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Temperature dependence of density, thermal expansion coefficient
and shear viscosity of supercooled glycerol as a reflection of its structure

lvan V. Blazhnov and Nikolay P. Malomuzh?®
Department of Theoretical Physics, Odessa National University, 2, Dvoryanskaya Street,
Odessa 65026, Ukraine

Sergey V. Lishchuk
Materials Research Institute, Sheffield Hallam University, Howard Street, Sheffield S1 1WB, United Kingdom

(Received 14 April 2004; accepted 13 July 2p04

The relationship of the microstructure of supercooled, highly viscous glycerol to the temperature
dependence of its density, thermal expansion coefficient, and shear viscosity are discussed. The
character of this temperature dependence at the transition from low viscosity state to the solid
amorphous statesolidified state without nuclgis described with help of functiost, which can be
interpreted as the effective number of degrees of freedom responsible for the change of viscosity of
glycerol over a broad range; these degrees of freedom are those relatedvicethration process.

It is shown that the change in effective activation energy of the viscosity is completely determined
by the parametery. The change in the shear viscosity of glycerol due to the influence of the
solid-phase nuclei is considered. It is shown that the introduction of the parametqual to the
specific volume occupied by the nuclei of the solid phase, together igitovides a natural
explanation of the temperature dependence of density and thermal expansion coefficients of glycerol
in its liquid, solid amorphous, glassy, and crystal states. The peculiarities of the temperature
dependence ofp(T) and (T) for glycerol ando-terphenyl are compared. @004 American
Institute of Physics.[DOI: 10.1063/1.1789474

I. INTRODUCTION (2) “Preservation” of the nuclei formed in supercooled

h sis of th , ld btained b hstates of the liquid phase of the system.
molecja?nliagﬁlss c(:attter?ngxaeergtr:(e)rqtzndafrgytz:?aett éﬁ%lgt e. The existence of microinhomogeneities of the first type
- ' _ Lo is the natural prerequisite for self-consistent description of
indicates that the structure of glasses is mlcromhomoge,[-he angular dependence of the polarized and depolarized
ﬁght scattering in glasse€.Here the observable experimen-
%l regularities indicate that the size of the microinhomoge-
neities of this type is of the same order of magnitude as the
wavelength of visible light.

The experimental data on the properties of highly vis-
cous liquids suggests that the character of the thermal motion
of the molecules in the temperature interval between the
L oo () melting point T,, and the glassification poinT, (AT
[1+(are)]” ~100K for fic

= glycero) undergoes a rather specific change.
The parametep can take on different valué$.In particular, The density of the system, its dielectric permeability, heat
p=1 corresponds to the Ornstein-Zernike function gnd capacity, and other thermodynamic quantities outside this re-
=2 to the Debye function. The typical sizg of microinho-  gion change in a trivial way; i.e., quasilinearly with the tem-
mogeneities reaches 3010 A and significantly exceeds the perature. This also applies to the shear viscosity activation
characteristic molecular scale. Note, the quarttjtyloes not  energy'® The listed quantities undergo significant changes
have meaning of the density fluctuations correlation radiugnly in the temperature intervalT. From the physical point
because in the glassy state there is no change of moleculgf view, this is controlled by the clusterization procesées
configurations that form the structure of glass. that change the local structure and the orientational motion

From the physical point of view the formation of the of the molecules most significantly. It is natural to character-
microstructure of glasses can be caused by the followingye these changes by the parametéF) which is interpreted

glass can be also directly seen on the electron microphot
graphs of its surfacg The existence of microinhomogene-
ities effectively manifests itself in the following dependence
of the integral intensity of molecular light scattering on the
wave vector:

1(q)~

main reasons. as the effective number of the degrees of freedom respon-
(1) “Freezing-out” of the orientational configurations gijpje for the formation of the high viscosity states.

corrgsponding to ther-relaxation(see Refs. 11 and 12 for On the other hand, the nucleation process must take

details. place in supercooled liquid. The supercooled states are meta-

stable states in which the tendency to separation is mani-

dElectronic mail: mnp@normaplus.com fested as nucleation. One should not exclude the possibility
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for the states of the system below glassification temperature 8
to be below the spinodalliquid-crysta). In this case the
homogeneous states are impossiBi¥ The dependence of
the properties of the system on the cooling tand the
existence of hysteresis in their temperature depend®naa

be regarded as confirmation of the existence of nucleation
processes. The formation of nuclei of the new phase implies
concurrent ordering of the positions of the molecular centers
of mass, the spatial orientations of nonspherical molecules,
the arrangement of H bonds, etc. Strong anisotropy of the
intermolecular interaction, inherent to the glasses, at the fi-
nite cooling rate impedes the process of full ordering of mol-
ecules, thus resulting in the distinction of the nuclei structure
and corresponding value of the free voluth&om that of  FIG. 1. Temperature dependence of the thermal expansion coefficient of
the crystal phase. Further we will call such nuclei “imper- superc_ool_ed glycerol. The points represent the experimental(Bafa 198,
fect.” The degree of “imperfection” of nuclei influences the e S°id line corresponds to the EG5).

difference in the densities of glagg and crystalp., at the

same temperature. On cooling the system the formation of

the stable nuclei takes place in the temperature interval bat. NUCLEATION IN SUPERCOOLED HIGHLY VISCOUS
tween the melting temperatufig, and the temperaturg, in ~ STATES OF GLASS-FORMING LIQUIDS

which the timer,(T) of the formation of the nucleus is equal
to the characteristic time, of the experimentr,(Ts) = 7.
Therefore one can expect the temperafliggo be close to
the glassification temperatufl, .

a, 104K

100 150 200 250 300 350
T,K

In terms of concepts set forth in the Introduction, the
density of the supercooled highly viscous liquifiT) can be
approximated by the expression

_ The degree ef nucleation can be_described by th_e func-  p(T)=e(T)py(T)+[1—(T)]1p(T), 2)
tion ¢(T), which is equal to the specific volume occupied by
the nuclei of the new phase. pn(T) being the average density of nucleie neglect the

Thus we come to the conclusion that the supercooledariation of density in different nuclgip,(T) being the den-
states of the glass-forming liquids are microinhomogeneousSity Of the surrounding liquid.
The nuclei of the new phager strongly bound clustet$29, The spec@fic volumep(T) and the eharacteristic size of
while being an important element of the structure, do notuclei essen_tlally depend on the cooling rate and the degree
relate directly to the formation of the shear viscosity of the0f Supercooling of the systeffi For example, the decrease in

system. The latter is mainly formed by the liquid that Sur_the density of the boron silicate glass at the increase in the

rounds the nuclei. At the same time, the nuclei noticeabl)f;OOIIng rate of melt observed fhindicates in terms of our

affect the behavior of the thermodynamic quantities in anapproach the decrease in the most slowly changing param-

additive way. However, the behavior of the latter is eveneter"u' o .
: : . In accordance with its physical sense, the parameter
more determined by the functio(T) that describes the : . . :
. o . . . @(T) is characterized by the following properties.
behavior of the liquid outside nuclei. In the temperature in- (i) It takes on the constant valug, at temperatured
terval AT its viscosity changes by 10—15 orders of magni- Ps P

S . : <T,. Since the temperature dependem¢@) below T is
tude, and the liquid transforms into an amorphous solid St‘r’lt(?i'neselr the thermal expansion coefficient is constasnt. The
In the present work we intend to investigate the following. :

A) The relation b h q q value T4 bounding the region of the constam(T) (see Fig.
(A) The relation between the temperature dependence qf;iappears to be slightly less than the glassification tempera-

the shear viscosity and the freezing-out of the orientationa,gure T,. The quantitye, is different for different glass-
g S

degrees of freedom and the changes in the density of the, ing substances and depends both on the cooling rate and

system. o _ the nucleation rate in the system.
(B) The peculiarities of the behavior of the thermody- (i) At temperature§ > T, the value ofe(T) monoto-

namic and kinetic quantities stipulated by the existence ohoysly decreases until it reaches zero at the melting point
nuclei in the supercooled states of the system. To.

The approach being developed allows the consistent de- | the temperature interval,<T<T,,, the system is in
scription of the temperature dependence of all the thermodysupercooled states in which the microinhomogeneous struc-
namic and kinetic properties of glass-forming liquids. Attyre forms and the rapid increase in the shear viscosity takes
that, in the temperature intervalT the temperature depen- place. For the values f(T) greater tharp,, the nuclei form
dence is completely determined by two functions of statean infinite percolation cluster. In the assumption of the
¢(T) and(T). In the present work these functions will be spherical shape and monodisperse size distribution nuclei we
determined for glycerol. In future, this should allow them tocan use the valuep(T)~0.29 obtained from the Monte
be used to describe the temperature dependence of oth€arlo simulatior’? One can expect the temperatdrg, de-
thermodynamic quantities; the heat capacity, the dielectriéined by the equatio(T,)=¢,, to be close to the glassi-
permeability, the Debye-Waller factor, etc. fication temperaturd, (see also Ref. 14
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1.4 cous states and manifesteddamelaxation. From the physical
I point of view, the parametep must have the following as-
N ymptotes:
1.35 t ~. 1
. T 1, in low viscosity states, T>T_
) 2. = . . . , 5
£ ~e 0, in highly viscous states, T<Tj ©
> 138r S
g . gradually changing in the temperature interval between
te them. Therefore, the component of density can be repre-
1.25 | ~ sented as
T T, pi=pl (A=) +pVytpVp(L =g+, ©®
12 L L L 1 L 1 L . .
100 150 200 250 300 wherep(" and p{™ should be identified as the values of the
T,K density of liquid in low viscosity and highly viscous amor-

phous states, anﬂf') is the coefficient in the second-order
term in the expansion of density if

The functiony can be determined by fitting the experi-
mental temperature dependence of the shear viscosity of su-
percooled glycerol.

FIG. 2. Temperature dependence of the density of supercgpiedts and
crystal (solid line) glycerol (Ref. 18. The dotted line corresponds to the
linear approximation for the temperaturésT, .

To approximate the temperature dependeg¢&) we
have used the function

<exd — Ts—T 4 T.<T IV. INFLUENCE OF NUCLEATION PROCESS
o(Ty=4 N (3)  ON SHEAR VISCOSITY OF THE SYSTEM
ps, T<Ts Similar to the increase in the concentration of the admix-

which has all the necessary properties listed above. The p&dre particles in suspensions, the formation of nuclei must
rameterA determines the temperature interval in which theresult in the change in the temperature dependence of the
function ¢(T) undergoes the most significant change. Theviscosity of liquid. The behavior of the shear viscosity of
value of the power indefd) corresponds to the best approxi- Suspensions was an object of numerous investigatises
mation of the experimental data by the functions of the formRefs. 23 and 24 When the specific volume of admixture
exp{—[(Ts—T)/AT?. particles is not too high the change in the viscosity of the
In terms of our approach, the density of glagsis de- system can be described by the Batchelor formula
termined by the expression

Po(T)=@spn(T)+(1—0g)p{™(T), (4)

p|(h) being the density of the “solidified” liquid outside nu- — being the Vi itv of th ; being the Vi ity of
clei. The values of the parameters andA can be obtained 7 €ing the viscosity of In€ system, being the VISCosity ot
the liquid, ® being the specific volume of the admixtures in

by fitting the experimental data on the temperature depen-

dence of the density and the thermal expansion coefficient.s_USpenSionRO heing the average radius of suspended par-

Let T, be the temperature below which the temperaturet'de§' aanG bgmg the average interparticle distance. We
n identify® with the functione introduced above.

dependence of the density of the supercooled liquid becom At ©=0.15 the validity of the hydrodynamical perturba-

different from linear, typical for the vicinity of the melting tion th d to derive the Batchelor f lai t iusti
point (see Fig. 2 In terms of the presented approach this 0" [€0ry used o derive the batchelor formuia IS not just-

increase has a natural interpretation. Moreover, the radica“.ed' Intthlsbi:gse(;/vg <]:can empl?)t/hthe elfpre%sglon for the shear
change in the character of the temperature dependence of ti{EpCosity obtained in frames of the cell mo
_density of the quui_d surro_upo_ling nuclei in t_h_e tgmpera_lture 7=nF(y), (8
interval Ta<T<T_ in the vicinity of the glassification point

y(1—v)

T4 should take place. Note, the absence of change in the ()
O N N e P F e

character of the thermal motion in liquid would result in its
density linearly extrapolated from the low viscosity region at

T<T, (see Fig. 2 being greater than the density of the crys- Here, y= RS/R3 andR is the cell radius determined by the
tal phasep., which would be unacceptable. relation

RS
o=—2, (@)
G

7=n(1+2.50+6.202),

(€)

_ 2
IIl. CHANGE IN DENSITY OF LIQUID OUTSIDE R=(apt a;®+a;®")Rs. (10

NUCLEI IN PROCESS OF ITS SOLIDIFICATION The expansion coefficients take on the following valtfes:
To describe the temperature dependence of the density ¢fo=0.93, 1 =0.127,4,=0.03, and

liquid p;(T) in the process of its solidification let us intro-

duce the parametep proportional to the number of the de- — 6¢ (11)

grees of freedom responsible for the formation of highly vis- m(ag+ ago+ ayp?+-+)®
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where ¢ is identified with® as above. At smalib Eq. (8) 12 - - - - y
reduces to the Batchelor formula. However, E®). remains ’
valid for ® up to the value 0.49 corresponding to the dense
random packing of the admixture particfés. 8
The extension of the applicability region of the hydrody-
namic description of the shear viscosity is due to the account
of the rotational motion of the admixture particles. This gives
the hydrodynamic flows, inside and outside the cell, a sym-
metry consistent with the spherical symmetry of the cell.
The viscosity of the liquid outside nuclei should be taken 0
as the shear viscosity; . The magnitude and the temperature
dependence ofy is discussed in the following section. Here Z030 00035 00040 00045 00050 00055
we note in advance that the temperature dependeneg of 1T K
plays a crucial role.

logn, Pa.s

FIG. 3. Temperature dependence of the parametdisg. (3)] and « [Eq.
(191

V. CHANGE IN SHEAR VISCOSITY OF LIQUID
IN PROCESS OF ITS SOLIDIFICATION Since neafT , the parameters undergoes the most essential
changes, the temperature dependencé& pfand b can be

The introduction of the parameter proportional to the . - }
effective number of the orientational degrees of freedo approxmated by the formulas similar to H@) for the den

which “freeze” in the amorphous solid states of the system 1ty A
enables in describing the temperature dependence of the En(¢)=EV(1—y)+EMWy+EVy(1—y)+---, (17
shear viscosityy, . The viscosity of many liquids consisting

=pD(1= (h) () _
of the anisotropic molecules is satisfactorily described by the b(y) =D (1= )+ bWyt b1y +---. (18)
formula The behavior/(T) can be approximated by the function
p( Ea (12) 1 [{ (T_T“’>2 T>T
= exp ——|, —exp — y
NI keT w(T)= 5, ’ (19

E, being the activation energy. The qualitative reasons in 0, T<T,

favor of such a representation were given in Refs. 27 and 28, .., T — 147K A .=100K (see Fig. 3 The inaccuracy in
We note that the activation energy determined from iSObari%eterngnlination of t(/ﬁese quantities is 10 K by the order of
measurement of the viscosity appears to be dependent Qﬂagnitude.

temperature due to the effect of the thermal expansion. “Tne resyits of fitting the experimental data on the shear

Therefore, one should use thle isochoric viscosity of the Sys\?iscosity with help of Eqs(12)—(14), (17), and(18) are pre-
tem to determine the activation energy (see the Appen- sented in Fig. 4. The parametés® and Eg) do not depend

dix). : .
on the value ofpy and take on the following values:
Let Tg be the Stickel temperature at which the asymp- 0 g

totes of Iny as a function of I in low and highly viscous bh=4, EV=~0. (20
regions intersectsee Fig. 4. Then far fromTg (T>Tg) the
temperature dependence of the shear viscagitgf the su-
percooled liquid outside nuclei is described by the formula

It is not difficult to see thab" is proportional to the
distance between the Stickel poiatand the curve Im(T)

E.=EY+b"(T,-T), T>T,, (13
0.4
Eg) denoting the isochoric value of the activation energy.
Similarly, at temperature§<Tg far from Tg the activa- Eogol
tion energy is represented in the form i

Ea=EY"+b"M(T,—T). (14) 0

Taking 7o=10"2Pas we obtain the following values of the

parameters entering Eqgd.3) and (14): 1

EV/kgTm=11, EM/kgT,=18, €05

b'=18.4, bM=623. (13

0
For no=10" Pas 100 150 200 250 300 350
T.K
EV/kgTn=9.5, EU/kgT,=16.5,
(16) FIG. 4. Temperature dependence of the shear viscosity of supercooled glyc-

b"=20.7, bM=64.6. erol. Experimental data are taken from Ref. 29.
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corresponding to experimental data and therefore takes on 1.4
large values for the substances that are “fragile” according
to the Angell’'s classificatior?

The fact that the substitution of the parametesbtained 1.35 ¢ [
from the temperature dependence of the effective activation
energy of viscosity into the Eq6) enables rather successful
reconstruction of the change in the density of the solidifying
liquid in the vicinity of T, , is of particular importance.

1.25

VI. DETERMINATION OF NUMERICAL VALUES

'1.2 1 1 1
OF ¢(T) 150 200 250 300

One can distinguish three different regions in the plot of T.K
the temperature dependence of the densilythe tempera- G, 5. Extrapolation of the temperature dependence of the density of su-
ture intervalT>T_, where the system under consideration iSpercooled glycerol by Eqs2), (3), and(23). The lines represent(T) (solid
liquid in a low viscosity state(ii) the transition regionT,  line), py(T) (dashed ling andp(T) (dotted ling. The points correspond to
<T<T, containing the glassification temperatdig, where e experimental dateRef. 18.
the nucleation processes take plagi) the temperature in-

terval T<Tj corresponding to glass. o The inaccuracy in the determination of these quantities is
The densityp(T) in the regions(i) and (iii) is well ap- gifferent, but it does not exceed 15%. The temperature de-
proximated by the linear dependence pendence of the density is presented in Fig. 5.

pg(T)=pé°)(1+ agT), 0<T<=T,, The thermal exp_ansion _c_oeffi(_:ie_nts of liquid, crystgl, and
21) nucleus satisfy the inequalities similar to that for their den-
p(T)=pV(1+aT), T, <T sities,
with the following numerical values of the coefficients: PI<Pn<Pcr 27)
a<ap<ag’

p\”'=1.314 glem, «y=1.33x10"% K%,

(22)

pi¥=1.271 glem, «=6.01x10"* K1, VIl. CONCLUSION

We assume that) the average density of the substance ~ Main attention in the presented work has been focused
inside nucleus is greater than the density of liqujg but ~ UPon the peculiarities of the temperature dependence of the
less than that of crystal.,, and(b) the structure of nuclei Shear viscosity, density, and thermal expansion coefficient of
after their formation does not change. Therefore the densit§lass-forming liquids. It has been shown that the character of
of nuclei p,(T) can be also approximated by the linear de-the temperature dependence of the stated quantities is deter-

pendence mineq first of all by(i) .the ngcleation processes afid th_e
0 freezing-out of the orientational degrees of freedom in the
pr(T)=pn (1+anT). (23)  liquid that surrounds nuclei. The first mechanism enables

The first of these assumptions follows from the difference int€ Natural explanation of the difference in the densities and
the degree of ordering in the phases under consideration. L&1€ thermal expansion coefficients of the system in crystal
the density of the system and its derivative with respect t§"d 9lassy states as well as in the liquid surrounding nuclei

temperature be continuous & that gradually goes over to the amorphous solid state. The
' second assumption, on the freezing-out of the orientational
Pg(Ts) = @spn(Ts) + (1= @s)pi(Ts) 24 degrees of freedom, is closely related to theelaxation

being the slowest relaxation process in the system. The

ag:(Psa’n"'(l_QDs)al 4 . .
freezing-out of certain degrees of freedom under cooling

where must also influence the character of the thermal expansion of
1 dp(T) the system and the temperature dependence of its density. At
a(T)=— o(T) a7 (25  the same time, “switching off” a number of the intermediate

states of the system results in the increase in the potential
and the behavior g#,(T) is described by Eq6). Then there  barriers separating its available states. This is supported by
are five parametergin(Ts), an(Ts), Ts, @5, andA to be  the character of the temperature dependence of the activation
independently determined from the experimental data. Thenergy.
best fit of the experimental data on the temperature depen- The thermal motion of molecules in the supercooled lig-
dence of the density and the thermal expansion coefficient igid can be also characterized by the mean square displace-
achieved at ments(A 6?) and(Ar?) of the angular and linear coordinates
pn(T9)=1.351 glem, an(To)=1.33x10"% K1, of molecules from their local equilibrium values. One might
(26) expect the following expansion, similar to the expansion for

T,=157 K, ¢s=0.35, A=43 K. the activation energy, to be valid:
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TABLE I. The effective activation energy of nitrogen.

Blazhnov, Malomuzh, and Lishchuk

TABLE II. The effective activation energy of neon.

N2 Ne
p=const P=const p=const P=const
p (glcn?) EV/kgT, P (atm) EM/ksT, p (glen?) EV/keT, P (atm) EM/keT,
0.316 -0.02 250 2 1.160 0.14 300 1.78
0.746 0.2 500 1.95 1.230 0.239 400 1.78
0.807 0.42 2000 2.22 1.312 0.461 500 1.83
0.857 0.54 1.340 0.56 750 1.98
1.000 0.76 1.377 0.752 1000 2.29
APPENDIX: ISOCHORIC AND ISOBARIC VALUES
(A2 ={((AxD)2)(1—y) +{((AXM)Z)yp+---,  (28)  OF ACTIVATION ENERGY

where Ax is equal to eitherAé or Ar. Consequently, the

To investigate the influence of the effect of the thermal

behavior of the shear viscosity and density turns out to b@&xpansion of the system consider the change in the viscosity
related to the properties of the second momex)€. The
deviation of(Ax?) from the linear dependence on T}/can
also serve as a measure of fragility.

The formulas(12)—(14), (17), and(18) can be also used other liquids in a broad region of existence of their states are
to fit the experimental data on the temperature dependence afailable®*=® They are typically characterized by the weak
the shear viscosity ob-terphenyP! At 7,=10"2Pas the
corresponding parameters take values

of

EQ/kgTn=5, E/kgTn=22,

bV=0.7, bM=59.0, (29
b"=10.5, E{=0.

According to Angell’s classificationg-terphenyl is one
the most fragile substances. The equalitt)y

=2.34{), o o justifies the use of the parameteP as a mea-
sure of the fragility.

Note, the temperature dependence of the viscosity o

glass-forming liquids was considered previougy** The

formulas for the temperature dependence of the activati
energy proposed therein can be considered as model expr

sions, first of all, for the function/(T).

The advantage of the approach being developed is th

the introduction of the functiong(T) and ¢(T) provides

natural description of the temperature dependence of diffe

of neon and nitrogen on the isochors, isobars, and liquid-gas
coexistence line.
The detailed data of this kind for these, as well as for

linear dependence of the logarithm of viscosityylon in-
verse temperature T/on the isochors. The corresponding
values of the effective activation energ{”’ =d In 7/d(1/T)
are presented in Tables | and IT{ denotes the average
temperature in the investigated region

Remarkably, the isochoric values of the activation en-
ergy of viscosities are less than the energy of the thermal
noise both for Ne and N Moreover, for densities less than
the critical density the activation energy appears to be nega-
tive. As a matter of fact, this indicates the nonactivation char-
acter of the viscous process in simple liquids as well as in
pore complex molecular liquids.

At the same time, the isobaric values of the activation

6ﬁnergy are about two times greater than the thermal noise.

Sqrthermore, the dependence ofjlion 1/T on the isobars is
noticeably nonlinear. This is the consequence of the influ-

ghee of the thermal expansion effects. In other words, the

effective values of the isobaric activation energy are the

functions of temperaturd F=ES™(T). We emphasize that

. o L . i ity (eff) i i-
ent thermodynamic quantities and transport coefficients ifin€ inequalitye;, “/kgT,>1 cannot be considered as the evi

the glass transition region. In particular, the use of the func-
tions ¢(T) and(T) allows the successfully recovery of the
behavior of the Debye-Waller factor as a function of tem-

dence of the activation nature of the viscosity formation pro-
cess.
The temperature dependence of the activation energy of

perature and wave vector, the behavior of the heat capacityiSCOSity on the liquid-gas coexistence line appears to be

dielectric permeability, static sound velocity, and other prop-
erties of the highly viscous liquids. These problems will be

considered in future publications.
The problem of the physical nature of the temperature
dependences af(T) and (T) is of particular interest.
The numbemny of H bonds per molecule also undergoes _Thonnes, J. Non-Cryst. Solids31, 134 (1991).

an essential change in the supercooled highly viscous region,

thus, allowing the identification of the parametewith the
quantity (1-ny). The detailed analysis of this question is “M. T. Cicerone, F. R. Blackburn, and M. D. Ediger, J. Chem. Phge,
out of the scope of the present paper.

Another important problem that requires separate con-

even more complicated. Apparently, this conclusion remains
valid for the liquids with more complex molecular structure,
particularly for glass-forming liquids.
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