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Abstract

The excess molar surface entropies of each surface layers are calculated applying the modified significant struc-
ture theory of liquid. The caleulated excess molar surface entropy for the first top surface layer is slightly greater
than the entropy of surface formation of ideal molecules,5 the latter is equal to RIn2. The excess entropy for
the second surface layer is small and that for the third layer is negligible at low temperatures,

The surface tensions of argon, nitrogen, methane, benzene and halogens are calculated applying the modified

significant structure theory of liquid.

Introduction before it changes abruptly to the vapor phase. This is

Many workers 175 show that surface of liquid is not shown theoretically by Hillé and Chang et al.”

a mathematical plane but it consists of several molec- This leads to the thought that the randomness of m-
wlar layers. Through these several molecular layers, olecules changes accordingly in the surface region of 2

the density of the liguid undergoes gradual changes liguid.
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Chang and co-workers? have calculated surface tens-
jon of various liquids applying the significant structure
theory of liquid which was proposed by H, Eyring et
al. Recently, the surface tensions of carbon tetrachlo-
vide, ® water,? ethylene chloride, W Auorine 1! and am-
monia!? have been calculated using the modified signi-
ficant strycture theory of liquid proposed by Chang et
al. In this paper, the authors calculate the excess m-
olar surface entropy for various liquids and surface te-
nsions of argon, nitrogen, benzene and halogens appl-
ying the latter theory.

Partition function

According to the theory of modified signicant liquid
structure, 13 Tiquid may possess both solid-like and gas-
like degrees of freedom, but the former is not necess-
arily equal to that of solid itself. The fractions of the
two degrees of freedom are represented as V,/V and
(V—=V3)/V, respectively, where V, is the molar val-
ume of solid-like molecules in liquid and V is the m-
olar volume of liquid itself. Thus, the partition fun-
ction can be written as follows;
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where b, and by are respectively the interatomic vibr-
ational and molecular rotational partition functions for
the solid-like and gas.like molecules. E, ang ¢ are re-
spectively the ground state energy and Einstein char-
acteristic temperature of the solid-like molecules. And
n, and ¢ are respectively the number of vacancies av-
ailable to one of the solid-like molecules and the ener-
gy rlequired for a hole-molecule pair 1o exchange posi-

tions, which can be written as,

V=V,

aE,V,
Np=p ———— Ty
ATV
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7 and & being the proportionality constant and 2 is
equal to A/ QrmkT)172,

It is assumed that the partition function for the su-
rface layers of a non-polar liquid can be approximated
as to have the same form as for the bulk liquid, exc-
ept the correction for the ground state energy of the
colid-like molecules as proposed by Chang et al.7 It is
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assumed further that for a polar liquid or for a liquid
asymmetric molecule, molecules on the top surface la-
yer will orientate and changes in rotational degrees of
freedom will take place. For example, solid-like mol-
ecules of benzene cannot rotate in bulk liguid, hut
molecules on the top surface layer can rotate about the
axis as shown theoretically by Mortensen and Eyring. 14

Thus, the authors assume that the solid-like molec-
ules such as benzene and ammania, 2 which cannot
rotate in bulk liquid, can rotate freely about the figu-
re axis only in the first top surface layer, and if the
molecules, such as water? and ammonia, 12 have appr-
eciable electric moments, they can have the molecular
orientation. However, the molecules in the other sur-

face layers are practically in a symmetrical field that
they shall have the same degrees of freedom as for the

bulk lLiquid.

Calculation and results
The excess molar surface entropy of i-th surface la-
yer is given by 45;=8;—S;, where §; is molar entropy
of i-th surface layer and S; is molar entropy of bulk
liqguid which can be obtained from the partition func-
tions of i-th surface layer and of bulk liquid, respec-
tively, that is,

S;=—( 2‘1}: )vs =Haf+4T ( a;r;f; )w,
S;=—( o4 )w =kinf+2T ( aé’f}f‘: )w

aT

and the molar entropy of surface formation is given by

AS =£I'I(S,--—S;) ~8—:, where Q; {s the molar area of
the first topsurface layer and €; is for the i-th surface
layer. Since the layer thicknesses are the same for all
the surface ]ayers,-gl_ is equal to Vi/V;, where V; is
the molar volume of ‘the i-th laver,

Therefore

, ! Vi
S = iil (8;—=8» v,

The calculated excess molar surface entropies for

various substances are listed in the following tables.

Excess molar surface entropy

Argon
TR -'-51 e ISse.w. JSze.u. fSeu
85.96(T,)  1.855  0.285  0.027 2208
87.49(Ty 1. 699 0.219 0.03¢ 1.983
97,76 1. 586 0.227 0,035  1.886




Vol. 8 (1961

AF =¥ AEzHY FA 984 A4 185

Methane

CT.K

ASre.v. 4Seu. #53 e,

S e

Jodine

TK ASte.u. ASe.u. ASse.u. A4S eon,
90.65 (T, 1.527 0.142  0.000 1. 680 387, 30(T» 2. 461 0.175 0.000 2. 656
99. 67 1. 401 0,123 0.000  1.535 418.15 2.645  0.264 0,000 2,944
111, 6‘_? ('[‘5) 1. 330 0. 126 O‘ 013 1. 502 457, 30 2.852 0. 314 0. 043 3 250
123. 15 1. 302 0. 136 0.012 1. 466
Nitrogen Ammonia
CTK Sien [Seu fSew ASeu ToK Srew fHew fSHeuw J5euw
63.30 (T 1,709  0.183 0.000 1.9i0 195.45(T) 1330 0142 0.016 1.519
68, 41 1.578 Q. 158 0. 000 1. 751 239. 75(Ty) 1. 448 0. 168 0. 020 1. 655
77.34 (T 1.495  0.15¢ 0.017  1.685 273,15 1629 0.242  0.023 1931
99, 52 0,901 0.237 0.042 1216 293, 15 1.681  0.325 0.060 2128
Carbon tetrachloride
- Ethylene chioride
T°K AS1eu S eu ASzeu. SSeuw
ore - - =
273.15 2,107 0,1 0,017  2.296 "k fSreu. Suev. Isen 45 e
293.15 2189 0.183 0.016  2.408 237.85(T) 1946  0.115 0.000 2. 069
323.15 2. 314 0. 209 0.015 2, 567 270,75 2, 062 0.118 0. 000 2,190
349.90 (Ty)  2.386 0. 284 0. 028 2,742 302. 35 2,164 0. 194 0. 000 . 37
337. 15 2.230 0. 243 0.018 2. 529
Benzene
T°K SSieu. fSren IS en. S e
Water
278.68 (T 2,408 0.179 0.011  2.613
298. 15 2283 0.170 0.014  2.483 T°K ISLeu. A% en. ASze.u. S e
gig‘ ;g T g fﬁ',‘f g' :fgg g‘ g;g ; f’; 273.15(T,)  2.346  0.040 0.000  2.384
- A be : 44 293.15 2.373  0.044  0.000 2415
333.15 2.303 0. 060 0. 001 2. 363
Chlorine 373.15(Ty) 2.118 0. 083 0.012 2.212
T°K AS1e.u. ASeu. ASzeu. A4S eu.
172, 12(Ty) 1. 908 0. 140 0. 000 2 058 The surface tensions and their contributions to each
N t . 3 3 .
193. 15 .90 0.125 0.000 2036 surface layers of argon, nitrogen, methane, benzene
230.05(Ty) 2,010 0,213 0.019 2272 and halogens calculated by the iteration method,
Bromi proposed by Chang et al. 7 applying the modified signi-
romune ficant structure theory of liquid!® are tabulated in the
T°K ASreu I euw Sieu ASew following tables. And also the surface tensions of
265, 85(T)) 2,028 0.171 0, 000 2.217 carhbon tetrachloride,® fuorine, 11 ethylenechloride, 10
293.15 2.024 0.171 0. 000 2.214 water,® and ammonia, 12 can be found in the previous
32315 2. 088 0.203 0.000 2.7 papers which were calculated by the similar method,
Surface tension
Argon
% Contribution of each layer
T°K 1st ond Snd ycale. (dyne/em) yobs. (dyne/cim) A%
83.96(T) 85. 52 12.72 1.76 13.37 13.5 —0. 96
87. 49(T) 84,76 13. 36 1. 87 12. 48 12.5 —0.96
97. 76 81.64 16,13 2,22 9. 95 9.9 0. 56
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Nitrogen

2% Couiribution of vach lLaver

T°K 1st 2nd 3wl yeale. (dyne/om) »obs,  {dyne/om} 4 %
63, 90. 24 9. 76 0.00 11, 7§ 12,03 —2.24

30T

68. 31 8. 10. 82 10. 10. 89 —2.39

a3

7T 24Ty 85,22 13.52 1.26 875 8.91 —-2.02
Methane
o % Contribution of each Tayer
T*K sl 2nd Arel yeale,  {dyne/em) yobs. (dynefco 3 %

90.63(T,; 67. 25 8.7 0. 00 17,14

23 75 12. 20 —3.82
99. 67 0. 20 9. 80 0. 00 15.3 16. 24 —3.79

87,
&4.

09
a4

11.
id.

a1
26

1.00
1. 40

13.01 13.70

1134

Benzene
% Contribution of each kiyer
TK 1sl 2nd gAY yeale. {dvone/em) yobs. (lvne/em) 1%
278.6&(T} 89. 60 9,61 0.79 37.04 30. 96 186
208,15 88. 38 1. 77 0. 85 34.31 28. 36 21.0
328.13 {5, 84 12. 88 1. 23 29. 98 24, 44 22.7
333. 25T &3. 39 13. 02 1. 3% 26,15 21. 24 23.1
Chlirine
B _ " 9% Contribution of each layer T
T°K 1st 2nd 3rd reale.  {dynefem) yobs. {dyne/em) 3%
172.12(1T) 96. 49 3.60 Q0. 00 47. 24 39.2 20. 3
18%. 13 93.97 4.03 0. 00 43. 24 35.1 252
239, 05(T,) 94. 85 4. 70 Q.45 33.60 23. 8 30. 2
DBromine
% Contribution of each fayer i
T°K st 2nd Srel yoale. {dyne/em; yobs. (dyne/cm) 4%
263, 85{T)) 9. 71 5.29 0. 00 57.51 46. 4 23.9
293.13 94, 23 5. 77 0.90 52, 70 41.5 27.0
a25.15 3. 75 6.27 0.00 45. 99 36.2 28. 8
lodine
o % Contribution of each layer
T°K 1st 2nd 3l reale, {(lyne/cm) yobs, (dvne/cm) 1%
387. 30 (T, 91.92 8.08 0.00 72,79
413.15 91.42 8. 58 .00 66. 76
457. 50 87.89 11,13 0.98 60.13
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Discussion

Davies® shows that when a surface is formed, the
molecules in the surface laver have a dfferent environ.
ment on the side of the vapor phase against that of
the bulk liguid in which the molecules have other
liquid molecules as the nearest neighbors. When com-
pared with bulk liquid there is a new possibility of
randomness in that a molecule may occupy a position
either in the immediately subjacent bulk phase or in
the surface, These two possibilities will give rise (o
an entropy increase of approximately Rin2, j.e, 1.4
" e.u., this being a standard molar entropy change ass-
ociated with surface forming.

The excess molar surface entropies of the top surface
Jayer, 451, of argon, nitrogen and methane are nearly
equal to the value, RIn 2

However, for halogens and for complex molecules
Iike benzene, ethylenechloride and carbon tetrachloride
the values, £S; are generally greater than RIn2. It
15 considered that the molecules acguire, as they come
to the top surface layer, different molecular degrees
of freedom, i.e, rotational degrees of freedom, from,
their original state in the bulk liguid.

For ammonia and water, the calculated values of
A5 are comparatively small. It is the result from the
assumption that molecules on the top surface layer
ovientate to some degrees,

Generally speaking, JS; decreases with increasing
teperature. But for liquids of halogens and of comp-
lex molecules, £S) increases with increasing temperat-
ures for a low liquid tempevature range with a dimin.
ishing rate, £5) eventually decreassing to zero at the
critical point. This is understoocl as the result that
due to the change of molecular degrees fo freedum,
the molar enwropy for the top surface layer increases
faster than for the bulk liquid for the low liguid tem-

perature range,
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152, ASs, increase, in general, with increasing temp-
erature bqt they must also become zero at the criticut
point since the interfuce Dbetween liquid and vapor
disappears,

The calculations indicate that most of the entvopy of
surface formation is derived from the top surface Iayer.

This is illustrated from the percent contribution by

each surface tensi on.
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