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A set of published data on surface free energy ()'t' )'2) and interfacial energy ()'ll) for interfaces 
mercury-organic liquid, mecury-water, and water-organic liquid (125 pairs altogether) has 
been critically evaluated. It has been found that the Antonow rule does not hold, that the Neu
mann equation is suitable for determining the work of adhesion, if )'t and )'2 are not too dif
ferent, and that the Fowkes equation can be used to assess the type of interaction at the interface. 
A hypothesis has been suggested which states that, besides the interaction between dispersion 
components of the surface free energies of the adjoining phases and the interaction between the 
non-dispersion components of the same type in bulk, a non-dispersion component of one phase 
may interact by inducing a component of the same type in the other phase near the interface. 
Relations concerning th-e mechanism of interaction at the interface have been derived. Also, the 
relation between the Girifalco-Good, Neumann and complemented Fowkes equation has been 
evaluated. For the particular liquids the dispersion portion of their surface free energies and the 
interaction mechanism at their interface with water and mercury have been estimated. For 
water, e.g. the polar component of the surface free energy (14'7 mJ m -2) and the hydrogen-bond 
component (36'3 mJ m -2) have been determined. The introduction of the induced component 
of the surface free energy is shown, as an example, for water-aromatic hydrocarbons and water
-alcohols systems. 

Surface free energy, )'i' interfacial free energy, )'ij' and the thermodynamic work of adhesion 
W A' are characteristic quantities of interfaces. The relation between them is given by the Dupre 
equation 

W A = )'1 + )12 - )'12 • (1) 

According to this equation the work of adhesion is given by the arithmetic mean of the work of 
cohesion of the adjoining phases diminished by the interfacial free energy, )'12' 

Application of the Antonow rule l for )12 > )'1 

)'12 = )12 - )II ' (2) 

leads to 

(3) 

* This paper was presented at the "7th Conference on Surface and Colloid Chemi~try'" 
Czechoslovak Chemical Society, Liblice, April 1986. 
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Though it was shown that the Antonow rule was basically incorrect2, the I iterature3 acknowledges 
that it fits experimental results, if)'1 and Y2 refer to the surface free energy of mutually saturated 
phases. 

Girifalco and Good4 expressed the work of adhesion by 

(4) 

and joined it with equation (1); later on, <P was called the interaction parameter. The geometric 
mean was used, in analogy with the Berth·~lot equation related to the attraction constants for 
unlike molecules. 

Neumann and coworkers5 - 8 formulated an empirical relation between <P and )'12' 

<P == I - 0'0075Y12 (5) 

and used it to eliminate <P from equation (4). In this way. W A can be calculated from Eq. (6) 

(6) 

Fowkes9 - t 1 separated the surface free energy into components of which the London disper
sion force component was always present. In general, the separation can be written as 

(7) 

indices a, b, c denote various components of the surface free energy. The plausibility of such 
a separation Y was later on confirmed by Tarnai 12. 

A particular case, where intermolecular attraction interaction occurs only via dispersion 
forces, was expressed by Fowkes as 

(8) 

This relation is satisfactory, if the surface free energy of at least one of the adjoining phases 
contains only the dispersion component. Nevertheless. equation (8) has been subjected to criti
cism I3 •14. 

It was also found that even so good results can be obtained if the arithmetic mean 15 or other 
average values were used (e.g .• the quadratic mean t6) instead of the g~ometric mean in Eq. (8). 

In those cases, where th;: interfacial interaction involves other than dispersion forces, the 
value of WAin equation (I) is higher than that one given by equation (8); this was noted by 
Fowkes, too. Therefore, some oth~r authors 17 - 21 added to equation (8) the geometric means 
of non-dispersion components of the surface free energies. This procedure was widely used, 
though regarded by Fowkes22 himself as an incorrect one. According to Wu23 ,24, better results 
can be obtained, if the harmonic mean is used instead of the geometric mean. 

Using the geometric means of components of the same type in both phases, one can write 
in g<.:neral 25 

(9) 

which can be arranged, if connected with equation (/), as 

(10) 

If equations (4) and (7) are correct, equations (9) and (10) must hold, too. It follows from 
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(4) and (9) (ref. 26 ) that 

(11) 

where a _c= lly, b = l fl', c = yC Iy, etc. 

In connection with equation (10) it is worth mentioning that Bikerman27 , when criticising 
equation (2), regarded as reasonable the relation 

(12) 

though he did not find for it an agreement with experimental data. However, equation (12) is in 
agreement with (4) and (10) only in a special case, nam::ly, if (/J oC I, which in turn holds (cf. Eq. 
(11» only if Yl IY2 = y~M ~. y~M = YVy~, etc .. 

Recently, a hypothesis has appeared28 which states that at the interface, besides the interaction 
between the surface free energy components of the same type existing in separated pbases, also 
an interaction between a non-dispersion component of one phase and the component of the same 
type induced in the region of the interface of the other phase may take place. 

Equation (9) in connection with the Young-Dupre equation has been often used to determine 
the surface free energy of solid substances from measurements of the contact angle of liquids. 

In this paper, the applicability of equation (9) is checked on the measurements of a series of 
pairs of liquids, used earlier by Girifalco and Good4 in the evaluation of (/J. Equation (10) is used 
in this communication as a start in estimating various possible interaction mechanisms including 
the earlier mentioned induced components of the surface free energy. At the same time, solutions 
are examined of equations (3) and (6) used earlier in evaluations of the surface free energy of 
solids5 - 8 ,29-32. All values of the work of adhesion, surface and interfacial free energy are 
given in mJ m- 2 . 

THEORY AND RESULTS 

Interface Mercury (M)-Organic Liquid (L) 

The evaluation of WA from the surface free energy data of pure liquids can be com
plicated by their mutual solubility. These complications do not take place, if one 
of the liquids is mercury. The surface free energy of mercury is composed, according 
to Fowkes, from the dispersion and metallic components, i.e., 

YM = Y~ + Y~· (7a) 

If the interaction at the mercury-organic liquid interface is determined solely by 
the dispersion components of the surface free energies, equation (8) holds. If then 
YL = yt one may write, in agreement with Fowkes 

(8a) 

The values of Y~ as calculated from (8a) are given in the fourth column of Table I. 

Collection Czechoslovak Chem. Commun. [Vol. 52) [1987) 



274 Kloubek: 

TABLE I 

Data for Jiquid(L) - nlercury(~) interface calculated with the use of equations indicated 
in parentheses above the columns 

L YL WA(I) y~(8a) yt(8b) yi(l3b) yi(J4a) 

n-H-::xane 18'4 120'4 197'Oc 19'0a 19'3a 18'4a 

n-Heptane 20·4 122·4 183'6c 19'7a 19'3b 

n-Octane 21'8 126'8 184·4c 21'l a 20'7a 

Isooctane 18'8 122'8 200'5 19'8 20'2 18'8a 

n-Nonane 22·8 130·8 187'6c 22'4a 22'3a 

Benzene 28'2 140'2 174'3b 25'8b 24'4b 

Toluene 28'5 147'5 190'8c 28'5a 28'6a 28'5a 

o-Xylene 30'1 151'1 189'6c 29'9a 29'8a 

m-Xylene 28'9 151'9 199'6c 30'3a 31'2 28'9a 

p-Xylene 28·4 147'4 191'3c 28'5a 28'6a 28·4a 

n-Propylbenzene 29'0 146'0 183'8c 28'0a 27'3b 

n-Butylbenzene 29'2 146'2 183'Oc 28'0a 27'3b 

Dichloronlethane 23·0 160'0 278'3 33'6 42'0 22'2a 

Trichloromethane 27'1 150'1 207'8 29'6 31'2 27·l a 

Tetrachloromethane 27'0 148'0 203'1 28'7 29'8 26'9u 

I,I-Dichloroethane 24'6 167'6 285'5 38'6 47'7 23'6a 

1,2-Dichloroethane 32'2 154'2 184'6c 31'2a 30'5b 

1.2-Dibronloethane 38'7 172·7 192'7c 39'l a 39'5a 38'7u 

1,1,2,2-Tetrabromoethane 49'7 236'7 282'8 73'5 141'8 47'9u 

Iodom0thane 30·1 206·1 352'8 55·7 99·7 26'6b 

Iodoethane 28·2 186·2 307·4 45'5 65'5 26'5" 
Chlorobenzene 33'2 153'2 176'7" 30'8" 29'2b 

Bronlobenzene 36'3- 166'3 190'5c 36'3u 36'3a 36'3a 

Nitroethane 32-2 206·2 330·1 55·8 94'7 29'5" 
Nitrobenzene 43'9 173'9 172-2" 39'7" 36'3" 
n-Butyl acetate 25'2 130'2 168'2" 22'2" 20'7b 

Diethyl ether 17'0 118'0 204'8 18'3 18'8 l7'Ou 

Ethanthiol 23'2 189'2 385'7 47'0 78'3 19'2" 
Bis(3-nlethyl butyl)amine 24·2 132·2 180'5b 22'9b 22'3" 
Aniline 42'9 181'9 192'8c 43'4a 43'9a 42'9a 

~ethanol 22'6 119'6 158'2b 18'8b l7'lb 

Ethanol 22-8 113'8 142'2" 17'0" 14'6b 

Propanol 23-8 125'8 166'2" 20'8" 19'3b 

Butanol 24'6 129'6 170'7b 22'0b 20'7" 
2-~'!thylpropanol 23'0 161'0 281'7 34'0 42'9 22'2" 
3-~ethylbutanol 25'7 131'7 168'7" 22'8" 21'2b 

Hexanol 25'8 133'8 173'5b 23'5b 22'3b 

2-0ctanol 26'5 158'5 237'0 33'0 37'8 26'2a 

Octanol 27'5 155'5 219'8 31'7 34'7 27·4a 

Cyc1opentanol 32'0 147'0 168'8b 28'3b 26'l b 

Acetic acid 27·8 178'8 287'5 41'9 56'4 26'7u 
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TABLE I 

(Continlled) 

L YL WA(I) 

Pentanoic acid 27·3 177-3 
Undecenoic acid 30·6 157·6 
Oleic acid 32·5 190·5 

yit(8a) y~(8b) 

287·9 41·2 
202·9 32·6 
279·2 47·6 

55·3 
34·0 
65·5 

275 

yi(I4a) 

26·2" 
30·6" 
31·4" 

"Value within ±5% of the measured value YL (second column); b value lower by more than 5% 
of the average of yit (190·6), or yt indicating that YL contains a non-dispersion component; 
C value within ± 5% of the average yit calculated for mercury-aliphatic saturated hydrocarbons. 

The respective published values4 of YL and WA (for I'M = 480) are summarized in the 
second and third column of the table. Using equation (8a), Fowkes determined from 
the data for aliphatic and aromatic hydrocarbons an average value of I'~ = 200 ± 7 
using fM = 484. In our case the overall average value for all aliphatic hydrocarbons 
in Table I is f~ = 190·6 ± 7·7, for aromatic hydrocarbons (disregarding benzene) 
it is fM = 189·7 ± 6·0. As the surface free energy of aliphatic saturated hydrocarbons 
contains only the dispersion component, it also holds for aromatic hydrocarbons 
that fL = f~. A lower value for benzene is an indication of the fact that a non-dis
persion component is active in fL which does not playa role in the interaction across 
the interface with mercury. An analogous case represent other liquids, for which 
I'~ < 190·6 was calculated with the use of equation (8a). 

For those values in the fourth column of Table I which differ by less than ±5% 
from the value 190·6, the calculations using (8a) and the respective interaction 
mechanism may be regarded as satisfactory; these values are denoted by the index c 
(in Table I). For values lower than 190·6 by more than 5%, it is probable that the 
use of equation (8a) is doubtful and that the low value is due to the presence of a non
-dispersion component in fL which neither interacts with f~ nor causes an induction 
(index b in Table I). We may assume that, instead of equation (8a), the following 
relation would be more suitable 

~f~ = WA /2 ~ft . (8b) 

On the other hand, values larger than 190·6 by more than 5% are not satisfactory 
either, and using equation (8a) leads to erroneous results. We assume that the 
increase is due to neglecting the induction effect. If, e.g., f~ induces at the mercury 
interface f~ of the same magnitude, we obtain from equation (10) 

(13) 
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and if y~ = y~, it holds 

(13a) 

Neglecting y~ in equation (13a) leads to (8b) and thus to an incorrect increase ofthe 
calculated value of y~. 

If we use now the assumption that the component y~ is present (which does not 
interact across the interface), then by substituting into equation (8b) y~ = 190'6, 
we ought to obtain yf < YL with the limiting case yf = YL for y~ = O. The results 
calculated in this way are given in the fifth column of Table I. The values which differ 
by less than ± 5% from the respective measured value of YL are denoted by the index 
a, and ought to be related to the liquids whose surface free energy contains only the 
dispersion component. Values differing from YL by more than 5% downwards are 
denoted by the index b and indicate that the surface free energy of the liquid contains 
a non-disperion component. However, in many cases the calculations give un
realistic values yf > YL. Similarly as stated above for y~, in that case the use of 
equation (8b) is incorrect, and the results suggest that at the interface an induction 
takes place. 

In case y~ induces y~ of the same magnitude, equation (13) may be reformulated 
for y~ calculations to 

(13b) 

The values of y~ calculated with the use of equation (13b) are shown in the sixth 
column of Table 1. Again, the index a is used to denote the results which agree with 
YL within ± 5%. In this case, y~ is zero or negligibly small, and thus the induction 
is negligible, too. The values of yf differing from Yr. by more than 5% downwards 
are denoted by the index b. However, in all cases, where equation (13b) gives satis
factory results (indexed by a and b), equation (8b) leads to good results, too. There
fore, it cannot be decided, if the induction originating y~ plays any significant role 
or if it takes place at all. Unsatisfactory results y~ > Yr. were obtained when using 
equation (13b) in the same cases as when using (8b). 

Besides the above mentioned induction mechanism another mechanism may be 
considered: let us assume that the non-dispersion component of the surface free 
energy of the liquid changes by the induction into a component which can interact 
with y~. In this case we obtain from equation (10) 

(14) 

which can be written as 

(14a) 
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From here we can evaluate y~ by a stepwise approximation. Equation {l4a) assumes 
the form of equation (Sa) for YL = yt. Though equation {l4a) does not give a suitable 
solution in some cases, it offers reasonable results just for those liquids for which 
both (Sb) and (13b) fail. In particular, this concerns halogenated hydrocarbons, 
alcohols, ar.d acids in which the latter type of induction may take place. 

It follows clearly frem a comparison of the second and third column of Table I 
(YL and WA(I» that equation (3) in no case gives satisfactory results and that Antonow 
rule does not hold. Similarly, equation: 6) does not suit eithc,r, as large values of 
YLM lead to negative values of WA • 

Interface Water (W)-Mercury (M) 

In the following calculations these values have been used: Yw = n·8; YM = 480; 
YWM = 415 (ref.33 ); y~ = 190·6. In case the interaction could be described by dis
persion forces only, equation (S) would be valid, and from there Y! = 24·9. This 
value is higher than the one which results from the interaction water-aliphatic 
hydrocarbons (see further on, Y! = 21·8); this indicates that an induction takes place. 
On the other hand, Fowkes - who regarded as a correct one the value YWM = 425 -
found equation (S) quite satisfactory for this particular case. 

The surface free energy of water contains, besides the dispersion component, the 
polar component, y~, and the hydrogen-bond component, y~. We may assume that 
the non-dispersion component of the surface free energy of water, Y;" (which may be 
)'~ or y~, or both these components together), induces a component of the same 
magnitude, y~. It follows from equation {l0) for this case 

(15) 

There is still another possible type of induction, namely a transformation of Y;" into 
a component capable of an interaction with Y:; this can be evaluated by deriving 
from equation (10) the following relation 

(16) 

If one uses in both cases Y! = 21·8, one obtains from equation (15) a reasonable 
value Y;" = 8·9, while equation (16) offers Y;" = 0·1 - a value too low. Because 
Y! + Y;" < Yw, Y;" represents only one of both non-dispersion components of the 
surface free energy of water. The results of Panzer34, derived from solubility parame
ters, give y~ > y~. Therefore, it is probable that the calculated value is y;" = y~, 
and that the induced interaction water-mercury takes place via y~ = 8·9, according 
to equation (15). Then the corresponding value y~ = Yw - y;" - y~ = 42·1; this 
is to be compared with the value of Panzer, y~ = 38·5. If, of course, the induction 
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effect Yw led to y~ < Yw, the correct value Yw would be higher than 8'9 and Y;' lower 
than 42·1 (compare further on, interaction water-aromatic hydrocarbons). 

Interface Water(W)-Organie Liquid(L) 

The values YL and Wo\, earlier used by Girifalco and Good4 , are summarized in the 
second and third column of Table II. The fourth column gives the values of 1'~ 
calculated under the condition YL = yt from 

(8e) 

The procedure is analogous to the earlier mentioned calculation of y~ with the use 
of equation (8a). The average value of y~ for all saturated hydrocarbons (in Table II 
from n-pentane to "liquid petroleum") is 22·3 ± 2'4, and it is characterized by 
a fairly large scatter of values. The average of all values determined for straight-chain 
aliphatic hydrocarbons from C6 upwards (indexed by a in Table II) agrees with 
the value of Fowkes, y~ = 21·8 ± 0'7. This value will be used from now on in this 
paper. For all other pairs the calculated values of y~ are substantially higher. It fol
lows from this fact that the use of equation (8e) is in these cases unsuitable, because 
it neglects the effect of non-dispersion forces. 

As stated above, the values y~ calculated with the use of equation (8a) for the 
mercury-aromatic hydrocarbons interface agree with the values for the mercury
-aliphatic hydrocarbons interface. Accordingly, it ought to hold for aromatic hydro
carbons that YL = Yt. However, for the interface with water there is a difference 
between aromatic and aliphatic hyrocarbons in the results, calculated with the use 
of equation (8e). We may assume, therefore, that in the region of the interface the 
polar component of the surface free energy of water causes a YL contribution, though 
in the organic liquid bulk it remains YL = }{ If YW = YL, we obtain from equation (10) 

(lla) 

which can be written as 

(I7b) 

The values Yw obtained with the use of equation (I7b) (for y~ = 21'8) are given in the 
fifth column of Table II. The average value of yW for all aliphatic hydrocarbons (the 
values are denoted by b in Table II) is YW = 0·0 ± 2·8. By inserting YW = 0 into 
equation (llb) one obtains equation (8e); this means that the interaction of water 
with aliphatic hydrocarbons is due to dispersion forces only, without any contribu
tion of induced components of the surface free energy. 

For aromatic hydrocarbons the average value of YW calculated from equation 
(llb) (index c in Table II) is Yw = 14·7 ± 1'6. This value is in a reasonably good 
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agreement with the value obtained above from the interaction water-mercury. If 
y~ = 14'7, then it follows from the summation of the particular components that 
y~ = 36·3. 

Equation (17b) gives satisfactory results on y{:, even for the interface between water 
and several halogenated hydrocarbons. Though we assume for most of them the 
presence of the component YL, equation (17b) may be at least approximately suitable, 
if YL is small and the induction by water increases its value at the interface from an 
originally low value to a value equal ot y{:,. With symmetric halogenated hydro
carbons the induction effect will be pr~bably weaker. Therefore, equation (I7b) 
does not give satisfactory results: e.g., for tetrachloromethane or tetrachloroethylene 
the calculated values of y{:, are much smaller than the expected value of 14·7. On the 
other hand, higher values of y{:, in Table II (mainly for oxygen-containing com
pounds) may be caused by the fact that hydrogen-bond induction takes place and the 
calculated values represent y~ rather than y{:" as can be derived from equation (IO). 

Let us assume that induction does not occur, but only an interaction between 
existing y{:, and YL takes place. Then for YL = yt + YL equation (10) can be written as 

(ISa) 

From here, using y~ = 21·8 and y{:, = 14'7, the values given in the sixth column 
of Table n were calculated by stepwise approximation. The conditions under which 
equation (1Sa) gives realistic values are: YL ~ yt, and WA > 2 .Jy{:, .J(YL - yt). If 
in the calculations these conditions cannot be met, the respective values in Table II 
are omitted. 

For aliphatic hydrocarbons, where YL = yt, equation (iSa) assumes the form of 
equation (Sc) and the calculated values of yt in the sixth column agree with the 
'values of the second column. Both for aromatic and halogenated hydrocarbons 
the calculated values of yt are too low, with regard to the results with mercury. 
Therefore, the mechanism of interaction according to equation (ISa) does not seem 
probable. For most of other liquids equation (iSa) does not have a solution; this 
finding is also not in favour of the mechanism which the equation assumes. 

Calculations according to equation (ISa) may be modified in such a way that 
instead of y{:, one uses in it y~; this represents an interaction via the hydrogen-bond 
components of the surface free energy. The equation acquires the form 

(is b) 

and the results are shown in the seventh column of Table II. Similarly to the previous 
case, the calculated and measured values agree for aliphatic hydrocarbons. How
ever, in contrast with the calculations using (iSa), equation (iSb) gives reasonable 
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values of yt for aromatic and halogenated hydrocarbons. This means that the surface 
free energy of these compounds may contain a small non-dispersion component 
which is able to interact with the hydrogen-bond component of the surface free 
energy of water. Thus, there are two possible ways of explaining the interaction of 
water with aromatic and halogenated hydrocarbons: on the one hand, by induction 
of the polar component (e/. equation (17b)), on the other hand, by the existence 
of a small non-dispersion component which is able to interact with the hydrogen-bond 
component according to equation (1Sb). 

For most of the other liquids the results indicate that both a partial induction of the 
non-dispersion component and an interaction between the existing components 
of the surface free energy takes place. In order to illustrate this case, we report 
in the following a simplified calculation for alcohols. Let us assume that YL = 
= I't + yE, that both the interaction between dispersion components and between 
polar components of water and alcohols takes place, and that water induces y~ = y~. 
For this case we can derive from equation (10) 

(19) 

By substituting y~ =-0 21·8, yR, = 14·7, WA(I) from Table II, and yt and yE (according 
to (I3b) or (I4a) from Table I) into equation (19), we obtain the following values 
of y~: 38·0 (n-butanol), 42·9 (2-methylpropanol), 31·9 (3-methylbutanol), 33·4 (n
-hexanol), and 40·5 (n-octanol). The average value of y~ = 37·3 ± 4·6 agrees well 
with the above mentioned value derived from the induction effect of the polar 
component of water on aromatic hydrocarbons; this seems to confirm this particular 
mechanism of the interaction at the interface. Panzer34 calculated from solubility 
parameters very low values of y~ for alcohols: e.g., for n-butanoll·2 and for 2-methyl
propanol 1·3. These are negligibly small values in comparison with those assuming 
the existence of induction, and thus equation (19) may be used in calculating the 
approximate value of y~. 

Finally, Table II shows values of WA calculated with the use of equations (3) and 
(6); the results are compared with those obtained with equation (1). In case the values 
in eighth and nineth column of Table II agree with WA(l) within ± 5%, we regard 
the results as acceptable (denoted by index d in Table II). It turns out, however. 
that the agreement of the WA(3) values is rather fortuitous and in many cases the 
deviation is quite large. The values WA ( 6), in comparison with WA(l), are systemati
cally higher for aliphatic hydrocarbons and lower for oxygen-containing compounds. 
However, the differences are not as large as those for WA(3), and in many cases 
(e.g., aromatic hydrocarbons and halogenated compounds) the agreement with 
WA(l) is good. Equation (6) is thus not suitable in general for interfaces of two liquids, 
but in many cases WA can be obtained from it with a reasonable accuracy. 
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284 Kloubek: 

Comparison of the Equations Used and Summary of Results 

A certain contradiction may be seen in the Girifalco-Good equation (joined equa
tions (1) and (4)). namely in that the work of adhesion is expressed in it twice in a 
different way: first, as a corrected ( -112) arithmetic mean of the cohesion energies 
(11 + 12)' second, as a corrected (<P-times) geometric mean (2.J(1112))' In another 
words, the interfacial free energy is determined in the equation as a difference 
between the work of cohesion, expressed by the arithmentic mean, and the work 
of adhesion, expressed as a geometric mean. However, for a particularly chosen 
value of <P equation (4) must be of a general validity. 

A factor f can be chosen in such a way that the ratio of the arithmetic and the 
geometric mean multiplied by it equals unity, f(r1 + 12)/2 .J(1112) = 1; introduced 
into the Girifalco-Good equation, it leads to an expression identical with the Neu
mann equation (5), if f/2 ,/(1112) = 0·0075. However, the Neumann interaction 
parameter (<PN) is identical with the Girifalco-Good interaction parameter (<po) 
only iff =-0 1, i.e. for Yt = 12' because 

(20) 

According to equation (5), <PN can be <PN ~ 1; however, Girifalco and Good4 report 
<Po > 1 for the interface between water and alcohols or some other oxygen-containing 
compounds. This is, of course, not allowed by equation (11), according to which 
<P ~ 1. Therefore, neither (11) nor (9) have a general validity. However, if we start 
from equation (10), and assume that at the interface a surface free energy component 
is induced, then the calculated WA can give in equation (4) <Po > 1. Thus, equation 
(10) agrees with equation (4), if we consider in it all the interaction mechanisms 
at the interface, including the induced components of the surface free energy. 

The results of calculations of the work of adhesion based on the Antonow rule 
(equation (3)), WA(3), only rarely conform with the definition of the thermodynamic 
value of the work of adhesion, WA(l) (i.e. WA according to equation (1)). This is the 
case, even if the mutual solubility of both phases is negligible. The agreement of 
WA(I) and WA(3) has to be regarded as fortuitous, and the use of equation (3) cannot 
be correct in general. The standard deviation of the difference WA(l)- WA(3) of all 
values in Table II is + 15 ± 19·9. The values of WA(l) are thus on the average higher 
than those of WA(3); this may be a consequence of the fact that the lowered values 
of the surface free energy of water, saturated by the particular organic liquid, were 
not used in calculating WA(I). On the other hand, against this argumentation speaks 
that in 16 cases in Table II the value of WA(3) is higher than that one of WA(I) by 
more than 5%. After all, for the mercury-liquid interfaces 1M cannot be lowered by 
the solubility, and still the difference WA(t)- WA(3) has a high positive value. 

Equation (20) shows that equation (4) corresponds practicaIly to equation (5), if, 
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first, there is not a large difference between Yt and Y2 and, second, if Yl + Y2 ~ 133. 
In thesc cases equation (6) is valid. The values in Table II give the standard deviation 
of the difference WAC 1) - WAC 6) for the interfaces of water with aromatic hydrocarbons 
and halogenated compounds as -1·0 ± 3·0, and for the interfaces between water 
and all liquids as +2·0 ± 5·9. This shows that equation (6) represents a good ap
proximation for calculations of the respective values. However, equation (6) cannot 
be used for interfaces mercury-liquids. 

Fowkes equation (8) holds for those interfaces, where there is an interacTion 
between dispersion components of the surface free energies of 1::oth phases only. 
The complemented Fowkes equation (9) is valid, if there is an interaction between 
respectiYe non-dispersion components of both phases, but if no induction takes 
place. 

It has been shown in this contribution that in many cases very probably a non-dis
persion component of the surface free energy of one phase induces a component of 
the same type at the interface of the other phase, and thus it influences the value 
of WA • In such a case, it is possible to start in the evaluation of the work of adhesion 
from equation (10) and use it in a suitable form, according to the corresponding 
interaction at the interface, as demonstrated here on several specific cases. Besides 
that, equation (10) expresses a disequilibrium of the forces acting at both sides of the 
interface - a phenomenon which originates the interfacial tension. Also, it specifies 
the nature of the interfacial tension, as suggested by Birkeman27, and elucidates 
the proper use of the geometric mean in equations (8) and (9). 

A comparison of the value of the dispersion component, calculated according to 
equation (8), )ld(e), with the known real value, yd(r), can indicate the type of inter
action at the interface. Ifyd(e) agrees with yd(r), then the interaction is due to disper
sion forces only. If yd(e) < )ld(r) , when using equation (8), then in the other phase 
a non-dispersion component plays a role which does not participate in the inter
action. 1f )ld(e) > yd(,.), then at the interface an induction of a component of the 
surface free energy takes probably place. 

The calculated results show that for aromatic hydrocarbons YL = yi, but the polar 
component of the surface free energy of water induces at the interface yt However, 
aromatic hydrocarbons also may contain a small non-dispersion component which 
is capable of an interaction with the hydrogen-bond component of water. Halo
genated and oxygen-containing compounds either induce, through their polar com
ponent of the surface free energy, a component of the same type in mercury, or -
due to mercury - their polar component changes to a component capable of an 
interaction with y~. At the interface with water both an interaction between non
dispersion components and an induction of non-dispersion components in organic 
liquids takes place. 

The values of y~ and y~ were calculated from the water-mercury interaction, 
under the assumption that yt!" induces y~ of the same magnitude. A similar assump-
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286 Kloubek 

tion made it possible to calculate YW and y~ from the water-aromatic hydrocarbons 
interaction. Finally, the value of y~ was determined from the interaction water
-alcohols assuming that yf arizes through induction. All calculated values of y~ 
exhibit both a good mutual agreement (the average value is 38'6± 3'1) and an 
agreement with the value }'~ = 38·5 determined carlier34 from the solubility param
eter. 
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