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요 약

액체 에 관한 hole theory 를 사용하여 여 러 가지 액체들의 표면장력 과 표뗜 각층의 excess m이ar surface entropy 

들을 계산하였다. 표면 첫째층의 것은 이상적인 분자가 표면을 형성할 때의 값 Rln2 보다 다소 큰 값을 보여주 

며 액체 내부에 들어감에 따라 점점 줄어들어 저온에서는 셋째층부터 거의 없어진다.

그리고 알곤, 질소, 메탄, 벤젠 및 할로겐들의 표면장턱을 계산하여 측정치와 비교하였다.

Abstract

The excess molar surface entropies o£ each surface layers are calculated applying the modified significant struc- 

ture theory of liquid. The calculated excess molar surface entropy for the first top surface layer is slightly greater 

바lan the entropy of surface formation of ideal molecules, 5 the latter is equal to Rln2. 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

Many workers 1-5 show that surface of liquid is not 

a mathematical plane but it consists of several molec­

ular layers. Through these several molecular layers, 

the density of the liquid undergoes gradual changes 

before it changes abruptly to the vapor phase. This is 

shown theoretically by Hill6 and Chang et al.7

This leads to the thought that the randomness of m- 

olecules changes accordingly in the surface region of a 

liquid.
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Chang and co-workers7 have calculated surface tens­

ion of various liquids applying the significant structure 

theory of liquid which was proposed by H. Eynng et 

al. Recently, the surface tensions of carbon tetrachlo­

ride, 8 water,9 ethylene chloride,10 fluorine 11 and am­

monia12 have been calculated using the modified signi­

ficant structure 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 liquid may possess both solid-Hke 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 Vs/V and 

(V— Vs) / V, respectively, where Vs is the molar vol­

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;

은刍*{ 5广“"}〕槌

f bg eV "I
〔云厂一A厂」

where bs and are respectively the interatomic vibr­

ational and molecular rotational partition functions for 

the solid-like and gas-like molecules. Es ang 0 are re­

spectively the ground state energy and Einstein 사lar- 

acteristic temperature of the solid-like molecules. And 

m and e are respectively the number of vacancies av­

ailable to one of the solid-like molecules and the ener­

gy required for a hole-molecule pair to exchange posi­

tions, which can be written as,

_ / y一 I八 \ aEs Vs
V^) and

n and a being the proportionality constant and X is 

equal to h/(2,7：mkT')1/2.

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 

solid-like molecules as proposed by Chang et al. 7 It is 

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 t/ke place. For example, solid-like mol­

ecules of benzene cannot rotate in bulk liquid, but 

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 ammonia,12 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 water9 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 liquid.

Calculation and results
The excess molar surface entropy of i-th surface la­

yer is given by』月=*異一規 where Sj is molar entropy 

of i-th surface layer and S】is molar entropy of bulk 

liquid which can be obtained from the partition func­

tions of i-th surface layer and of bulk liquid, respec­

tively, that is,

& = —(*)功 =히顽+必 (等)e
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and the molar entropy of surface formation is given by 

』S = Z (S—S[)缶「，where Qi is the molar area of 

i-i 으 i

the first topsurface layer and Q, is for the i-th surface 

layer. Since the layer 바licknesses are the same for all 

the surface layers^ is equal to Vi/Vi, where V； is 

the molar volume of the i~th layer.

Therefore

£S = 2 (Sj—SD

The calculated excess molar surface entropies for 

various substances are listed in the following tables.

Excess molar surface entropy
Argon

T°K 』Si e. u. 西2 e. u. ZjS3 e. u. /S e. u.

응衆 96 (Tt) 1.855 0. 288 0. 027 2. 208

87. 49 ⑴) 1.699 0. 219 0. 034 1.983

97. 76 1. 586 0. 227 0. 035 1.886



Vol. 8 (1961) 액체 표면 엔트로피의 통계 열역학적 계산 185

IodineMethane

T°K 』Si e. u. 务 e. u. ZS3 e. u. e. u. TOK JSi e. u. A S2e. u. 仙 e. u. 』S e. u.

90. 65 (TD 1. 527 0. 142 0. 000 1.680 387. 30 (Tt) 2. 461 0. 175 0. 000 2. 656

99.67 1.401 0. 123 0. 000 1. 535 413. 15 2. 645 0. 264 0. 000 2. 944

111. 67⑴) 1. 350 0. 126 0.013 1. 502 457. 50 2. 832 0. 314 0. 043 3. 250

123.15 1. 302 0. 136 0.012 1.466

Nitrogen Ammonia

T°K ,/jSi e. u. 处2 e. u. /S3 e. u. JS e. u. TOK 4% e. u. e. u. WS3 e. u. 』S e. u.

63. 30 (T() 1.709 0. 183 0. 000 1. 910 195. 45 (T£) 1. 350 0. 142 0.016 1. 519

68.41 1.578 0. 158 0. 000 1. 751 239. 75 (TQ 1. 448 0. 168 0. 020 1. 655

77. 34 ⑴) 1.495 0. 154 0. 017 1. 685 273. 15 1. 629 0. 242 0. 023 1. 931

99. 52 0. 901 0. 237 0. 042 1. 216 293. 15 1. 681 0. 325 0. 060 2. 128

Carbon tetrachloride

T°K e. u. /jS e. u.

T°K
273.15 2. 107 0.156 0. 017 2. 296

/)Si e. u. WS2 e. u. Z1S3 e. u. JS e. u.

293.15 2.189 0.183 0. 016 2. 408 237. 옹5(】L) 1.946 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 ⑴) 2. 386 0. 284 0. 028 2. 742 302. 55 2. 164 0.194 0. 000

0. 018

2. 379

2. 52933/. ib 2. 230 U. Z4。

Benzene

T°K ZSi e. u. 冬2 e, u. ZS3 e. u. e. u.
Water

278. 68 (P) 2. 408 0. 179 0. 011 2.613

298.15 2. 283 0.170 0.014 2. 483 T°K 獄 e. u. «岱2 e. u. JS3 e. u. gS e. u.

3 班.15

353.25 (TQ

2. 204

2.147

0. 206

0. 238

0. 018

0. 032

2. 451

2- 448
273.15(T()

293.15

2. 346

2. 373

0. 040

0. 044

0.000

0.000

2. 384

2. 415

333.15 2. 303 0. 060 0.001 2- 363

Chlorine 373.15(Tfc) 2-118 0. 083 0. 012 2. 212

T°K jSi e. u. Z)S2 e. u. 才S3 e. u. e. u.

172.12 (T， 1. 908 0. 140 0. 000 2. 058
The surface tensions and their contributions to each

193.15 1. 900 0.125 0.000 2. 036 surface layers of argon, nitrogen, methane, benzene

239. 05 ⑴) 2.010 0.213 0.019 2. 272 and halogens calculated by the iteration method,

Bromine
proposed by Chang et al. 7 applying the modified signi-

ficant structure theory of liquid13 ;are tabulated in the

T°K 』Si e. u. W& e. u.』S3 e. ii WS e. u： following tables. And also the surface tensions of

265. 85 (TQ 2. 028 0. 171 0, 000 2. 217 carbon tetrachloride,8 fluorine,11 ethylenechloride,10

293.15 2. 024 0. 171 0, 000 2. 214 water, 9 and ammonia,12 can be found in the previous

323.15 2. 088 0. 203 0. 000 2. 317 papers which were calculated by the similar method.

Surface tension
Argon

% Contribution of each layer

T°K 1st 2nd 3rd /calc, (dyne/cm) /obs. (dyne/cm) 』%

83. 96 (TD 85. 52 12. 72 1. 76 13. 37 13.5 一 0. 96

87. 49 ⑴) 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

% Contribution of each layer

T°K 1st 2nd 3rd jcalc. (dyne/ctn) ;-obs. (dynu/cm) Z %

63.3OC1\) 90. 24 9. 76 0. 00 11. 78 12. 05 -2. 24

68. 41 89.18 10. 82 0. 00 10. 63 10. 89 -2. 39

77- 34 ⑴) 85. 22 13. 52 1.26 8- 73 8. 91 -2. 02

Metlianc

% Contribution of each layt-r

T°K 1st 2nd 3rd /calc, (dyne/cm) /obs. (dyne/cm) 』%

90. 65 (T；) 91.25 8. 75 ().()0 17- 14 18. 20 -5. 82

99. 67 90. 20 9. 80 0. 00 15. 30 16. 24 -5. 79

111.67(Tb) 87. 09 11.91 1.00 13. 01 13. 70 一5. 04

123.15 84. 34 14. 26 1. 4() 10. 73 11. 34 -5. 38

Benzene

% Contribution of each kiycr

TCK 1st 2nd 3rd /calc, (dyne/cm) ；'obs. (dyne/cm) 』%

278. 68 (Tf) 89. 60 9.61 0. 79 37. 04 30. 96 19.6

298.15 88. 38 10. 77 0. 잉5 34. 31 28. 36 21.0

32S. 15 85. 84 12. 88 1.28 29. 98 24. 44 22.7

353. 25 CTfr) 83. 39 15. 02 1.59 26.15 21.24 23. 1

Chlorine

% Contribution of each layer

TJK 1st 2nd 3rd /calc, (dyne/cm) yobs, (dyne/cm) % %
172.12CT() 96. 40 3. 60 0. 00 47. 24 39.2 20.5

193.15 95. 97 4. 03 0. 00 43. 24 35.1 23.2

239. 05 ⑴) 94. 85 4. 70 0. 45 33. 60 25.8 30. 2

Bromine

% Contribution of each layer

T"K 1st 2nd 3rd jcalc. (dyne/cm) /obs. (dyne/cm) 』%

265. 85 (T() 94.71 5. 29 0. 00 57. 51 46.4 23.9

293. 15 94. 23 5- 77 0. 00 52. 70 41.5 27-0

323.15 93. 73 6. 27 0. 00 46- 99 36.2 28.8

Iodine

TCK

% Contribution of each layer

ycalc. (dyne/cm) 7 사)s. (dyne/cm) 』%1st 2nd 3rd

387. 3Q(TD 91.92 8. 08 0. 00 72. 79

413.15 91.42 8. 58 0. 00 66. 76

457. 50 87. 89 11. 13 0- 98 60.13
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Discussion

Davies5 shows that when a surface is formed, the 

molecules in the surface layer have a dfferent environ­

ment on the side of the vapor phase against that of 

the bulk liquid 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 to 

an entropy increase of approximately Rln2, i. e., 1. 4 

e. u., this being a standard molar entropy change ass­

ociated with surface formin응,

The excess molar surface entropies of the top surface 

layer, gS】，of argon, nitrogen and methane are nearly 

equal to the value, Rin 2.

However, for halogens and for complex molecules 

like benzene, ethylenechloride and carbon tetrachloride 

the values, /Si are generally greater than Rln2. It 

is considered that the molecules acquire, 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 liquid.

For ammonia and water, the calculated values of 

/Si are comparatively small. It is the result from the 

assumption that molecules on the top surface layer 

orientate to some degrees.

Generally speaking, decreases with increasing 

temperature. But for liquids of halogens and of comp- 

lex molecules, /Si increases with increasing temperat­

ures for a low liquid temperature range with a dimin­

ishing rate, /Si eventually decreassing to zero at the 

critical point. This is understood as the result that 

due to the change of molecular degrees 'fo freedom, 

the molar entropy for the top surface layer increases 

faster than for the bulk liquid for the low liquid tem­

perature range.

WS2, /S& increase, in general, with increasing temp­

erature but they must also become zero at the criticai 

point since the interface between liquid and vapor 

disappears.

The calculations indicate that most of the entropy of 

surface formation is derived from the top surface layer.

This is illustrated from the percent contribution by 

each surface tension.
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