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Abstract Correlations of volume changes with fusion entropy 
for substances with spherical ,  linear and general 
molecules are presented. The separation of basic 
disorder and volume contributions has been explained 
by means of molecular degrees of freedom. A theoretical 
model of fusion for liquid metals is discussed . 

! . Introduction
We hav� recently shown1> that the correlation of relative

volume change �V/Vs at fusion with associated entropy change
Sf could give an insight into the mechanism of fusion . Fusion
entropy contains several contributions given by 

sf
= sd + sv + sc + si ( 1 )  

where Sd i s  the basic disorder term representing molecular
motions and Sv the volume dependent term , while Sc and Si are
terms due to conformational and intermolecular changes at fusion , 
respectively1 �

2 .  Analysis of experimental data 
Correlations of !::iV/Vs and sf , both at normal and high pressure ,

for substances with effectively spherical and linear molecules ,  
for which Sc and Si are �egligible , are shown in Fig . l .
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Fig . l  Correlations of volume 
change 6V/Vs with fusion
entropy sf for substances
with spherical and linear 
molecules . Data are taken 
from ref . 2. 

Effective sphericity of molecules in plastic crystals is 
achieved by quasi-free rotation in the high temperature phase 
of their solid state . In Fig .• l only halides of Rb and · Cs are 
included! ) , because for Li , Na and K haiides change of the
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Madelung constant is cons1derable3> , giving thus a non-zero
contribution to the intermolecular term Si . The experimental
points in Fig . l  may well be approximated by means of straig�t 
lines . Extrapolation AV/Vs...,O determines the basic disorder
term :? thus giving =Rln2 for substances with spherical mole­
cules and �Rlnl2 for linear ones . Substances with .general 
molecules do not give a simple correlation at normal pressure . 
Nevertheless , Sd may be determined using AV/V

8 
or AV and sf

data under increased pressure . The diagram of �ach substance 
then independently gives its sd . Fusion entropy is obtained
by means of the Clausius.-clapeyron equation from T ,  P and AV 
data . 

Fig . 2a shows the considered correlations for chloroform and 
bromoform . Similarly , Fig . 2b gives AV-Sf diagrams for benzene ,
c6H5No2 and compounds of Fig . 2a .  At the beginning of pressure
increase , extrapolations AV/vs-.o or AV-+-0 give sd�Rlnl 6 ,  except
for benzene with sd�Rlnl2 .  At very high pressure , deviations to
lower entropies occur , indicating a change i_n the fusion 
mechanism 5 ).
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Fig . 2  Correlations of AV/V Ca) and /J.V (b) with Sf for
some organic substancls with general molecules . Data 
are taken from ref. 2 . 

If molecules are assumed to be · rigid , then only changes of 
translational and rotational motions could be responsible for 
sd at fusion-. Relation of Sd to molecular degree.a of freedom
may be concieved using the Boltzmahn .equation1 1 5> 

sd == R ln (n1/n
6

) ( 2) 
where n1 and ns are numbers of states of disorder in liquid
and solid . We take n8==1 represe�ting all possible vibrations
and librations of a molecule around its equilibrium position 



in a crystal lattice . Consequently , n1 has to be 2 for sphe­
rical molecules , 1 2  for linear and 1 6 for general ones . Fol­
lowing mainly the idea of Eyring ' s significant structures 6> ,
but specifying now each possible kind of motion , we introduce 
a number of various states which we expect to be responsible 
fQr the entropy of fusion . It is supposed that a molecule in 
liquid may be subjected to one- , two- or three-dimensional 
translations . Similarly , one expects �he same for rotations . 
Furthennore , all combinations of translations and rotations 
would be possible. In Table I ,  the numbers before T ( transl­
ation) and R (rotation) define the dimensionality of motions , 
and all possible 1 6 states including various additional motions 
are represented . The first state characterizes a molecule in 
liquid, which remains in the solid state conditions . For gene­

TABLE I 

No •. 0£ state lT 2T 

1 
2. 1
3 1 
4
5
6
7
8 1 
9 1 

10  
1 1 1 
1 2 1 
1 3  
1 4  1 
1 5  1 
1 6 

3T lR 2R 3R 

1 
1 

1 
1 

1 1 

1 

1 
1 

1 1 

1 

1 
1 

1 l 

ral molecules there 
are 1 6 possible states . 
For linear molecules 3R 

is missing and so there 
remain only 1 2  states 
in agreement with the 
experimental evaluation. 
In Fig . 2b benzene has 
sd

=�1n12 . This indicates
a possibility of mole­
cular rotations around 
the axis normal to the 
molecular plane already
in the solid state5 > .
Thus benzene would behave 

like a linear molecule at fusion . It is surprising that substan­
ces with spherical molecules have sd�ln2 indicating that in
liqui�nly one new additional state appears . 

3 .  Theoretica� model of fusion for simple metals 
The simplest substances , for studying the single new btate 

in liquid, are metals . �t may be sopposed that , in solid , atoms
vibrate around equilibrium lattice sites according to the Einstein 
model . In liquid , besides the similar vibrations , an atom is 
subjected to additional 011edimensional translation of distance 
(V/N} ( l /J) , where V is molar volume and N Avogadro ' s number .

255 



The starting point is the classical partition function for 
an atom � {J(x,y,z> . 

<J =h-3/f/e --rmxT dp"dp:, dpz//1 e- kr c/Kcly dz ( 3 )

The symbols have their usual meaning . I f  �l is . an equilibrium 
potential energy of an atom in liquid , then the partition fun­
ction for the harmonic oscillator , using · eq. { 3) , will be 

q� = e-rJliJcT(kT/h'>'f = e-'1t/1cT('T/8t;3 = e-,h/1ci 9; ( 4 ) 

where eL is the characteristic temperature of the liquid . The 
partition function for translational motions in volume V/N is 

'l; = e-rlt/1<, (21TmkTln/12.(V/N) = e-rJilkT �/ ( 5 ) 
One may assume that one-dimensional translations appear at 

melting", above energy level 
E = 3R7; + AH, ( 6) 

determined by the fusion temperature Tf and the heat of fusion
AHf. Then it is possib�e to divide atomic motions in liquid
into two parts , defined by partition functions q =q; and 

cz, ::r e-'1dl<T 3£! ( f -.  e-Elk'r)291- e-£/Jr s 
{ 7a) 

Function qs represents the solid-like motions , while qt repre­
sents a combination of two-dimensional oscillations with 
energy levels below e and the one-dimension�! translations 
with energies above E. 7 > .  Factor 3 means three possible
orientations of one-di mensional translations . 

Thus the total partition functiQn of one mole of liquid 
is?}

QL = ( N!/Ns! Ml) 2l' �M ( 7b) 
and the Helmholtz free energy F =-kTlnQ1 gives the entropy 
of liquid from s, =- (aF L /dT)

V ' i . e .  

SL = 2 R (Ln9., .,f)+ R Ln[� +39, (:t- e -£/ltT.)2/+ ( 8 )  

+(RTl{f.,+3f1(1- e-£1A-1J}}((,¥!rJ.T)+3/(1- e-£/k1)�"7J-(2fl£/l(�(1-e�7}e-d
1} 

For calculating s, by eq . (8 ) , it is necessary to know the 
following parameters : heat of fusion AH

£ ' molar volumes Vs and
YL of solid and liquid, respectively , and characteristic tempera­
ture e

8 
of solid, all near the known fusion temperature Tf .

es can be obtained from the solid state entropy ss in the
Einstein model 

S.1 • 3R(1+1.n(li/8,)J ( 9 ) 

if the experimental values of Ss are known. For fee metals ,  the



characteristic temperature of the liquid is determined by the 
Griineisen law7 > 

(� - �):  .6 8= -rfJ�W�. c 1 0 >  
The Gruneisen constant y i s  known for meta1s8 > . For bee metals 
the characteristic temperature et far the liquid is higher than 
88 of the corresponding solid , and in order to determine �e or 
al , the entropy of liquid at Tf must be known from experiment.  
Using experimental data9 ) , it  is possible to  determine the 
entropy within the whole temperature interval of the liquid 

state . In Table II , the entropy of liquid copper is given for 
various temperatures and for other metals only at fusion tempe-
ratures Tf . 

TABLE II  

Metal T (K) es (K) 
a 68 (K) el (K) sl (exp . )  b s, ( calc . ) 

b 

x 4,18 J/mo1 •K )

Cu 1 3 57 1 9 5 -1 6c 1 7 9  1 9 . 82 1 9 , 7 8  

1 600  II II tl 21 . 04 21 . 29 

2000 II 22 . 64 2 2 . 9 4 fee 
2500 II 24 . 23 2 4 . 21 and 

Ag 1234  1 31 - 1 2 1 1 9 2 1 . 6 7 21 . 68 hep 
Au 1 336  U -8 -1 6 1 0 2  23 . 06 23 . 40 metals
Al 9 32 242  -35 208 1 6 . 7 1 1 6 . 45 
Ni 1 7 25  2 43  -25 21 8 20 . 04 1 9 . 97 

Zn  693  1 4 5  - 1 5 1 30 1 7 . 84 1 7 . 7 0 
Cd 594  9 6 - 8 88 1 9 . 27 1 9 . 27

Li 454  2 65  35d 27 8  1 0 . 76 1 0 . 7 9

Na 37 1 1 0 4  1 0  11 4 1 5 . 23 1 5 . 21 
K 3 37 61  5 6 6  1 7 . 8 6 1 7 . 87 
Rb 3 12  4 0  4 44 1 9 . 9 8  1 9 . 9 5 bee 
Cs  302  29  3 32  21 . 7 1 2 1 . 64 metals 
Be 1556  6 60  6 0  72 0  1 2 . 86 1 2 . 9 1 
Ca 1 1 2 3  1 2 2  1 3  1 35 20 . 9 6 20 . 85 
Tl 577 57 . 7  3 6 0 . 7 21 . 40 21 . 38 

a) e is determined from eq . ( 9 ) ; b) the electron gas contri-
buti�n to the total entropy of liquid is substructed ; c) eq . 
( 1 0 ) is used; d) these values are fitted from known s, at 
fusion . 

Negative or positive values of A8 for corresponding crystal 
structures might be expected, because the coordination number 
diminshes from 1 2  to �1 0 for fee and hep metals at melting , but 
increases from 8 to �lo for bee metalsl O ) . 
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4 .  Conclusion 
It may be stated that at normal pressure .liquid metals may 

well be described by oscillations of · atoms around their equilib� 
rium positions in a quasi-crystalline lattice and · by additional 
one-dimensional translations of the order of (V/N) ( l/3 ) .
But aqextrapolation to high pressure (or temperature) is not 
possible at present . Namely , it is still unknown how the charac­
teristic temperature depends on pressure near fusion . Thus Sd
cannot be evaluated . However , the assumption that one-dimensional 
translations are essential . in liquid metals seems to be support­
ed by very good agreement between the calculated and experimental 
entropy values presented in Table II . For more complicated sub­
stances like c 12 , CHC13 , etc . , all possible molecular motions
or states , as suggested by Table I ,  should be included . These 
dynamical states of a disordered liquid may be connected with 
the number of static sublattices in generalized Lennard-Jones 
and Devonshire , and Pople and Karasz theori�sl l ) . Investigations
of this connection and introduction of an appropriate extended 
partition function for complex systems are under way. 
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