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DEPENDENCE OF SURFACE TENSION

OF NEAR-BOILING NON-ASSOCIATED

LIQUIDS ON THEIR MOLAR VOLUME
AND SOME CRITICAL CONSTANTS

M. Yu. GORBACHEV

Institute of Chemistry, Academy of Sciences, Academic, 3, Str.,
Kishinev MD-2028, Republic Moldova

( Received 1 March 2000)

The equation proposed for near-boiling non-associated liquids describes a new fun-
ctional dependence of their surface tension on such physico-chemical characteristics as:
critical volume, critical temperature and molar volume at the temperatures which are
near their normal boiling points. It is shown that, in the case of some low-boiling liquids,
possessing small molecules, this equation can be used for the adequate calculation of
surface tension at different temperatures in the liquid phase.

Keywords: Surface tension; Non-associated liquids; Molar volume; Critical constants

1. INTRODUCTION

Various equations proposed in order to describe surface tension o of
non-associated liquids on the basis of their different physico-chemical
parameters may be conditionally divided into two parts. One part of
equations is based on the usage of parachor which is an empirical
additive molecular function of atoms, atomic groups and bonds which
form molecular structure (see [1]). Because of this circumstance all
these equations have an empirical character and their calculation
errors are around 3-—-4%.
Another part comes mainly from Eqgs. (1) and (2):

o=x(T. - T)/V¥? (1)
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o=aT!APP(1-T1/T,)". (2)

Equation (1) was proposed by E6tvos [2]. It connects the value of o at
absolute temperature T with molar volume of a liquid ¥ and its criti-
cal temperature T,; x is so-called E6tvos constant which is equal to
2.12 for many nonpolar (or low-polar) liquids [1]. Equation (2) was
proposed by van der Waals in the work [3]. In this equation P, is cri-
tical pressure of a liquid and o and  are some coefficients which are
constant for different liquids. Equations (1) and (2) hold for nonpolar
(or low-polar) liquids [1] and their calculation errors are around 3—
5%. Here it is to be noted that these equations are not applicable for
some nonpolar low-boiling liquids. The presence of such facts caused
new values of x, o and « to be proposed. Various modifications of
Egs. (1) and (2) (see, for instance, the work [4]) were based on the
attempt to describe the above-mentioned constants by means of
other molecular physico-chemical parameters and, therefore, to extend
the calculation possibilities of these equations. However, these new
modifications met their limitations [1, 5].

Nevertheless, the existence of Eqs. (1) and (2) demonstrates the
importance of molar volume and critical constants for the adequate
description of o at different absolute temperatures. The aim of the
present work consists in an attempt to find the equation which
connects o with these physico-chemical quantities of non-associated
liquids.

2. THEORY

First of all we shall consider the liquid under investigation in the
temperature range which is near its normal boiling point. At this
condition all the molecules on its surface may be considered as
spherical particles due to their fast mutual reorientations. These sur-
face molecules (hard spheres) take part in vibrational and transla-
tional motions. Their spatial translations are realized in the form
of irregular jumpings and may lead to their move into the volume of
this liquid or into the gas phase (their vaporization). In general case
the energy of these jumping molecules E; is essentially higher than the
energy of the vibrating ones. It means that E; is much more than kT
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(where k is Boltzmann constant). In consequence of this fact the
number of the jumping molecules is essentially less than the number
of the vibrating ones. The above mentioned vaporization of the jump-
ing molecules leads to the further decrease in their number on the
considered surface. Thus, the surface tension of the investigated liquid
will be mainly caused by those surface molecules which vibrate on its
surface and, therefore, don’t abandon it for a long time. Bearing in
mind all the above mentioned reasons, we may take into account only
the vibrational motion of the surface molecules. Further we shall
consider that these molecular vibrations are harmonic and have their
frequency v which is the same for any vibrational degree of freedom.

Let the number of the surface molecules of the investigated liquid
be N. At the above mentioned high temperatures (which depend on
the nature of this liquid but, however, are much less than E;/k) we
may write (see [6]) the following expression for the partition function
F taken over all the vibrational states of these molecules considered
as three-dimensional oscillators, possessing the limited number of
their vibrational quanta which is defined by E;:

F = g"(kT/hv)™, (3)

where g is factor of electronic state degeneration and h is Planck
constant. In the case of the one separate molecule of the liquid, this
factor describes the degree of its electronic state degeneration. The
free energy A of the considered system of N particles is defined
(see [6]) by means of the following general equation of statistical
thermodynamics:

A= —kTIhF. 4)
Using Egs. (3) and (4), we shall have:

A = —NkT In[g(kT/hv)’] = NKT In[g~ ' (hv/kT)’). (5)

Let, further, N be equal to n. n is the number of the molecules of
the mentioned surface which are situated on its unit area. In this
case A will be equal to o:

o = nkT In[g~' (hv/kT)%). (6)



07:56 28 January 2011

Downl oaded At:

318 M. Yu. GORBACHEV

Now we have to define n. Bearing in mind this purpose, we shall use
the following equality:

4nr’ /3 = V /Ny, (7

where r is molecular radius, ¥ is molar volume of a liquid and N, is
Avogadro’s number. From Eq. (7) we have:

r=(3V/4nN,)'". (8)

Here r is the average value of the effective molecular radius which is
calculated for all the molecules of the investigated liquid phase
(including its inner molecules). Taking into account that the relative
share of the jumping molecules on the surface of the liquid under
consideration is less than in the middle of its volume, we can write
for the effective radius r, of the surface vibrating molecules the fol-
lowing equation:

re= <p(3V/47rNA)1/3, ©)

where ¢ is coefficient of proportionality. Bearing in mind that the
liquid phase is near its boiling point and based on the principle of
corresponding states, we shall suppose that ¢ is constant for various
non-associated liquids.

Let the surface area occupied by the one separate surface molecule
be 5. Then n will be defined on the basis of the following equalities:

s=m? = 1rcpz(3V/47rNA)1/3 (10)

n=s"1=n"lp2(4nN,/3V)?>. (11)
Uniting Eqgs. (6) and (11), we have:
o = 1 ' 2kT (4N, /3V)?3 In[g~! (hw /kT)?). (12)

Further, the frequency v in Eq. (12) may be received by means of Eq.
(13) which holds for every vibrational degree of freedom of the sur-
face molecule considered as a three-dimensional oscillator:

E = 2(mva)’*m = kT, (13)
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where E is the average energy of molecular vibrational motion along
one of space axes (see [6]), a is its amplitude and m is molecular mass.
In the present work we shall consider that a is proportional to g

a = frs, (14)

where f is coefficient of proportionality which doesn’t depend on the
nature of a non-associated liquid. Combining Eqs. (9), (13) and (14),
we have for v:

v = (afp) " (4nN,/3V)P (kT /2m)' /2. (15)
From Egs. (12) and (15) it follows that:

o = 1 o kT (4nN, /3V)?? In{4N, 03 3r' 2 (£ o) gV (2mmkT) > 71},
(16)

The quantity g in Eq. (16) may be defined on the basis of the follow-
ing reasons. Let us consider the investigated liquid at its critical
conditions. We shall suppose that the value of g which is defined
only by molecular electronic structure (see above) remains constant
at different temperatures of liquid range. Further, for any liquid
considered at its critical temperature T, its molecular motion has
mainly a translational character [1, 5, 6]. In the case of its one sepa-
rate molecule, this translational motion is realized in some space
cell which has its volume v. The value of v can be defined as:

v=V,/Ny, (17)

where V, is molar critical volume of a liquid.

Let N be (as above) the number of the molecules of this liquid.
Considering its volume as a cell space (the number of these cells is
also equal to N), we may write (see [6]) the following expression for
the partition function F taken over all the molecular states connected
with the translational motion of these molecules:

F = gV[(2nmkT,)* *ve/03", (18)
where e is Napierian base. The presence of e in Eq. (18) indicates that

these molecules may have their cell exchange [6]. Combining Eqs. (4),
(17) and (18) we shall receive for the free energy A of the investigated
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N-molecular system:
A = NKT In{N,h*[egV.(2nmkT,)**7'}. (19)

However, the values of o and A go to zero at critical conditions. In
this case, it follows from Eq. (19) that:

g = Nah3[eV (2nmkT )7, (20)
Using Eq. (20) in Eq. (16) we have:

o = 7o 2kT (47N, /3V) Y In{de[3n' 2 (£ o)) (Ve V)(T./T)Y2}.
(21)

Uniting all the constants of Eq. (21), we shall receive for o the
following final equation:

o = ETV P Ifu(V./V)(T./T)*?), (22)

where € and u are constant for any non-associated liquid.

3. RESULTS AND DISCUSSION

The practical usage of Eq. (22) requires the numerical values of £ and
u. In order to appreciate these values the fifteen liquids presented in
Table I were investigated. The values of their quantities ¥ and o at
their normal boiling points T and also their critical constants ¥, and
T, were taken from [5,7—17]. Here it is to note that the compounds
presented in Table I were chosen because of the following reasons:
firstly, they are well studied experimentally; secondly, they have
various chemical structures which differ significantly. A part of them
belongs to inorganic compounds; another one is presented by organic
substances. Nevertheless, the above mentioned physico-chemical
parameters of these compounds obey Eq. (22). The numerical values
of £ and u defined by means of the least-square method on the basis
of the data set of Table I are 1.324 x 1077 (N x K~! x mol~%?)
and 0.483 respectively.

The results of the usage of Eq. (22) with the found values of £ and
4 are presented in Table II. All the necessary critical constants of
the investigated substances side by side with the values of o and ¥V at
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TABLE II The values of o calculated by means of Eq. (22)

T(K) Vx105(m xmol™") ox10°(WNxm™")
Ns. Compound: Boil. Crit. Boil. Crit. Calc. Exper.
1 H; 20.397 33.19 2847 65.0 24 25
2 F, 85.0 14431 25.1 66.22 13.6 14.0
3 Br, 33235 584 51.5 127 324 347
4 CH, 111.66  190.6 38.01 99.0 13.5 13.0
5 GeH, 184.7 308.0 55.6 150 17.3 17.7
6 B,Hg¢ 180.7 290.0 63.1 173.1 15.0 147
7 H,S 212.87 3733 359 99.7 29.4 29.6
8 SO, 263.1 430.65 439 122.0 289 28.5
9 CIOsF 226.5 368.4 59.9 161.0 19.4 20.0
10 PSCh 398.0 622 116.4 313 20.6 211
11 BBr, 364.2 581 103.3 280 21.2 20.3
12 HgBr; 592.0 1011 74.2 209 49.3 50.3
13 CCl, 349.73 5564 1039 276 19.8 19.6
14 SiCl, 33045 5072 1212 326.3 16.2 154
15 SnCl, 387.0 592.0 1317 351.0 17.6 17.0
16  S;Cl, 411.0 665 90.9 248 26.9 273
17  SF, 2327 364.1 59.6 162 19.1 19.9
18 SFg 204.2 318.7 75.3 2004 139 139
19 CF, 1452 2275 54.4 146.7 12.6 12.3
20 CCIF 206.85 471.2 93.1 248.0 18.1 17.9
21 CBrCLF 325.0 514 99.9 264 18.6 18.3
22 CHCLF 282.07 451.6 75.0 197.0 19.8 20.1
23 CH, 189.2 308.3 4.3 113 204 19.6
24 CH, 169.35 2824 49.2 129 16.7 16.5
25  cyclo-CsH;,p 3224 511.6 98.0 260 18.9 18.3
26 (CH,)0 308.75 466.7 106.5 280 15.6 15.7
27 CeHsCl 404.9 6324 1150 308 21.0 20.3

their normal boiling points T were taken from [5,7—-17]. The com-
parison of the values of o calculated by means of Eq. (22) and the
experimental ones shows that this equation describes the surface ten-
sion of all the investigated liquids adequately. The average absolute
value (module) of its calculation error is equal to 2.6%. Equation (1)
applied to the data set of Table II gives the average calculation er-
ror which is equal to 3.9%.

It is important to note that the above mentioned temperature
limitation of Eq. (22) (which follows from the use of Eq. (3)) doesn’t
mean that the temperature of the investigated liquid may be only its
boiling point or the nearest temperature. If the value of T of this lig-
uid is high enough in order to satisfy the temperature limitation caused
by the application of Eq. (3), its surface tension will be described
by means of Eq. (22). This conclusion may be illustrated on the basis
of the data set of Table III. The liquids presented in Table III are
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considered at the temperatures T which are lower than their normal
boiling points. Their experimental values T, V., ¥V at Tand o at T
were taken from [5, 7— 17]. The comparison of the calculated values of
o and the corresponding experimental ones (see Tab. III) allows to
draw the following conclusion. In the case of the above mentioned
lower temperatures, Eq. (22) is applicable for the adequate description
of o of those low-boiling liquids, whose nonpolar (or low-polar)
molecules are small and have the form which may be considered as
nearly spherical. For these compounds Eq. (22) is more precisely than
Eq. (1) (see Tab. IIT). However, the surface tension of the high-boiling
compounds with their non-spherical molecules (see substances 10— 12
in Tab. III) cannot be calculated by means of Eq. (22) at the con-
sidered temperatures which are far from their boiling points.

It is interesting that sometimes intermolecular interactions may
decrease by passing to lower temperatures. In this case, the accuracy of
Eq. (22) will be higher in this low-temperature region. So, for instance,
superfluid helium II (T=1.55K) obeys Eq. (22) better than normal
helium I (T=3.05K) does (see Tab. III).

4. CONCLUSION

It is to be noted that Eq. (22) cannot be used for such liquid chemical
substances as, for instance, amines, alcohols, melts of metals and
others. However, for non-associated near-boiling liquids (or for some
liquids which are similar to compounds 1 -9 in Tab. III) it allows one
to calculate o more precisely than other equations proposed earlier.
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