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요 약. 특성구조액체이론(signihcant structure theory of liquids)에 입각하여, 섞이지 않는 두 용 

융 고분자중에서의 계면장력을 예측하는 간단한 계산방법을 연구하였다 . 접착에너지는 응집에너지 

들의 기하평균과 보정항의 곱으로 표시되며, 응집에너지는 고분자 사슬의 격자상을 가정하므로써 계 

산된다. 계면장력 을 계산함에 있어서 고분자사슬의 구성 요소간 분산력 (dispersion force) 외 에 극성 

력 (p시ar force)를 포함시 켜 야 함이 확인되 었다.

ABSTNACT. A simple method to calculate the interfacial tension between two immiscible molten 

polymers has been developed. The theory is based on 나le significant structure theory of liquids. 

The energy of adhesion is expressed as a geometric mean of the shesion energies multiplied by

correction factor (0i2), 0%2=奶2 \号瓦前22・ 血 the calc니atig of dEn and JE22l a quasilattice 

of polymer chains has been assumed. It is assured that, besides the dispersion force, the polar 

force interactions between polymer constituent groups should be considered in the calculation of 

the interfacial tensions.

INTRODUCTION

Knowledge of surface and interfacial tension 

can provide informations on the intermolecular 

forces and structural characterestics of condensed 

matters. The surface tension of m시ten polymers 

against air has been a subject of both experi

mental and theoretical studies1"8, and the 

interfacial tension between two immiscible 

molten polymers has been measured for various
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polymeric materials8^10. We have, recently, 

examined the surface tension of amorphous 

polymers based on the significant structure 

theory of liquids11. Using the same framework, 

we now evaluate the interfacial tension between 

two molten polymers.

Since the interfacial tension is the difference 

between the free energy of the interfacial layer 

and that of the bulk, both the energy and 

entropy terms must be considered if one is to 

obtain a complete picture of the interfacial 

region. The energy term is attributed to the 
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fact that a molecule (or chain constituent 

group) experiences a modified configurational 

energy due to the replacement of some fraction 

of its near neighbors by different molecular 

species at the interface. And also, a molecule 

(or the chain constituent group) at the intere- 

face occupies a modified free volume due to the 

replaced constraining neighbors, thus the entropy 

term may arise.

In the calculation of the interfacial tension 

for molten polymers, the two main assumptions 

are employed:

(i) the boundary between two phases is sharp, 

and the two different flat monomolecular 

layers at the boundary only contribute to the 

interfacial tension；

(ii) the free volume of a chain constituent 

group in the boundary layer is equal to the 

one in the interior.

Assumption (i) is based on the analogy of the 

monolayer approximation in calculation of 

surface tension for simple liquids22. For the 

liquid-air interfacial system (:. e., the liquid 

surface), surface molecules (or chain constituent 

groups) experience enhanced freedom of move

ments due to the loss of some fraction of 

constraining nearest neighbors.11 For the 

molecules at the liquid시iquid interface, the 

freedom of movements is not enhanced so much 

as the surface molecules due to the new con

straining neighbors in one direction, thus the 

assumption (ii) is introduced.

(1)

Ignoring the entropy effect according to the 

assumption (ii), the interfacial tension /i2 is 

expressed in terms of the energy of adhesion 

per unit area for the interface between the 

phases 1 and 2, 4战， and the energy of 

cohesion per unit area for each phases, JEn 

and JE22f 1

7 _ 'Ell 邳22
712——2— T 2-----4妬 2

A diagram of the process for thermodynamic 

definition of JEu, JE22» and JEi2 are 

illustrated in Fig. 1. It has been recognized by 

Girifalco and Good12 that the energy of adhesion 

is given by the geometric mean of the energy 

of cohesion multiplied by a correction factor 她，

ZE12=血 2(』Ell』E22)l/2 (2)

And they derived the expression for <^i2 using 

a quasi-continuum model of condensed phase,

012- ~d^~ ⑶

Here, Au and A22 are the inverse sixth power 

dispersion coefficients for molecular species 1 

and 2 respectively, A12 is the dispersion, 

coefficient for the interaction of molecular species 

1 and 2； du, and J12 are the equilibrium 

separation distances between the two semi

infinite bodies of individual phases respectively. 

The problem is, then, reduced to the calculation 

of JE11 and AE22 for the molten polymeric 

systems through an appropriate model.

THEORY

The significant structure theory of liquids13,14 

has been widely applied. In this theory, the 

liquid is regarded as having a quasi-lattice 

structure in which the sites are occupied by

Fig. 1. A diagrammatic definition of energy of 

cohesion and adhesion.
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molecules or by fluidized vacancies. Because 

these fluidized vacancies are moved about 

cooperatively by neighboring molecules jumping 

into them, a vacancy confers gas-like degrees 

of freedom on three vibrational degrees of 

freedom. If V is the molar volume of the fluid 

system and Vs measures molar volume occupied 

by molecules, then a vibrating molecule moves 

into a vacancy on ——卩一브 of its excursions, 

conferring gas싀ike properties on this fraction 

of the degrees of freedom. Thus, a mole of 

liquid behaves as though it were made up of 

TV — gas molecules and N-^- solid-like. 

Let us consider a surface of the liquid, whose 

area is Q. If the surface is composed of M lattice 

sites, sites are occupied by molecules and 

the remaining sites are occupied by fluidized 

vacancies. Since the fluidized vacancies confer 
gas-like properties on the neighboring moles, 

肱导■ molecules in the surface behave as though 

they were made up of 林財 卩 卩丫흐 gas mole

cules and solid-like. Per unit area

of the surface, there are — E'卩 J" mole-

cules of gas-like, and molecules of

solid-like, where 时(=~务)诅 the area occupied 

by a molecule.

In order to apply the model of significant 

liquid structures to the polymeric systems, we 

regard a chain molecule as being built up of 

identical repeating constituent groups neglecting 

end group effect. The size of a repeating 

constituent group is taken as a principal 

structural unit (i. e., monomer unit), and 
assumed to be a mass point. Each repeating 

constituent group contributes to the lattice inodes 

Andrade* •全武植

with its one-dimensional degree of freedom 

independently and contributes to the internal 

vibrations (i. e., stretching and bending modes 

of the chain skeleton) with its remaining two 

dimensional degrees of freedom15. Therefore, 

the fluidized vacancies confer one dimensional 

gas-like degree of freedom on the neighboring 

chain constituent group.

Assuming that the gas-like properties of chain 

constituent group in the surface (or the interface) 

are not different from that in the bulk, the 

number of repeating constituent group in the 

surface, which are practically important to the 

interfacial tension, is then ("普) where w 

is the area occupied by one monomer unit at 

the surface. Thus, the energy of cohesion can 

be expressed as

土-(브)M-饥〕 (4a)

保2=击(墻)2箪'一如〕 (4b)

Here, 如'and 饥 represents the configurational 

energy of a constituent group in the surface 

and in the bulk respectively, the subscripts 1 

and 2 denotes the different polymer species.

CALCULATION

The experiments of neutron scattering16 and 

light scattering17 from amorphous polymers have 
사lown the persistence length (10~15A) of 

chain segments and the existence of short range 

correlations due to packing of chain molecules, 

although no evidence of long range orientational 

order has been found. But the equilibrium 

properties of a condensed amorphous system 

depend inherently on the interaction energy 

between the objects which constitute the system. 

Since the interaction diminishes rapi치y as the 

objects are distant apart from each othe초, one 

should consider a short range structure of the 
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objects to evaluate to interaction energy. Thus, 

a lattice arrangement of solid-like chain con

stituent 흥roup, which follow a parallel alignment 

in the bulk and surface state, can be assumed 

(see Fig. 2.) . From the assumed lattice model, 

and assuming the Lennard-Jones (6~12) po

tential, we have obtained the followings11,

T\=A饥叱 2 (5a)

啊=(的& (5b)
쓰) [3 1633("-5. 8869씌]

(5c) 

饱'="끊)【2 3552(씃)吃4. 2201(우)]

(5d)

where 钓:the nearest neighboring [ distance 

between the p이ymer chain, a0* : distance bet

ween the neighboring monomer units in the 

same chain, e； and (7i : Lennard-Jones (6~ 12) 

potential parameters.
Hence, by substituting the Eqs. (5a), (5b), 

(5c), and (5d) into the Eqs. (4a) and (4b) 

반le energy of cohesion is written immediately 

as

，個爲玲〔7.1072 辭 2

-3. 2324。产勺 (6a)

Fig. 2. A lattice arrangement of solid-like polymer 

chains.

德22 = 02-3〃中务戸心.1072^5/2

-3. 232402“ 勺 (6b)

where

0,・=幣屋
* si

The dimensionless parameter, 际 has the 

same meaning of the Askadskifs packing 

coe伍cient】응 of the solid-like. The value 缶= 

0. 98 best fits the experimental surface tensions 

of various molten polymers over a wide range 

of temperature11.

An approximate method of estimating the 

(6〜 12) potential parameters, 슬 and a, for 

polymer constituent groups has been proposed 

by Davis5. His empirical formulas correlate the 

들 and(7 with the polarizability a and dia 

magnetic susceptbility % as follows：

In 102—5. 4) =L 456+0. 7971n(a X1024) (7a)

In羔)= -0.1445+1.1148

ln(—«xX10ro) (7b)

The polarizabilities and diamagnetic suscepti- 

bilites are obtainable by adding atomic or 

partial group contributions from tables given 

by Van Krevelen19. In Table 1, the group 

values of a, %, 土, and a are summarized.

On the basis of the functional dependence of 

Eq. (7b) and the Kirkwood-Muller eqation, 

the expression for 0i2, also, is proposed by 

Davis5, i. e.,

12-瓦2 [(我农 + °2%1) J (8)

For the equilibrium』貝，d22, and d*, we assume 

the followings;

%2 = （迥느全 (9a)
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争=性 (9b)
«22

where C is a proportional constant. At first 

sight, one might expect the value of C 

to be unity, however, the incompatibility 

of the two chemically dissimilar polymers 

suggests that the proportional constant must be 

somewhat larger than unity. The Eq. (8) is, 

rereduced to

她= 住) 2_4으奧_ 遂쓰也으丝挡邕 1148 
\c 丿 (。1+"2)아、(«1X1 +J

(10) 

With the aids of Eqs. (1),(2), (6a), (6b), (10), 

aad the value &=0・9& 놔le equation for 

interfacial tension is rewritten as

712=1. 995 {一貌一 (블 ) +-齢 (훗) - (느)

斯22 [ 2 (免％1旳裁)板2] L 1148
(。1+。2)2 I + «2X1 J

X療《웃)"%2国"} (11)

Here, a/s in Angstroms, and V/s are in cm2/ 

mole. Calculations are carried out for 19-pairs 

of molten polymers in order to get the optimum 

value of the parameter C. When the value 

(*) =0.96 is taken, the Eq. (11) predicts 

the interfacial tensions at 150 °C within±2. 9 

dyne/cm. In the calculations the observed 

molar volumes of molten polymers, which are 

shown in Table 1, are used. The results are 

given in Table 2.

Obviously, we have considered only dispersion 

interactions for the polymers whose constituent 

groups have permanent dipole moments. A 

rigorous treatment of the polar interaction, in 

the polymeric system is quite di伍cult due to 

the complexity of the restricting force on the 

dipolar rotations. Neverthless, one can consider 

the simplified treatment of the polar force con

tributions to the interfacial tension assuming a 

free rotation of dip사es. In the case of freely 

rotating dipoles, any fixed orientation of the 

dipole persists for a very short period of time,

Table 1. Constituent group values for polarizabilities, i 

parameters, dipole moments, and molar volumes at 150°C.

molar diamagnetic susceptibilities, (6~12) potential

Polymer constituents segments a • 1024 
(cc)

-x-io5
(cgs)

a

(A)
5 
(°K) (Debyes)

Vb 
(cm3/mole)

------ ------— 3.68 22.8 4.19 225 0 36.1
—CH(CH3)-CH2— 5.49 34.1 4.70 275 0 54.0

-c(ch3)2-ch2- 7.32 45.4 5.13 306 0 66.3

一CHCCW—CHl 13.4 75.9 6.27 321 0.59 104.9

0
II

—CH(OCCH3)—CH2— 8.01 48.5 5.29 308 1.78 79.4

0
II

~C(COCH3)—ch2- 9.81 58.5 5.65 317 1.60 88.5

ch3
0
li

一 (XCOC4H7) — CH2—

ch3
------ ------ --- --

15.3 92.6 6.57 351 1.57 145.9

4.34 27.3 4.38 251 1.30 42.8

一Si (CH3) 2—0— 7.39 47.0 5.15 316 0.24 85.4

aReferencce (21) ； ^References (6), (8) and (9).
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Table 2. Comparison of calculated interfacial tension 

with experimental values.

Polymer pairs

712 (dyne/cm) 
at 150 °C *

Calc.
(I)

Calc. 
(n)4 Exp.c

Poly (ethylene) vs. 歯熨径-

Poly (propylene) 4.5 3.5 1.1

Poly (styrene) 8.1 7.1 5.7

Poly (vinyl acetate) 6.0 7.2 9.8

Poly (methyl methacrylate) 6.5 6.5 9.5

Poly (n-butyl methacrylate) 10.1 9.6 5-2

Poly (ethylene oxide) 4.2 6.1 5-4

Poly (dimethyl siloxane)

Poly (propylene) vs.

7.2 6.7 5.4

Poly (styrene) 5.5 4.6 5-1

Poly (dimethyl siloxane)

Poly (isobutylene) vs.

4.7 4.3 3.0

Poly (vinyl acetate) 4.0 5.2 7.4

Poly (dimethyl siloxane) 

Poly (styrene) vs.

5.1 4.7 4.3

Poly (vinyl acetate) 4.2 5.2 3.7

Poly (methyl methacrylate) 3.8 3.7 L6

Poly (dimethylXsiloxane)

Poly (vinyl "acetate) vs.

5.2 4.7 6.0

Poly (w-butyl methacrylate) 3.9 4.2 2.8

Poly (dimethyl siloxane)

Poly (methyl methacrylate) vs.

3.2 3.3 7.4

Poly (n-butyl methacrylate) 4.0 3.6 1.8

Poly (ethylene oxide) vs.

Poly (dimethyl siloxane) 

Poly (dimethyl siloxane) vs.

6.1 6.6 9.8

Poly (n-butyl methacrylate) 3.3 2.8 3.8

^Calculated from Eq. (11) ； ^Calculated from Eq.

(13) ； References (8), (9) and (10).

and the average interaction energy between two 

dipoles is20 

（0）=—
2佝勺 

3^Tri26
(12)

with conventional notations. Inclusion of this 

term of dipolar interaction to the Lennard-Jones 

(6〜12) potential energy expression results the 

following interfacial tension equation with 

사le same procedure described in the ref. (11) 

and preceding section.

如=L 995｛亲(블+L 53X"治)

+滁(브+L 53X1。鶯京)

斯皿 C饥2"就)1勺『芒
\CJ V^7L\T/ VrJ

쓰쓰謐)%.53皿關

(13)

Here, tr/s are in Angstoms,卩are in Debyes, 

V/s are in cm3/mole, and T is the absolute 

temperature. The paramete C is readjusted, 

and the value (*) =0. 97 predicts the inter

facial tension at 150 °C within±2. 3 dyne/cm. 

The dipole moments of chain constituent groups 

are taken as the values of gaseous monomer 

molecules, and are shown in Table 1. The 

results are given in Table 2, and are compared 

with the experimental values.

DISCUSSION

The present work provides a semi-qualitative 

method for predicting the interfacial tension 

between two different polymer liquids. The 

model of significant liquid structures is emp

loyed to formulate the interfacial tension

equation. If the additional polar force interac

tions besides the dispersion-force interactions 

are included, better agreements between the 

calculated and observed values are achieved as 

shown in Table 2. This fact implies that the 

polar force interactions should be considered 

in the calculations of interfacial tensions for the 

polymers having permanent dipole moments in 

their constituent group, as well as the 

dispersion force interaction.

It may seems surprising that the values of 

e/k and a evaluated by a very crude method, 

and the assumption of freely rotating dipoles 

predict the interfacial tensions so well. In the 
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case where the hydrogen bondin용 occurs, the 

term which represents the hydrogen bonding 

effect is to be added.
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