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furthermore, the characteristic change in refraction for

. conjugated system is expressed by a definite exaltation,
o particular FEdisp% = 145% for the ketones

.CH:CH.CH :CH.CO.R, the structure of this group corre-
sponding to homologues of series C. Comparing the con-
jribution of conjugation to the retention volume with that

,f one double bond, we obtain from Fig.1 for the actual
compounds Jo—A, Jo—B, and Jo—-C

eV gi{Jo—C) —lg Vg1{Js = B)
leVeu(Jo—B)—1gVei(Jo—4)
i.e. complete agreement is obtained between the relative

refraction and exaltation and the relative retention volumes
of the same groups of compounds.

100 = 145 (=21,

20
L)

150t

1450

790 40

038 085

Figure 2.7 Dependence of refractive index n%’ on
density d%’ for the same compounds as in Fig. 1.

The above relation extends to other compounds which,
although not members of these homologous series, have
common structural features (Figs.1 and 2):

CH, CH,

| |
CH,CHCH,CH=CHC=0(J,—)[8];
Cily CHy CHj,

| | |
CHC=CHCH,CH.C=C=CHCH,C=0(J,"),
Cl, CH, CHj, CHy

| | ! i
CHCHCH,GILCILCHCH,CIT,CH,C=C=CHCH,C = 0(/Jy") ,
Analogous relations are obtained for another class of

compounds, alcohols, distinguished by a monotonic varia-
tion in unsaturation:

CH, CH,
| |
CHy—(—CHCH,CH,CH,—)s—C—C=CH (Js")—~
|
OF
CH, CH,

s crra_(_(lzrrcrigcnﬂcu,_),_'c_cn =CH (J§")—
on
Cl, CH,
- C[I,—(—-(IJIICH,CI[._,CH,—),-—E]-—CII.:CU: s).
GH

GLIN-AA 70-1613
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The angle S on the plot of g Vg 1 against 1g Vg 11 (Fig.1)
and the angle S'' on the np—dn graph (Fig. 2) between the
straight lines Jg and A (B, C) are equal,

Thus the investigations reported above confirm the
existence of an analogy between the relations lgVg 1 =
f(lg Vg,ll) and np = f(dn) for compounds which differ in
molecular weight and in degree of unsaturation. This
principle justifies the previously assumed additivity of the
retention volume. Hence group or atomic increments may
exist (by analogy with refraction), from which the retention
of any compound can be calculated.

REFERENCES

1. A.A.Zhukhovitskii, M. S. Selenkina, and N. M. Turkel'-
taub, Khim. Tekhnol. Topliv Masel, 57, No.11 (1960).

2. M.Wurst, Coll.Czech.Chem.Comm., 29, 1458 (1964).

3. J.Franc, Coll.Czech.Chem.Comm., 26, 1579 (1961).

4, A.N.Vorob'ev, Coll.Czech.Chem.Comm., 27, 1045
(1962).

5. M.E.Maurit, G.V.Smirnova, E.I.Parfenov, I.K.
Sarycheva, and N.I. Preobrazhenskii, Dokl. Akad.
Nauk SSSR, 140, 1330 (1961).

6. M.A.Miropol'skaya, N.I. Fedorova, A.Ya. Veinberg,
M. T's. Yanotovskii, and G.I.Samokhvalov, Zhur.
Obshch. Khim., 32, 2214 (1962).

7. E.I.Kozlov, M. Ts. Yanotovskii, and G.I.Samokhvalov,
Zhur. Obshch. Khim., 34, 2748 (1964).

All-Union Vitamins
Scientific Research
Institute, Moscow

Received 10th January 1969

U.D.C. 541.121/.123

Equations of State of Liquids in the
Temperature Range adjacent to the
Triple Point

A.A.Glinskii ¢

Equations of state, derived from the concept of condensed media
as sets of oscillators, have been used to calculate the isotherms of
liquids and also several of their thermodynamic properties. The
calculations are compared with experiment up to a static pressure
of 40000 atm, the highest yet achieved with liquids.

In the vicinity of the triple point a liquid is in a quasi-
solid state'”, and therefore its properties can be des-
cribed by the caloric and thermal equations of state

U=u(T)+4u; p=p(T,V)—uy, (1)

which derive from the concept of crystals and amorphous
substances as ssystems of oscillators at sufficiently high
temperatures'’®. Here », (7) is the sum of the mean
kinetic and the mean potential energy of vibrational motion
of the molecules, and p,(7, V) is the thermal pressure.
The mutual potential energy u, calculated on the assump-
tion that the molecules are located at fixed equilibrium
positions, about which they oscillate, should satisfy the
condition'”*

'y =0 when V=1V, @)

where Vo = Vo(T) is the volume of the liquid on the equilib-
rium curve,
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It follows from condition (2) that away from the equilib-
rium curve # = u(V,Vy). For small deformations u will
be a quadratic function of the difference V - Vo. To
investigate the behaviour of liquids during non-linear
deformations, we express the pair interaction energy of
the molecules as a Mie potential, for which «# can be cal-
culated both for crystals and approximately also for
liquids taking into account long-range interactions of the
molecules”. Equation (1) with the condition (2) then
becomes
w(Vy)nm

— (=™, (3)

— R, il LSS Y ). =
U= u (7] m ety U Vo(m—n)

n

(Vo)

where v = V¢/V, n and m are parameters of the Mie poten-
tial, and u#(Vy) is the value of # on the equilibrium curve.

The second equation (3) is based on the condition®
p(T,V) < uyr, that far from the critical point the vapour
pressure is very small in com}mrison with the external
pressure. It has been shown ' that, in calculating deriva-
tives from the second equation (1), we can neglect also
derivatives with respect to p, when the condition Vi = 10’V
‘is satisfied, where V) is the volume of saturated vapour in
equilibrium with the liquid. Thus Eqns. (3) are applicable
between the triple point and the temperature at which this
condition is satisfied. With most liquids this range con-
stitutes about 30-50% of the range of existence of the
liquid phase. From Egns. (3) we find the isothermal
modulus of elasticity KX, the thermal coefficient of the
pressure 2, the heat capacity ¢y, and the velocity of sound
e

,_ ugnm S g ¢ _
e (n—m)V, G+ 1y — (i + 1)o7,
B = jr— (n"f y atto (r™ — mum) < iy (o7 — o)),
2 - 0 i (4)
Cp = Cyo - UpT =+ -I:L_'l:l—l(v" — ™) 4 -KI-‘-LTH (mv™ — nv™),
5 VK

TVp*p*
a1 +—xe ).
where ao = (1/Vo){dVo/dT), uo = —u(Vo), and M is the
molecular mass.
Putting v = 1 in Egns. (3) and (4), and denoting quanti-
ties on the equilibrium curve by the subscript 0, we
obtain

ionm nmugly

Ug = uy(T) — ug; pe = 0; Ko = Ve ;(BP)0=—T°—';002=
___nmuy (1 Tay*nmu, )" (5)
=T T T Meg ’

From the thermodynamic identity p = Tpp - (U{r)T applied
to the equilibrium curve and the first, second, and fourth
relations (5) we obtain the equation

1or 4 Tnmaetze =0 (6)

for computing #,. If the exponent n is known, calcula-
tions by means of formulae (3)—(6) with m = 2, which has
a theoretical basis, contain no adjustable parameters.
The quantity #o, which is required for the calculations,
can be computed from experimental values of co, o, and
cpo from the last equation (5) or even by integrating Eqn.
(é)) using only one value of #o, found from (5), as an inte-
gration constant.

Curve (a) in Fig. 1illustrates the quantity AV/V, = 1 = 07},
calculated from Eqgn. (2)? for liquid argon by a method of
successive approximations withn = 3.5, found by approxi-
mate numerical quantum-mechanical calculations of the
energy of repulsion based onapower law®, Valuesof n for a
few substances, found from their Properties in the con-
densed state, have been collected”. Curve (b) in Fig. 1
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has been calculated for pentane with n = 5.5. The quan-
tities (4) are computed from values of ¢'(p). Curve (a)

in Fig. 2 has been caleunlated for the speed of sound in
carbon disulphide with » = 3,9. For most liquids u is
unknown, and we then have a one-parameter theory. In
this case n is found from one experimental value of £ with
v # 1 by application of the second equation (3) or even by
substitution in the last equation (5) of the semi-empirical
formula #o = 20VY°N'"*, where o is the surface tension
and N is Avogadro's number'’, Another method requires
knowledge of experimental data solely on the equilibrium
curve.

vy,
¢
3
//(
2 //
7
. r/,Jﬂ 10%, atm
il "
|
¢/| ]
0 [2] 250 500
. atm

Figure 1. Points for different temperatures from various
sources: a) -171.89°C?®; b) 0°C''; c¢) 25°C'%; d) 50°C"';
€) 20°C", '

Values of » which are almost independent of tempera-
ture, and agree satisfactorily among themselves and with
the above and other independent values, are obtained in
such ways. Thus in Fig.1 curve (c¢) has been calculated
for oct-1-ene (n = 5.81), curve (d) for glycerol (7.92),
and curve (¢) for ethylene glycol (6.17), and in Fig.2
curve (0) has been calculated for n-butanol (6.16).

103, ms?!
22 b
18
a
14
7 Z 3
10‘3;). atm

Figure 2. Points for different temperatures: a) 0°C'%;
b) 20°C'®,

The isotherms of about eighty liquids have now been
studied experimentally and will be found in Refs. 9 and
11-13 and in certain other works. Calculations were
made for sixteen liquids up to 40000 atm'* and for seven-
teen liquids up to 10000-12 000 atm''. Data on the
equilibrium curve could not be found for other liquids. All
calculations agree satisfactorily with experiment, even if
the liquid crystallised under the influence of external
pressure”, when the change in AV/V, on crystallisation
is small. Considerable divergence is found only with
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rur substances having a low cryshlhsatlon pressure (not

l\cecdmg, 600 atm) and a large change AV/Ve ~ in the

jmmediate vicinity of the crystallisation point.

The theory can probably be extended to higher pres-
sures, since no considerable discrepancies between
theory and experiment are observed near 40000 atm, the
highest static pressure which has yet been achieved with
liquids "**'*, at which the compression deformation is
~ 40% (curve (c¢) in Fig.1). The applicability of Tait's
empirical isotherms has been assessed up to pressures
of 1000 atm®, Besides the velocity of sound in com-
pressed liquids, which has been quite well studied in

Refs.15 and 16 and elsewhere, direct measurements have

been made of the coefficient 8 up to 200 atm'’, and iso-

lated measurements of the coefficient of thermal expansion

a = BpK ™ up to 3000 atm ', They all agree satisfac-

torily with those calculated bv means of the formulae (4). 7
Equations (3) also enable an expression to be obtained for

the entropy of compressed liquids, from which adiabatic
curves for the liquids are found by a numerical method,

which agree satisfactorily with Tait's empirical adiabatic

curves '®

If the second equation (3) is used in the above calcula-

tions, only Vo need be known experimentally;” and if the
first equation (3) is still used, cpo must also be known,

since the term «,(7T') contains the vibrational energy of the
internal degrees of freedom of the molecules, which is not

in general known. For the calculations these data have

been taken mainly from Ref.17.
Equations (3) enable the properties of liquids under
tension to be calculated, but no experimental data are

available for comparison.
equilibrium curve.
of the last formula (5) agree satisfactorily with experi-

ment,
ticity by means of the well known relation

K = V[(3°U | 3V?)y — T(8°S | 677%)4].

Applying the relation (S\'fV)T = pyjr and using the second
equation (3) and the first equation (5), we hence obtain for

K on the equilibrium curve
n(n+ 1)—m(m+i)
n—m

U (1_1_ Gt _ _WrT )_;_
Voag Uy aguyr /|

Tnm l—

Ky, =
0 v,

K Uyl 1= UoT].

Numerical integration of Eqn. (6) taking into account the
temperature dependence of ao with the initial condition in

the vicinity of the solidification point yields for carbon

tetrachloride (2 = 4.9) at 20°C the value #o = 1.03 x 10"

', From the e_\penmental values ao = 0.00121
2.0 x107° deg™ together with Eqn. (6) we
deg™ and ubpp =

ergs mole”

deg™ and C’OT
find that ufp = -4.33 x 10° ergs mole™
-5.0 X 10° ergs mole™ deg™. On substituting these

valuesmEqn.(a)weobmml\o_1.11><10"°c1yncm'2

Calculation by means of the third equation (5) gives Ko =
, and the experimental value is Ko =

In view of the fact that Eqn. (8)
contains six terms differing in sign, and existing methods

1,04 x 10'" dyn cm ™
0.97x10'%dyn em™. "

for the direct measurement of Ko have an accuracy of

~ 10%, the agreement among the two methods of calcula-
The latter calcula-

tion indicates that Eqns. (3) and (5) represent the energy
and entropy portions of K correctly, and that the theory is

tion and experiment is satisfactory.

internally consistent.

The precomputer potentialities of Eqns. (3) evidently
stem from their taking into account long-range molecular

The method of calculation is

suitable also for computing the properties of liquids on the
Values of co(T) calculated by means

Let us compute the isothermal modulus of elas-

interactions.
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This fact, as well as the dependence of «

on Vo and the presence of the term 1 (7"), is not usually
taken into account when eguations of this type are used to
calculate the properties of condensed (solid) bodies **
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