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ABSTRACT: A simple theory of surface tension r for polymer liquids is presented 
with the use of a hole theory of polymer liquids. It is found that if r(a3/c) 213c/s*z' is 
taken as the reduced surface tension the principle of corresponding states is in satis
factory accord with theory, where a is a characteristic parameter for separation involved 
in the Lennard-Jones 12-6 potential; s* is that for potential energy; 3c is the number 
of external degrees of freedom per segment, and z' is the average coordination number 
of a segment. The theory makes it possible to interpret the so-called Hildebrand equa
tion for the relation between r and cohesive energy density, and shows that the para
chor is proportional to the product of the 13/12-th power of an occupied volume a3N 
and the 1/4-th power of a characteristic cohesive energy density, 0.699s*z'/a3, when an 
appropriate atomic group is taken. 
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The surface tension is a fundamental thermo
dynamic quantity of liquids reflecting inter
molecular interaction, and as for polymer liquids 
it has been recently investigated by Schonhorn, 
et al.,1 Dettre and Johnson, 2 Roe,3 and by Hata, 
et al. 4 Roe3 has applied Prigogine's hole theory5 
of simple liquids to molten polymers and com
pared the theoretical results with experimental 
ones using the molecular parameters obtained 
by Simha, et al. 6 Here we present a simple 
theory for the surface tension of polymer liquids 
using the hole theory proposed in a previous 
paper7 and derive the relation between surface 
tension and cohesive energy density. Further
more we express the "parachor" by the molec
ular parameters involved in the present theory 
to clarify its physical meaning. 

THEORY 

First we rewrite the partition function for 
polymer liquids previously obtained. 7 Consider
ing the system in which the N/r polymer molec
ules, each consisting of r segments, are distri
buted on a lattice comprising M sites (M?:. N), 
we may write the partition function Z for the 
system as 

( 1 ) 

where J(T) is the partition function associated 
with intrasegmental degrees of freedom as a 
function of temperature T; 3cN is the total 
number of external degrees of freedom; q"N is 
a kinetic part of the partition function associated 
with external degrees of freedom; z' is the 
average coordination number of a segment, 
which is related to the coordination number z 
of a lattice site by the equation z' =(zr-2r+2)/r; 
z' <p(p) is the mean potential energy of a segment 
having no neighboring hole at a point which 
deviates from the center of the cell by the dis
tance p; I: g, represents the combinatory factor, 

A 

arising from the mixing of molecules and holes; 
and n;1 is the most probable number of segment
hole pairs which is expressed by 

z'N(M-N)z 
(M-N)z+z'N 

( 2) 

The symbol ih is the average free volume given by 

I exp [-(1-w*)z'{rp(p)-rp(0)}]/kTdp, where 
)cell 

w* is the most probable value of w (w is the 

1 
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fraction of empty sites in the nearest neighbors). 
By the use of the well-known approximation, 8 

lnvr=wlnvn+(l-w)lnvfo (3) 

and the relation z'Nw*=n:1, the value ih can 
be written as follows 

where vn and Vro are usually taken to be the 
free volume, vr, at w=l and vr at w=O respec
tively. However they are considered to be 
arbitary parameters determined so that the value 
of Vr is approximated by eq 3 in the range of 
Vr considered. We now derive surface tension 
r in the conventional manner: 

r=-kT(ainZJaQ)r,v,NB+Ns (5) 

where Q denotes the surface area; V is the 
volume; and the subscripts B and S refer to 
bulk and surface phases respectively. 

In the present lattice model for surface, we 
suppose that the segment density varies dis
continuously from the constant value of the 
bulk density to zero at the surface, the vapor 
phase being disregarded. Then, since there is 
no segment outside the first lattice layer at the 
surface, the number of segments occupying the 
nearest neighbor sites in the first layer is dif
ferent from those in the bulk, though the seg
ment density or the hole fraction is assumed 
to be the same. Accordingly, the free volume 
and the lattice energy of the first layer may 
be different from that of the bulk phase. Those 
of the second, third, and more interior layers 
may, however, be approximately equal to each 
other. Hence, only the first lattice layer is here 
regarded as the surface phase having different 
free volume and different lattice energy from 
those of the bulk phase. It is also assumed 
that the hole fraction in the surface layer is 
identical with that in bulk, i.e., N 8/Ms=NBJMB, 
and that the configuration of chain molecules 
at the surface is no difference from that in bulk, 
namely the term J(T) I; g, is independent of 

). 

surface area. 
In the case of the system including the surface 

phase, the partition function Z of eq 1 is trans
formed into 

2 

z =J(T) I: g,qc(NB+Ns) BV/NBsv/NS 
,l 

X exp [-9(0){z' (NB+Ns)-(Bn:1 +sn:1)}/2kT] 

( l ') 

Thus, the problem is reduced to the evaluation 
of sn:1 and s'Dr, since Bn:1 and BVr are given 
by eq 2 and 4. 

Let m be the ratio of the number of the 
nearest neighbor sites in the surface layer to 
that in the interior (for example, m=9/12 for 
hexagonal packing). Then, considering the as
sumption M 8/Ns=MB/NB=Mv*/Nv*=-V/V*= V, 
where v* is the cell volume, we can express 
Bn:1 and sn:1, by the use of eq 2, as 

Bn:1=z'¢NB ( 6) 

sn:1 =z' ¢Nsm + z' ( 1-m)Ns ( 7) 

<p 
(MB-NB)z (Ms-Ns)z 

(MB-NB)z+z'NB (Ms-Ns)z+z'Ns 

=(V-1)/(V-l+s) ( 8) 

Here we put s=z' jz. 

If the value of s'Dr is expressed in the form 
of eq 3, we have 

In s'Dr=ws * In sVn +(1-ws *) ln sVfo ( 9) 

where w8 * is the most probable fraction of the 
number of holes in the nearest neighbor sites 
z'm in the surface layer and is identical with 
that in bulk according to the assumption 
Ms/Ns=MB/Ns, i.e., ws*=Bn:ifz'NB=<p from eq 
6. Accordingly we have 

s'Dr= sVro(svn/svfo)9 (10) 

and 

B1h=BVro(BVn/BVro)9 (11) 

Finally, from eq 1' with eq 6, 7, 10, and 11, 
we obtain the partition function as 

Z=J(T) I: g,q°(NB+Ns1 
). 

X exp {-z' 9(0)(NB +N8)/2kT} 

x BV}~l-¢)NBsvi~1-¢)NsBv1fNBsv1fNs 

xexp [9(0)z'{¢(NB+N8m)+Ns(l-m)}/2kT] 

(12) 

To calculate surface tension from eq 5, we 
need to express surface area Q in terms of Ms 

or N8 • It may be neither possible nor logical, 
however, to treat this problem strictly on the 
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basis of the present theory because of the sim
plicity of the model. Therefore, in estimating 
surface area, it is here assumed that a segment 
in the surface layer can be replaced by a sphere 
having a cell volume v* Jc which is the cell size 
of a segment having three external degrees of 
freedom. (The size of a segment can be arbi
trarily chosen except for such problems as eval
uation of surface area or those associated with 
the number of segments). This evaluation is 
equivalent to that of Roe. 3 We have 

fl=r;(v* /c) 213cMs 

or 

(13) 

where r; is a shape factor and for hexagonal 
packing r;=(3112/2)2113 =1.091 because d 3/2112 = 
v*/c and fl=(3 112/2)d2cMs where dis the diameter 
of an equivalent sphere. 

We can now derive the surface tension from 
eq 5, 12, and 13, using the above mentioned 
two assumptions, i.e., M 8/Ns=MB/NB= V and 
J(T) I: g, is independent of surface area Q. The , 
result is 

r=s*z'{r;(v* /c) 213cr1 

xsv-\V-1 +s)-1{K(l-m)-/f} (14) 

where 

/=ln (sVro/BVro)+s(V-1) In (svn/Bvn) (15) 

K=-<p(0)/1s* 

={2.409(a3N/V*)2 -1.0109(a3 N/V*)4}/2 (16) 

and 

f = T/T* =- ckT/s * z' (17) 

The symbols s* and a are the parameters in
volved in the Lennard-Jones 12-6 potential ex
pressed as u(r;1)=4s* {(a/r;1)12 -(a/r;1)6}, where 
u(r;1) is the potential energy of interaction be
tween segments i and j as a function of separa
tion r;1. The derivation of K was given in the 
previous paper.7 

We must here estimate the value of/. The 
second term in eq 15 is not significant and will 
vanish when we take sVn=BVn=vr(w=l)=v*, 
which is not always necessary, but reasonable 
and convenient. We consider the case in which 

sVn=BVn, sVro=sVr(w=0) and BVro=BVr(w=0) 
and will estimate these quantities with the square 
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well potential which was used previously7 for 
the estimation of the free volume. 

By analogy with the expressions in the hole 
theory for surface tension presented by Prigogine 
and Saraga,5 we have 

sVr( w=O) = ( 4ir/3)(a-a)3 /2 

+(4ir/3)(a-a) 2{a-a(l-,8)}/2 (18) 

BVr( w=O) = ( 4ir/3)(a-a)3 (19) 

which was also used by Ree, et al.,9 where a 
is the parameter involved in the L-J 12-6 poten
tial; a is the distance between the nearest neigh
bor sites, and a-a( 1- ,8) is the width of square 
well potential for the perpendicular motion 
towards the outside at surface. Then, putting 
a3/21/ 2 =v* for hexagonal packing, we derive 

f =In (sVro/BVro)=ln sVr(w=0)/Bvr(w=0) 

=ln [l/2+(1/2){1-(1-,8)2-1/6(0-3 N/V*)113} 

X {l-T116(a3 N/V*)113r 1J (20) 

We can now calculate surface tension using 
eq 14 for a given value of ,8, using the equation 
of state for the cell volume obtained in the 
previous paper, 7 since K and / are expressed as 
a function of V* /o-3 N. On the other hand, if 
we consider a model treated in the previous 
paper,7 where the volume of the cell is a 3 and 
unchanged with temperature, eq 14 becomes a 
simpler form, because K and / can be put as 
constants. In this case, for hexagonal packing, 
r;=l.091, m=9/12 as mentioned already, and 
K=0.699 for V*=a3N from eq 16. eq 14 then 
becomes 

r=r(a3 /c) 213 c/s* z' 

=sv-1( P--1 +s)-1(0.1601 -0.917/f) (21) 

where V = V/o- 3 N, and the value of/ is constant. 
The temperature dependence of surface tension 

at constant pressure is derived from eq 21 for 
the constant cell volume model as 

-(a In r/aT)p/a 

= {2-(1-s) p--1}{1-(l-s) p--i}-1 

+(a In v;a In T)p-1{0.1748/(/T)-W1 (22) 

or 

-(a In r/a In T)p 

=(a In V/ln T)p{2-(1-s)V-1}{l-(l-s)V-1}-1 

+{0.1748/(/T)-W1 (23) 
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where a=(aVJaT)p/V, thermal expansion coef
ficient. 

On the other hand, the relation between 
surface tension and cohesive energy density can 
be derived as follows. According to the present 
hole theory, cohesive energy density D can be 
expressed by the equation 

D=Ks*Nz1V- 1s(V-l+sf1/V* (24) 

as given in the previous paper. 7 It then follows 
from eq 21 and 24 with K=0.699 and V*=<iN 
that 

(r/V113 )/D=0.496c-113 V- 113(0.229- 1.31 2/f) (25) 

where r is expressed in dyn/cm and D in cal/cc. 
Expressing c in terms of V, f, T, and D, we 

have 

c= V* DsTV( V-1 +s)/(0.699RT) (26) 

where R denotes the gas constant. Then, com
bination of eq 25 and 26 yields 

r/(D2T)113 =0.496(0.699Rs)113 {TV(V-1 +s)}-113 

X (0.229- l.312[f) (27) 

COMPARISON WITH EXPERIMENTAL 
OBSERVATIONS AND DISCUSSION 

Surface Tension 
First we must obtain a value for (3 in eq 20, 

which may fall between zero and unity, in order 
to evaluate f. If we take (3=0.25 as Roe, 
et al., 3 ' 5 ' 9 did, the value off is equal to 0.704 
when the cell volume V* is a3 N. On the other 
hand if the value of sVto can be approximated 
to the value of Bvt(w= 1-m) obtained by eq 3, 
i.e., In sVto=(l-m) In Bvn+m In BVto, the value 
off is given by (1-m)ln(Bvn/BVto)=(l-m)ln 
v*/BVt(w=0), to become 1.21 7 when m=9/12 
and v* =a3 N. (Putting (3=0.5 in eq 20 with 
V*=a 3N, we have the value off, 1.111, which 
is very close to the value 1.217). Because of 
the influence of the segments in the outside 
of nearest neighbor holes, however, BVr(w= 1-m) 
may be larger than sVt(w=0), i.e., BVt(w=0)< 

sVr(w=0)<BVt(w=l-m); this leads to 0<f < 1.21 7 

when V* =a3 N. Thus, the value of f, 0. 704, 
obtained by eq 20 with (3=0.25 appears more 
reasonable. 

The theoretical r vs. V/a3 N curves are illus
trated in Figure 1. Solid lines were calculated 

4 

0.12 

:~ 0.10 
;51;:::_ 

u 
"i:, 

0.08 

0.06 

f=l21s,r=o:i 

1.05 1.10 1.15 1.20 
V/<r'N 

Figure 1. Calculated curves of reduced surface 
tension vs. reduced volume: -, the constant 
cell volume model; ----, the changeable cell 
volume model. 
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Figure 2. Reduced surface tension vs. reduced 
volume: and ----, calcd; expt, 6, poly(iso
butylene);3 Q, poly (vinyl acetate);4 e, poly
ethylene;4 ..... , polystyrene;4 D, n-C7H 16 , 10 and ...,. , 
n-CisHas.10 

by eq 21 with (/=0.704, r=l), (/=704, r=oo) 
and (f=l.21 7, r=oo), V*=a 3N being assumed 
(constant cell volume modeI7), and a dashed 
line was calculated with (3=0.25, and r=oo, 
the cell volume being assumed to be allowed 
to change. Here the value of f and V* /a 3 N 
corresponding to V/a3 N were determined by the 
V/a3N vs. f and V*/a3N vs. f curves obtained 
previously. 7 As shown in Figure 1, the constant 
cell volume model where V*=a3N does not 
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give a significantly different result from that of 
the changeable cell volume model. Accordingly 
we will use the former model for simplicity in 
the following discussion. 

When c=l, z=z', {3=0.25, and V* is taken 
to be the volume of solid state at the melting 
point, which is nearly equal to ,,3 N, eq 14 is 
reduced to the final result for surface tension 
in the significant structure theory proposed by 
Ree, et al.,9 for low-molecular-weight substances. 

In Figure 2, experimental results are compared 
with those calculated for n-hydrocarbons and 
some polymers, where the molecular parameters 
obtained in previous paper7 are used. It can 
be seen from the figure that by taking the term 
r(<i/c/13/e*z' for reduced surface tension, the 
principle of corresponding states for surface 
tension is fairly well satisfied. This seems to 
support the above-mentioned method for estimat
ing surface area, and shows that the theory 
gives a reasonable f vs. V/<i N relation. Looking 
at details, however, we notice that f for n
hydrocarbons of lower carbon number is slightly 
lower than that for polymers. This tendency 
is clearly found in Figure 3 in which the surface 
tension of n-hydrocarbon at 20°C is plotted 
against the reciprocal of the carbon number. 
The data used are tabulated in Table I, where 
the molecular parameters are those obtained in 
the preceding paper. 7 It is shown in Figure 3 
that as the chain becomes longer the calculated 
curve of r deviates downwards from the experi
mental values. This tendency is also seen in 
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Figure 3. Surface tension of n-hydrocarbons at 
20°C and its relation to cohesive energy density: 
n, the carbon number; --, calcd; O, and •, 
expt.10 The data used are tabulated in Table I. 

the fact that the suitable value off is 0.64 for 
polymers, whereas it is 0.79 for n-hydrocarbons. 
One of the possible causes is the assumption 
by which the contribution from the chain con
figuration at the surface is neglected, i.e., from 
the term J(T) I: g;, which we will discuss in 

l 

in little more detail later. Generally speaking, 
however, it can be said that the principle of 
corresponding states is approximately satisfied 
for the reduced surface tension r(<i/c)213c/e*z', 
as the theory suggests. 

The molecular weight dependence of thermo
dynamic properties such as cohesive energy 

Table I. Cohesive energy density and surface tension of n-hydrocarbons at 20°C 
with their moiecular parametersa 

D, T, r/D21a, 
Carbon V/u3N rx 102 u3N/c cal/cc dyn/cm dyn cm/cal2/ 3 

T'b X 102 
number cc/mol 

Exptb Calcd Expt 0 Calcd Expt Calcd 

5 1.254 6.61 72.5 50.2 51.8 16.1 17.3 1.182 1.252 6.98 
6 1.218 6.23 77.4 53.8 54.7 18.4 19.15 1.293 1.327 7.28 
7 1.196 5.92 81. 7 56.1 56.7 20.3 20.5s 1.380 1.402 7.51 
8 1.179 5.68 85.5 57.9 (57. 9) 21.7 21.7 1.446 1.446 7.71 
9 1.166 5.50 88.5 59.5 59.4 22.9 22.7 1.506 1.501 7.95 

11 1.150 5.23 93.5 61.5 60.8 24.8 24.1 1.59 1.567 8.35 
18 1.117 4.72 103.4 (65.5) 64.0 28.4 27.0 1. 74 1.738 9.47 

a In calculation of z', the value of r is taken to be equal to the carbon number. The calculated values 
are obtained by eq 21 and 24 with /=0.79. 

b ref 12. 0 ref 10. 
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Figure 4. Carbon number dependences of surface 
tension r and r/(a3N/c)1/3 of n-hydrocarbons at the 
same reduced volume V/a3N=l.I9. 

density and internal pressure at the same tem
perature, is mainly attributable to higher density 
or lower values of V of higher molecular weight 
substances, as shown previously.7 In the case 
of surface tension, however, the volume v*/c 
of the freely movable segment may also play 
an important role. For example, the surface 
tension r in n-hydrocarbons of different carbon 
numbers at the same reduced volume slightly 
increases as the carbon number increases, whereas 
r/(v*/c)113 is almost independent of the carbon 
number as the theory predicts. This is illustrated 
in Figure 4. The data used are tabulated in 
Table I. 

Temperature Dependence at Atmospheric Pressure 
The temperature dependence of r is expressed 

by eq 22 or 23 in the present theory. On the 
other hand, if surface tension is expressed by 
the parachor P, i.e., r=(P/V)4 when the density 
of vapor is disregarded, we have 

-(a In rJaT)p/a=4 (28) 

and 

-(a In r/aT)p=4(a In V/a In 'I');; (29) 

These equations (eq 22, 23, 28, and 29) show 
that if the principle of corresponding states 
for the V-T relation holds the quantity 
-(a In r/aT)p/a or -(a In r/a In T)p should be a 
universal function of V or t, when the contri
bution of s, which is very small, is ignored. 
Comparison of the calculated and experimental 
results is shown in Figure 5. The values of t 
and (a In v;a In 1');; corresponding to V were 
determined by the experimental v-t relation. 
(As previously mentioned,7 the V vs. t curves 
of n-hydrocarbons and those of polymers do not 
superpose with each other in the range of larger 
V or t. Accordingly the different values of t 

6 

and (a In v;a In T);; against the same V are 
given. The calculated curves of eq 22, 33, and 
29 for n-hydrocarbons are also different from 
those of polymers). The experimental values 
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( b) 

15 

1.20 1.25 

,,•""' 
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Figure 5. Temperature dependence of surface ten
sion: expt, e, n-hydrocarbons (n=5-14);10 A, 

n-CsH1B;10 "', n-C1sHss;10 x, polyethylene;4 ,6., 

poly(dimethylsiloxane);3 v, poly(isobutylene),3 and 
D, poly(vinyl acetate); 4 calcd, a, the present 
theory (eq 22 and 23) of r=oo and / =0.64, b, 
that of r=oo and /=l.2h, and c, parachor (eq 
24 and 25) (prime, from the V-T relation for 
polymers,7 and no prime, from that for n-hydro
carbons7. 
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of -(a In rfaT)p/a (Figure 5 a) increase from 
about 3.5 for V/(iN=l.10 to about 4.5 for 
V/riN=l.25 with increases in the reduced 
volume V/a3 N, whereas according to eq 28 de
rived from the parachor-equation this value is 4. 
The present theory gives a reasonable magni
tude of the temperature dependence of surface 
tension. The experimental results for n-hydro
carbons show the definitely universal relations 
-(a ln r/aT)p/a vs. V/a3N and -(a ln r/a ln T)p vs. 
V/a 3N, whereas these relations for polymers are 
not superposed on these universal curves and 
indicate somewhat different behavior, as shown 
in Figure 5. To show the nature of this dif
ference, however, further investigations are 
necessary. 

Relation to Cohesive Energy Density 
Hildebrand and Scott11 obtained experimentally 

the relation r / V113 =D1.1 5 for low-molecular
weight substances and proposed that the ratio 
of (r/V113 )/D would be constant for any sub
stance, i.e., the so-called Hildebrand equation 
rl V113 =constant x D. 

In general, however, such ratios as (r/V113 )/D 
and (r/V113)D1.15 should depend on temperature, 
because r is approximately proportional to v-4 , 

as shown in Figure 5 a, whereas D is approxi
mately proportional to v-2. 12 In the present 
theory, the value of r/(D2T)113 should depend 
almost wholly on the reduced temperature and 
the reduced volume as indicated by eq 27. If 
we did not introduce the concept of the freely 
movable segment volume v*/c in the determina
tion of surface area, the term c113 in eq 25 
would disappear and (r/V113)/D would depend 
only on V and T. The values of D(25°C) and 
r(20°C) and the ratios of D/(r/V113 ), (r/V113)/D1.15 

and r/D213 obtained from the data used by 
Hildebrand and Scott11 are tabulated in Table 
II. (Though the values of r, D, and V at 
different temperatures 20°c and 25°C are used, 
the various ratios obtained from these values 
may be regarded as those at the same tempera
ture, about 20°C, because the temperature 
dependence of DV113, or D1. 15 V113, or D213 and 
the temperature difference are both small). In 
Figure 6, the ratio r/D213 listed in Table II is 
plotted against the boiling point temperature 
Tb, because the boiling point may be a corre
sponding state at least for the same kind of 
molecules, i.e., the substance having higher Tb 
may show lower T at the same temperature. 

Table II. Surface tension and cohesive energy density of low-molecular-weight liquids 

v• D• D r/Vl/3 -~r-r" Tbb, r/v11a , n2;a ' Substance at 25°C, at 25°C, at 20°C, n1.1s 
cc/mol cal/cc dyn/cm 

OK cal/ 
X 102 dyncm/ 

dyncm ca12;a 

1. iso-Pentane 117 45.6 15.0 282.5 13.90 3.78 1.177 
2. n-Pentane 116 49.7 16.0 301 15.14 3.69 1.181 
3. Hexane 132 53.3 18.4 342 14.78 3.72 1.300 
4. Ethyl ether 105 56.3 17.0 307.6 15.62 3.49 1.167 
5. n-Octane 164 57.0 21.8 398.7 14.26 3.81 1.472 
6. Cyclohexane 109 67.2 25.3 353 12.68 4.21 1.532 
7. Carbon tetrachloride 97 73.9 26.9s 349.8 12.61 4.16 1.531 
8. m-Xylene 123 77.4 28.9 412.3 13.30 3.92 1.587 
9. Toluene 107 79.2 28.5 383.8 13.20 3.95 1.548 

10. Benzene 89 83.7 29.0 333.1 12.86 4.02 1.518 
11. Chloroform 81 86.5 (28 .5) 334.2 13.10 3.91 1.461 
12. Chlorobenzene 102 90.2 33.56 405.1 12.52 4.07 1.670 
13. 1,2 Dichloroethane 79 96.1 32.2 356.7 12.82 3.93 1.532 
14. Carbondisulfide 61 100 32.3 319.3 12.20 4.12 1.501 
15. Pyridine 81 114.5 38.0 385 13.04 3.77 1.617 
16. Bromine 51 110.2 41.5 331.8 9.86 5.07 1.812 
17. Methyliodide 63 (139.2) 50.8 315.4 11.80 4.06 1.892 

• ref 11. b ref 13. 
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Figure 6. Relation between surface tension and 
cohesive energy density. The numbers indicate 
the substances in Table II. 

As seen from Figure 6 the plot of r/D213 vs. Tb 
shows the existence of a correlation between 
them, whereas the other ratios such as (r/D 113 )/ 

D1.15 and D/(r/V113 ) do not show such a correla
tion against Tb. This fact may support the 
concept of the freely movable segment at the 
surface. It is noticeable that the r/D213 vs. Tb 
plot seems to be classified into two groups; 
those for chain-like (1-5) and relatively spherical 
(6-15) molecules. This may be attributed to 
the fact that the boiling point is not exactly 
a corresponding state or, in other words, 
Tb(= Tb/T*) is not constant for all types of 
molecules, as indicated in the last columns of 
Tables I and III. The molecules having more 
intramolecular degrees of freedom seem to have 
a larger value of f b. This implies that not 
Tb(=ckTb/s*z') but kTb/s*z' may be constant 
when a whole molecule is taken as a segment. 
This is suggested by Trouton's law. Therefore 
if a hypothetical boiling point of a chain-like 
molecule is chosen so as to have the same f b 

as that of a spherical one, it should be lower 
than the real boiling point. As an example 
we calculated such hypothetical boiling points 
for two chain-like molecules (n-hexane and n
octane), using fb=0.065 for benzene and their 
characteristic temperatures T* listed in Table I. 
These points shown in Figure 6 appear to lie 
in line with the points of relatively spherical 
molecules also shown in the figure. Thus it 
can be seen that the r/D213 vs. t or V plot 
may result in a single curve. 

According to eq 27, the value of r /D213 is 

8 

calculated to be 1.366 for (V/a 3N=l.20, T'= 
0.0613) and 1.820 for (V/a3N= 1.10, T=0.0430), 
when T=293°K (20°C), z=z' and /=0.79. (The 
term s(=z'jz) has no particular effect on this 
value. The value of f against V was again 
determined by the V-f curve obtained pre
viously7). The calculated values agree closely 
with the experimental ones shown in Figure 6 
and Table II. This close agreement is also 
found for n-hydrocarbons, as shown in Figure 3 
and Table I. 

It has now been seen that r/(D2T)113 depends 
almost entirely on the reduced state, as eq 27 
predicts. The above arguments may also be 
valid for polymer liquids, as is suggested by the 
agreement of the theoretical calculation with 
experimental ones in r of polymer liquids. 
Though there is no direct way to measure 
cohesive energy density for polymer liquids, 
internal pressure Pi may be useful to estimate 
D so far as the relation P;/D~ I holds in the 
liquid state. 7 ' 12 In this case, exactly the same 
relation as eq 27 may also hold for the relation
ship between internal pressure and surface 
tension. 

Parachor 
Recently some investigators4 ' 14 showed that 

the parachor concept is also applicable to surface 
tension of molten polymers and McGowan15 

applied it to compressibility. We will now 
express the well-known molecular parameter, 
parachor, in terms of the molecular parameters 
involved in the present theory to give it a 
pnysical meaning. Parachor P is defined, if the 
density of vapor is ignored, as 

P= Vr1;4 (30) 

Then, using eq 21 and 30, we have 

P=0.839a3 N(a 3 Njc)111"(0.699s*z' /a 3 )114F (31) 

where 

F= V314{s( V-1 +sr\o.229-1.31 2/T)} 114 (32) 

Here, P, a3N and s*z'/a3 are expressed in 
cc dyne1/ 4/cm114, cc/mol and cal/cc, respectively. 
Since r given by eq 21 is approximately pro
portional to v-4 , as shown in Figure · 5 a, the 
function F should be almost constant. In fact 
the value of F calculated by eq 32 with the 
value of/ obtained before, i.e., /=0.704, is 
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0.694±(1.6%) in the range of V=l.05-1.20, 
and may be regarded as a constant. As a result, 
when c1112 can be approximated to unity, eq 31 
with F=0.694 reduces to 

P=0.582(a3 N)13112(0.699s*z' /a3)114 (33) 

The quantity a3N is a characteristic molar 
volume or an ,. occupied molar volume, and 
0.699s*z' /a3 is the characteristic cohesive energy 
density or D of the hypothetical liquid having 
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Figure 7. Relation between parachor and molec
ular parameters. The data used are tabulated in 
Table III. 

no hole (V=V*=a3N). The condition c1112~l 
may be satisfied only if we take an atomic 
group or a molecule whose external degrees of 
freedom do not essentially vary from three. 
Therefore, in the case of polymers, we can 
usually take a repeating unit. 

As may be seen from the definition of eq 30, 
the parachor is the molar volume at which 
surface tension is unity, and is an additive 
quantity as is well known. According to eq 31 
or 33, the value of the parachor is determined 
primarily by occupied volume and secondarily 
by cohesive energy density, whereas the param
eter c determined by the structure of a mole
cule is less effective insofar as an appropriate 
atomic group or molecule is taken. Since the 
former two quantities are almost additive, the 
parachor expressed by eq 31 may also be ap
proximately additive. In Figure 7, the plot of 
P vs. (a3N)13112 (0.699s*z'/a3)114 is shown. The 
former value, parachor, is calculated from the 
values given in the literature16 by the use of 
the additivity, and the latter is calculated from 
the molecular parameters obtained by the method 
described previously .7 These values are tabu
lated in Table III. The plot agrees closely with 
the theoretical prediction indicated by the solid 
lines. 

On The Present Model 
The most remarkable assumption in the pre

sent theory is that no difference is assumed in 
cell volume, hole fraction, and chain conforma-

Table III. Various molecular parameters 
- -------------

(JsN, 
0.699s*z' 

T*x 102, (fJ3N)1s;12 
Substance (13 p TbX 102 

cc/mol 
cal/cc 

OK X (0.699s*z' /fJ3)1/4 

Benzene 76.5 164 5.47 394 216.1 6.45 
Toluene 91.7 150 5.69 469 255.7 6.75 
Ethylbenzene 107 103 5.80 502 277.3 7.05 
iso-Propylbenzene 122.4 97.3 5.84 578 316.9 
Dichloromethane 52.7 147.2 4.70 256 147.2 6.66 
Trichloromethane 67.4 126.3 4.9 322 184.8 6.81 
Carbon tetrachloride 81.3 105.1 4.97 375 222.4 7.02 
Dimethyl ketone 59.0 133 4.61 282 162.0 7.15 
Methyl acetate 63.7 (147) 4.31 314 178.8 7.66 
Ethyl acetate 78.9 130.4 4.5 385 218.4 7.77 
n-Propyl acetate 94.3 121 4.68 455 258.0 8.00 
n-Butyl acetate 113.4 114.4 4.78 545 297.6 8.39 
-CH2·CH2- 30.6 80.7 122 79.2 
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tion between surface and bulk phases. Actually 
this may not be true. For example, there must 
be a segment density gradient in the surface 
layer and the conformation of polymer chains 
at the surface must differ from that in bulk. 
For dilute polymer solutions or an isolated 
polymer chain, the conformation of chain mole
cules at the surface has been theoretically studied 
by some investigators, 17 but in the case of 
molten polymers no attempt seems to have been 
made. If we wish to solve this problem pre
cisely, we may have to take another approach 
or another description of polymer liquids dif
ferent from the present treatment. However 
we may conveniently express the effect of chain 
configuration in the present theory by assuming 
that the term J(T) I: g1 can be written in the 

). 

form of (}BYBtBUsYsts where jB, Js, YB, and 
gs are independent of NB and N8. Then, it 
leads to a correction term -s*z'c-1{r;(v*/c)213c}-1T 
xln (jsYs/}BgB) to be added to the expression 
of surface tension of eq 14. Therefore, this 
correction term can be included into the param
eter /, i.e., f in eq 14 may be replaced by 
the corrected /, /c, which is written 

/c=/+c-1 V(V-l +s)/s In (jsYs/}BgB) 

The parameter/ used in the foregoing argument 
may be regarded as that involving both terms 
in In sVro/BVro (eq 15) and In (sYs/JBYB)• Since 
it can be considered that the number of chain 
configurations in the surface layer may be re
duced as compared with that in bulk, it may 
be expected that jsYs <jBYB, and accordingly 
/c </. This result seems to be consistent with 
the previously mentioned fact that the suitable 
value of / for polymer liquids is somewhat 
smaller than that for low carbon number n
hydrocarbons. At any rate, however, we cannot 
argue on this point because of the simplicity 
of the theory. We can only say that the results 
obtained in this paper suggest that the chain 
connectivity does not have a significant effect 
on the difference in the configurational entropy 
between surface and bulk phases in the tempera
ture range considered here, other than the 
contribution through the parameter c, or f. 
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LIST OF SYMBOLS 

distance between the nearest neighbor 
sites 
as subscript designates the bulk phase 
one third of external degrees of free
dom per segment 
cohesive energy density 
diameter of an equivalent sphere in 
the evaluation of surface area 
function defined by eq 32 
function defined by eq 15 
corrected function of / 
number of configurations of molecules 
arranged on the lattice per segment 
total number of configurations of 

molecules arranged on the lattice 
partition function for intrasegmental 
degrees of freedom as a function of 
temperature 
partition function per segment for 
intrasegmental degrees of freedom 
function defined by eq 16 
Boltzmann's constant 
total number of lattice sites 
ratio of the number of the nearest 
neighbor sites in the surface layer to 
that in the interior of bulk 
total number segments 
most probable number of segment
hole pairs 
parachor ( eq 30) 
kinetic part of partition functions per 
segment for external degree of freedom 
gas constant 
number of segments of a polymer 
chain 
as subscript designates the surface 
phase 
ratio of coordination number of a 
segment to that of a lattice site, z' Jz 
absolute temperature 
reduced temperature defined as ckT/s*z' 
characteristic temperature defined as 
s*z'Jck 
boiling point temperature 
volume 
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v, reduced volume defined by V= V/V*= 

M/N 
V* volume of cells occupied with seg-

ments, v*N 
v*, volume of a cell 

vr, free volume defined by \ 
Jeell 

xexp {-E(p)+E(O)}/kTdp, where 
E(p) is the average potential energy 
of a segment as a function of the 
distance p from the center of the cell 

iir, average free volume, i.e., vr averaged 
over the admissible combinations for 
mixing of molecules and holes on the 
lattice 

Vro, free volume when all the nearest 
neighbor sites are occupied with seg
ments (w=O), (eq 3) 

vn, free volume when all the nearest 
. neighbor sites are empty (w=l), (eq 3) 

Z, partition function 
z, coordination number of a lattice site 
z', coordination number of a segment 
a, thermal expansion coefficient 
/3, parameter with which the width of 

square well potential for the perpen
dicular motion toward the outside at 
surface is expressed as a-u(I-[3) 

r, surface tension 
f, reduced surface tension, 7(u8/c)2l3c/c*z' 

5*, potential energy at minimum of poten
tial curve of Lennard-Jones 12-6 

potential 
r;, shape factor in eq 13 

a, distance between segment centers at 
which potential energy is zero in 
Lennard-Jones 12-6 potential 

cp(p), mean potential energy per segment
segment pair when the segment deviates 
from the center of the cell by the 
distance p 

<p, quantity defined by eq 8, which is 
equal to wB*(=ws*) 

Q, surface area 
w, fraction of empty sites in the nearest 

neighbors 
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w*, most probable value of w 
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