interaction with water and they are also given in Table V. To obtain
the same values of yf from the interaction with mercury as from the interaction
with water, the measured interfacial tensions between alcohol and mercury should
be corrected as shown in Table V (cf. also the remark on yy for dichloromethane
in the preceding paragraph). Thus, an inaccuracy in the measured values may lead
to great confusion in the evaluations.

TABLE V

Surface free energies 7y, their components y§, yi® and elements y¢, y?, interfacial free energies
ymL, and works of adhesion Wy, , Wy, of mercury (M)-alcohol (L) and water (W)-alcohol (L)
interfaces; all quantities given in mJ/m?

Alcohol 1-Butanol 1-Hexanol 1-Octanol
e 246 258 27'5
0 154 17-2 25:3
yib b 9-20 8-59 2:18
7 ? 0-45 0-47 0-05
o 4676 39:32 25:26
€ 27-66 22-77 21-41
P’ 375 372 352
ML 3858 382:0 378:65
WyL” 956 91-8 91-8
Wy 129-6 133-8 1555

@ Data from ref.!”; ® values obtained from intersection points of curves constructed from Egs
(43) and (44); € calculated from Eq. (35); ¢ corrected value yielding 72 from Eq. (41) equal to
yP from Eq. (35).
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Application of the Hypothesis to Solid-Liquid Interface

Using data on contact angles, @, for liquids on solids from the literature??, the
surface free energy of non-polar solids with y5 = 73 can be calculated from the equa-
tion

(1 + cos @) = 2(ysyf)!/? (45)
when no interaction of the surface free energy elements takes place. The average
values of yd obtained with methylene iodide, a-bromonaphthalene, tricresyl phos-
phate and hexadecane are given in Table VI (larger deviations were excluded from
the average). The values of y§ calculated using the same equation for the interaction

TABLE VI
Dispersion components and base elements of the surface free energy of solids and works of

adhesion (in mJ/m?) calculated using contact angles of liquids

. WsL WsL
74 74 oDV oP™Y: Ea.4n) Eq. (47)
Solid Eq. (45) Eq.(45) Eq.(35) Eq.(36) glycerol formamide
non-polar —
liquids water water water left right left right
Polyethylene 34:57 4 2-18 43-49 0:63 0-38 7550 7390 71-29 71-00
Polytetrafluoro-
ethylene 19-17 4 0-61 33-09 1-21 073  52-39 51:86 56°17 52:97
Paraffin wax 23-96 + 1-64 33-:09 075 046 56:77 60-56 57-18 59-14
Hexatriacontane 19-38 + 2:04 28-53 0-83 050 5567 5380 56-17 53-21
Polystyrene 42:56 4+ 075 66-91 1-46 0-88 7441 7874 74-24 78-88
Polytrifluoro-
ethylene 23-07 + 1-30 64-56 2-84 1-72 72-22 70-80 72-28 69-76
Poly(vinylidene
fluoride) 3056 + 5:33 89-95 3-48 210 79-81 82-34 88-18 81:23
Poly(vinyl fluoride)  36:26 + 1-43 95-47 3-30 1199  89-19 87-69 92-41 8631
Poly(vinylidene
chloride) 42:99 4 2-36 95-47 2-83 1-71 94-14 92:37 86:42 90461
Poly(vinyl chloride) 41-68 + 2-05 7676 2:03 1-22 8817 §7-88 81-87 85-87
Poly(chlorotrifluoro-
ethylene) 2919 + 2-55 69-31 257 1-55  72:22 7709 66°30 65-52
Poly(methyl
methacrylate) 40-23 + 2-31 95-47 3-01 1-82  86-12 90-47 83-71 88-85
Poly(hexamethylene
adipamide) 41-00 + 268 124-83 4-19 2:53  95-10 9607 9561 94:79
Poly(ethylene
terephthalate) 41-85 £ 1-76 92:69 278 168 9019 91-:09 8642 89-34

Collect. Czech. Chem. Commun. (Vol. 56) (1991)



292 Kloubek :

with water (also given in Table VI) deviate conspicuously from the previous ones,
indicating that a polar interaction takes place between water and even those solids
that are generally accepted as non-polar, i.e., polyethylene, polytetrafluoroethylene,
paraffin wax and hexatriacontane. Assuming that the solids listed in Table VI are
non-polar bases, their y¢ elements were calculated using the y3 and 7% values in the
relationship corresponding to Eq. (35). The induction effect was also considered and
the y{® elements were calculated using Eq. (36) (with s instead of y,).

Polymers from Table VI can be divided into two groups: the first consisting of
typical non-polar solids with lower yg (or ") and the second with higher g (or yi*)
values. In the first group, y¢ = y5 may be assumed while, in the second one, either
vs < ¥s or ¥% (y§°) instead of 93 (yi®) can complicate the evaluation (cf. the calculation
for dichloromethane and trichloromethane).

With the first group of solids, pairs of equations (for the same liquid and two
different solids)

(1l + cos @) = 2(ysyf)/2 + 2(yi™1) (46)

were solved using ys = y§ (obtained with non-polar liquids) and y® from Table VI
along with the y, and © values of glycerol to determine its y§ and y? values. The
average values obtained, y{ = 44-06 + 2248 and (y})'/2 = —3-23 + 2:84, have
rather high standard deviation. The negative value of (y{)'/2, in fact, indicates a re-
pulsion between the opposite charges for the interaction according to Eq. (46).
Therefore, the mechanism assuming the induced element i in the respective group
of polymers cannot be valid either for glycerol or for water and other polar liquids.
Similarly, the hypothesis of van Oss et al.!® on the interaction of monopolar bases
with polar liquids would yield y; = yi® and, therefore, it cannot be valid.

The relationship corresponding to Eq. (28),

pu(l + cos @) = 2(ys1)"? + 2(ysri)' — 2(ysi)' 2, (47)

was rearranged to give
1L 208)"2 + ()" [yl + cos ) — 2(35)"/> (v — 1°)/2] = 9°(1)Y* = 0 (48)

to determine the dependence of the calculated (yp)!/? values on the chosen yi® values
using ys = 7§ from the contact angles of non-polar liquids in Eq. (45) and yg from
the interaction with water according to Eq. (35) (see Table VI). The intersection
points of curves for the first five solids (from polyethylene to polystyrene) and
glycerol gave the average values yi° = 20-97 + 7-50 and (y})!/? = 4-48 + 1-32, from
which 9 = 42:43 and (y{)'/> = 2:34 (Eq. (12)). The dependence of (y)!/? on yi*
for the second group of solids (from polytrifluoroethylene to poly(ethylene tere-
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phthalate)) is different from the dependence for the first group and the average
values of the intersection points for glycerol, y;° = 25-41 + 8-98and (y0)"/* = 473 +
1-40 from which yf = 37-99 and (y})'/? = 2:69, deviate slightly from the former
result. The average values obtained from the curves according to Eq. (48) were
used in Eq. (47) to calculate (y3)'/2. For the second group of polymers, the calculated
(y9)'/? values are negative, indicating that the respective positive values correspond
to (y3)'/2. The average difference between the absolute (y3)'/? values calculated for
the interface with water and with glycerol is 0-08 + 0-65. A better comparison gives
the work of adhesion (see' Table VI) calculated for the left and right-hand sides of
Eq. (47) in which the (y3)!/? values obtained from Eq. (35) for interaction with
water were used (for the second group of solids as —(:)'/?). The average deviation
of these two sides is —0-94 + 2-80.

Using the same procedure as for glycerol, formamide and the first group of solids
from Table VI yield y{® = 21-84 + 591 and (y)'/? = 3-27 + 1-64, from which
78 = 36:36 and (y;)'/? = 3-34. For the second group of solids, y{®> = 22-73 + 10-03
and (y})!/? = 2:44 + 0-33, from which y§ = 3547 and (y})!/? = 4-65. The values
obtained from both the left and right-hand side of Eq. (47) are also given in Table VI.
The values of ys = y obtained from Eq. (45) for the interaction with the non-polar
liquids and (y2)'/? from Eq. (35) for interaction with water were used in the calcula-
tions. The data for the first group of solids were also used for poly(chlorotrifluoro-
ethylene). The average deviation of the left from the right-hand side of Eq. (47)
is 0-06 + 3-98.

When y¢ < s, the interaction with polar liquids is given by Eq. (27), from which
(y9)"/% — (3)"/? can be calculated:

(35)"% = (95)"2 = [n(L + cos @) — 2(y531) 2] 2[(L)" — (0)"2] - (49)

However, Eq. (49) yields (y5)"/? — (y3)"/? with the same value as (y3)'/2 from Eq. (35).

It may be interesting to compare the components and elements determined in this
paper with those of van Oss et al.!®. For glycerol, they found y*® = 30, (v [yw)'/? =
= 0-392 and (y [yw)"/? = 1-500, which yields (y)'? = 1-98 and (y.)'/? = 7-57
for their assumed yy = py = 255, or (y{)"/? = 323 and (y_)'/? = 4-89 for our
yw and yy, used as yy and yy, respectively. Our values, (yi/yy)'/> = 0-284 or 0-327
and (yp/yw)'/? = 1-374 or 1-451 (from the first or second group of solids), do not
deviate much from (y; [yw)"/? and (y{ [yw)'/?, respectively, found by van Oss et al..
Furthermore, for formamide, they determined y{® = 186, (y{ [yw)"/? = 0299 and
(ve [yw)'/* = 1:246, which yields (y;)!/? = 1-51 and (y[)'/? = 629 for yyy = yw =
= 25'5, or (y{)"/? = 264 and (y )/ = 4-06 for our yy and yy, respectively. Our
values are (7} yy)'/? = 0-406 or 0-565 and (yp/yw)'/*> = 1:003 or 0-748.
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CONCLUSIONS

In the present paper, the surface and interfacial free energies as well as the works
of adhesion and cohesion are separated into the dispersion and acid-base components.
The Fowkes equation for the dispersion forces interactions is extended for the acid—
—base interactions in which not only the attraction forces but also the repulsion forces
are included. The origin of the interfacial free energy is explained and the relationship
between the acid-base component, y*°, and the respective surface free energy ele-
ments, y* and y®, is substantiated. Equations are proposed for interactions between:
(i) two polar phases, (ii) a polar phase and a non-polar acid or base, and (iii) a non-
-polar acid and a non-polar base.

On the basis of the interaction of water with various liquids, the acid and base
elements of water, y3 and yy, are determined using the known donor and acceptor
numbers. Benzene is characterized as a non-polar base and its y; element is deter-
mined from the interactions with water and mercury. Other aromatic liquids interact
with water and mercury through their induced base element, yi®, which, in contrast
to yf, does not lead to repulsion. Also other organic liquids investigated, irrespective
of their dipole moments, behave rather as non-polar compounds with a single polar
element than as polar compounds.

The suggested equations are applied to polymer solids and the polar elements of
these solids are determined from their interaction with water. Using their y¢ or 3
values for the evaluation of the interaction with glycerol and formamide, the polar
components and the elements of the surface free energy of these two liquids are
determined.

Some data obtained at 20°C in mJ/m? are summarized here. Water: yy = 7275,
¥ = 19:09, yi = 53-66, y& = 67-71, y& = 10-63. Glycerol: y, = 634, y{ = 424 to
38:0, y2* = 21-0—254, y; = 55—-7-2, y; = 20-1—22-4. Formamide: y, = 582,
7 = 364—355, y® =21-8-227, 9y} =11-2—21-6, yp = 10:7—6:0. Mercury:
ym = 480, p& = 190-6, yp = 2:97. Diethyl ether: y, = 7§ = 170, 3} = 18-75.
Benzene: y, = 75 = 28-88, yp = 4-37. The average yi° of other aromatic liquids is
1-15.

The surface free energy, its components and elements are important characteristics
which can help to understand the interactions at interfaces. To this purpose, the
correct relationships should be known. It is shown that the evaluation cannot be
carried out according to a uniform scheme without a thorough consideration of the
mechanism of the interaction, as can sometimes be found in the literature. Equations
previously suggested and frequently used by other authors do not seem to have
a general validity. They often yield inaccurate results and may lead to erroneous
conclusions. A correct approach to solving this problem should be clarified and,
therefore, an attempt is made in this paper to find relationships representing the true
interactions at interfaces. However, further investigation will be needed to confirm
the presented hypothesis and to clear some vague questions.

I
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