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A working hypothesis has been developed to account for a change in character of thermal mc
glass transition. According to this hypothesis the pronounced onset of anharmonic vibrations
sponsible for a stepwise increase in the thermal expansion coefficiast well as in the similar
temperature change in specific heat coefficigntin this paper the both transitions (the first ord
transition at melting point and the second order transitiofy)aare investigated on the basis of tr
viewpoint connected with the change in characteristics of motion of the particles, so typical
onset of a liquid state. At present, two different definitions for the coefficient of thermal expa
are used. One is usually adopted in polymer physics, where also the statistical approach to |
chains configurations plays the major roleTipdefinition. However, the statistical configuratione
approach of polymer physics cannot be applied directly to the inorganic glasses and also d
provide any explanation of relatively small changescjivalues at melting point transition whict
sometime occur. Using the interpretation of solid state physics, the present paper intends to

first step and bridge over the gap between these two approaches and to explgitrahsition in

dynamic terms, common to the polymers as well as to the low molecular weight substances.
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Extensive literature exists’ providing an overall insight into the problem TBftransi-

tion of polymers. Some authors, like for example Ka&leenphasize the fact that fo
the explanation off; transition the concept of existence of holes does not have t
envisaged explicitly. However, the explanatioriTpfphenomena by FrenRetonnectsT,,,

with the presence of about 7.5-10% of holes or vacancies. For the polymer rheol
the notion which provides the WLF-equation for descriptiomyafansition and concept o
holes is taken as a fundamental t&twhich is granted. In this context it is usuall
assumed that &, for | vacancy, about 40 particles of main chain which undergoes
diffusive jump$%are to be taken into account. The number of the holes is then ass
to grow linearly with increasing temperature abdye One important fact is usually
overlooked when explainingy transition. The origin of this fact goes back to tl
physics of solids in a reasoning such as is given by KitelFrenkel who stated that
the shapes of potential valleys in which the individual particles dwell have subst
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impact on the coefficient of thermal expansion. Substances like graphite of near
characterized by very small coefficients of thermal expansion and also by perfect
bolic shape of potential valleys.

THEORY

It will be proved now that the change in the shape of potential valleys is accomg
by a change in the coefficient of thermal expansion as well as connected with dif
types of motion of individual particles. THE, transition will be understood in thi
sense.

The Coefficient of Thermal Expansion

According to Einsteit’ and Debyé&*, specific heats of solids are connected with 1
vibration of particles around their equilibrium positions. Every particle of mas
which sits in a potential holg characterized by its parabolic shape:

U:UO+%fEZ (1)

undergoes harmonic oscillations under the influence of force

du_

F=—gg =1 )

and exhibits harmonic oscillations characterized by the frequency:
-1
v= ZHV% , ®)

whereU, is the basic level of internal ener@yy & =r —ryis the deviation from the
equilibrium position where,is defined as a distance separating two bottoms of ne
bouring potential valleys. = dPU/dé2 > 0 is the coefficient of the quasi-elastic forc
connected with the bulk modulks (ref?), K" = f/r,. According to Mullet?, substances
like Invar or carbon are distinguished by the harmonic oscillations according td)Ec
and @), and the character of potential holes which is defined by Bqgddes not
change with increasing temperature. The fact that in the liquid the potential hol
not the shape of a paraboloid but rather a “pan-like” shape has already been met
by Hirschfelder and co-workefand recently studied in detail by Luék
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According to Miillet?and Frenkél every compound needs for its thermal expans
to vary the shape of potential valleys in which the individual particles are located
change in the shape of potential valleys is the only way how to achieve the th
expansion of substances with temperature. Such change, however, will influen
strict character of harmonic motion of individual particles. For our purposég afid
T, considerations it seems to be sufficient to add just one perturbation term t9.E
This allows us to illustrate the point. We get:

1 1
U:UO+EfEZ—§gag . (4)

We consider just the unidimensional case only. We assume that for the subs
characterized by very small coefficient of thermal expansion the fungtiorD.

For the choice of thermal ener@yy = 0, the energy has to be equal to energy
of thermal motion, wherk is the Boltzmann constant. We get:

_1
kT=,f& ®)

Where? is the average of the square of deviation from the bottom of potential ve
The average value of the distance between the particles remains constant and e
rosince the mean value &fvanishes. That gives:

g=KT ©)

Let us now consider the case of anharmonic fér@eting in a nonideal case on
particle sitting in a potential valley given by Ed).(

S TR ™

Putting its mean value equal to zero gives:
Fay=0=—fE+0E2 . @®)

Equation 8) provides a relation connecting the average devi&_tiwith the shape of
potential valley for real substances. We get:
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£=02+0. ©)

For harmonic oscillationg§ would be zero. It can be seen that due to anharm
character of thermal motion the average position of partécless been shifted.

Provided that the particles have been separated by distgreecel the change in
character of motion for the temperature changeéhds been characterized by increa
ingfromg - 0 tog, then for the relative displacemddtand coefficient of thermal
expansiona it is:

D=5 (10)
)

Substitution from Eq.6) into (9) and @0) will give:

_1® _1g
=y AT T, 2 (19
=

G T T

wherea,, a, are the coefficients of thermal expansion for two different levels of
perturbation functiory’, g in the solid—liquid transition.

_1dAt_1g-g -
Acx—ro ar r, P k, where Aa=0a,-0; . 3

From the Eqs&)—(13) it can be seen that the coefficient of thermal expansion ca
associated with the anharmonic character of thermal vibrations. Its sudden chanc
is associated also with different characteristics of the thermal motion of particle
that transition not only the rigidity of substance plays role for a changeahich is
expressed by the presence of functiplbut also the perturbation functign-g' regard-
ing the shape of potential valley makes the sudden changeassible. We can now
associate the change anin Eq. (L3) with the change im for polymers aff; which is
about the sanfe

AaTy= (o, - ag)T,=0.115 14)
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Ao = (15

aa=229 16)

With the Egs 15) and (6) we arrive at a new point of view updgtransition which
associates thgg transition with an onset of new form of vibrations, which is pertin
to every particle of the system. Let us discuss this point of view in the following t

The Change in the Characteristics of Vibrational Frequency

From Egs §)—(16) it can be seen that thi transition can be envisaged as a sudc
variation in the functiorg. If the substance is taken as an ensemble of vibrating
monic oscillators which move with characteristic frequenaynderT,

v:%_[V# , a”n

wherem means mass of individual particles, then abBy@vhere we assume that th
anharmonic character of motion is taking place) a new term appears in the soluti
& (ref?4).

For w = 2nv for the anharmonic oscillator we get according to Kittel and
authorg*

&= A%posoot ~ig cos m% . 18
0 6 f 0

The solution for the anharmonic oscillator is characterized by two different frec
cies. The influence of the second term depends upon the rajit of

We can see that the phase transifigron microlevel has a dynamic character a
opens new opportunities for mechanical movement for every particle in the sa
This can explain the stepwise change indfat T, (ref1”). The presence of holes doe
not affect thec, too much inT, vicinity as it is shown in variation of, data for
inorganic and organic substantas well as for the polymers d&ta®in T, areas. The
substances undergo a much larger change regarding the volume (stepwise chiBpg
where a much larger amount of holes are created. A question arises whether the c
of holes is realistic. Here it must be emphasized that Hirshfélaesumes the numbe
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of vacancies to reach the number of particles even at critical conditions. We can
age the structure which will have even higher amount of vacancies at that poin
Figs 1 and 2).

As we will show in the Example below and in Appendix, the coefficient of ther
expansiona can be distantly related ff, of the envisaged subsegment which und
goes the thermal jumps motion abdkg pointing thus to the physical background
functiong.

We can conclude that the holes contribute to the combination entrdpyoatat T,
(ref.?) where the specific heat curves look like the Dirac delta functions in shape.

Fe. 1
The notion of critical state according to
Hirschfeldef® and Curtis&®. The notion
which explains the fact that in critical state
there are so many vacancies that the liquid
phase is loosing its continuity in the two-
dimensional model pictured. According to
this notion there is, at the critical state, about
the same number of holes as particles. The
total volume contains about 50% of holes.
(Note: V= 2b; for a Dieterici Eq.)

Fic. 2
The extrapolation of two-dimensional case of
Hirschfelder, Curtis$?° and Bird®. If it is
assumed that the increase in number of holes
will cause the interruption of the phase in the
vicinity of T, then the number of holes will
exceed the number of particles in the ratio of
1: 2. In the area of typical pressures 20—200
atm the holes appear to be almost incom-
pressiblé. (Note: V. = 3b; for the van der
Waals Eq.)
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Table | shows that many substances chaggsfter melting only little or not at all
(see Table II). It is also seen that the presence of about 10% of holesTafmnes not
result in a big change igy values. Therefore at;, where the number of holes (accor
ing to Ferry, Buechéor Greasle}’) is much smaller than &, the change i, can
also be explained differently, which our concept of Ei3—+{(18) does seem to accom
plish.

In the case of Table Il the solution of the anharmonic oscillator has to be searc!
the form of Eq. 18) for two different values of gg(# g') for the liquid—solid transition.
The change in the second term in the bracket of B).lrings the change ig, values.

For the character GfF,, transition let us quote FrenRel'We must finally stress the
well-known fact that the specific heat of condensed bodies is only very slightly affi
by fusion, being somewhat greater just above the melting point than below it.
means that the character of the heat motion in liquid bodies at least near crystalli
point, remains fundamentally the same as in solid bodies, reducing mainly to
vibrations about certain equilibrium positions and in case of diatomic and more
plex molecules, to rotational oscillations about certain equilibrium orientations”.

From Table | and by assuming the presence of about 10% of holesRpbwvan be
concluded that the vacancy itself does not carry any substantial heat capacity alo
behaves like a particle in the combination sense only, and even though for the cr
of the vacancy the evaporation energy of the particle approximately is needed.

TaBLE |
The c, values of some compourtds for which vibrational character of thermal motion does n
change substantially at melting point. LDPE and HDPE stand for low-density and high-density
ethylenes, respectively

Compound Na Hg Pb Zn Al LDPE HDPE
Cp(s), cal/mol 7.6 6.7 7.2 7.2 6.8 ¢4 0.35
Coq): cal/mol 8 6.7 7.7 7.9 6.8 0.35 0.35
2 callg.
TasLE Il

Example of the compounds for which tfig, transition is accompanied by a larger change,in
values

Compound N Cl, Br, CH, NH3 CsHg
Cp(sy cal/mol 11.3 14 14.1 10.6 12.2 26.6
Coq)s cal/mol 13.1 16.2 17.1 13.5 18.4 30.1
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EXAMPLE

To relate the functiog to the thermodynamic state variables, the van der Waals e
tion can be rewritten into the following form:

v=bs+ PPERTERVR: | (18
0 0

where the constants b have the usual meaning.

If one neglects the cubic and quadratic terms in this equation, the solution c
remaining linear equation will be a crude approximation to the lowest root of the ori
equation, a root that must correspond to the volume of the liquid. This crude ap
mation, which is the lowest possible value tWatould approach, is simply =b.

A substitution of this approximation into the right-hand side of EF),(than yields
a better approximation,

v=bH + 2R p1+a) | )
ad a g
Puttin b as 1 we geta as:
Ya 27pb g '
_ R
O(_27pcb . (]3]

(As it is shown in Appendix, thp, for the polymer subsegment can be related to
cohesive energy density of the given polymer or to the solubility paranpetef).)

Comparing with Eqs1(1)—(13): a :rl%k and keeping in mind
0

roKP=f , 4B

whereK” is the bulk modul’ we can get:

_ 1 _1 gk
Ok g (ko 68
_ R _ Nk 1 gk
@7 2mb " 27b 1 (KR ©
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and takingN,r§ as approximately equal tth we get:

KINAF) _ knb _ kn _ gk
=== 7B
27pb ~ 27pb " 27p, (KD

wheren will be a multiplication constant reflecting the local packing.
Furthermore:

_(K?n
g - pc 27 (8E)
or taking into account that:
p.V,
ar =L (9E)
Cc
we get:
_ (K9, 108
ZRT,

Taking into account that for the majority of liquids the bulk modulus in compres
is approximately the same, we can say that, for low-molecular substances, the r.
critical volume to critical temperature will play the essential role in determinatio
functiong. For the polymers then we can assess the size of the subsegment whicl
to move and be mobile &} because, according to Hirschfelder, for the low-molect
substancé$it is T,,/T. = 2/5 and, according to BrydsBhfor the subsegment which i
trapped into the crystal the approximate relation betwgamd T, is T/T,, = 2/3; thus
for the determination of we can approximately write:

L (K)? 4V
9=ZR 15T, (118

or simply, sinceV,= 3b, we can write:

rel. size of the subsegment
g= = gme 128
g
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Note that this ratio already appears at the left-hand side offEjwhere the term
p.b is expressed properly.

The relative size of the subsegment can be estimated from the polarizabiliti
individual atoms. Keeping in mind that the polarizability of carbon atom is 0.93*ch,
we express the individual relative size of atoms as it folbws

(taking C =1) Cas 1; Has 0.4; Cl = 2.2; O =0.8; N = 0.9. Furthermore, we
compare the relative size of polystyrene monomer unit (which is taken as a stal
with the relative sizes of subsegments for the other polymers which presumab
play the equivalent role ifiy transition. We are keeping in mind that only for the mt
rude approximation the van der Waals coefficienan be calculated by the addition
individual atomic polarizabilities (ref2?): b = 18.61,,, N, Wheret,,,, stands for the
sum of the individual atomic polarizability contributions. This is the most simple
mula. For more precise calculations a correction must be made for the presel
double and triple bonds, molecular geometry, intermolecular interactions, as well
the electrons of free pairs.

We can compare the polystyrene monomeric unit with the polybutadiene mono
unit and PVC dimeric unit exactly:

Polystyrene:

Relative size of monomeric unit is 1178;= 373 K;

rel. sizely= 3.10 . 10%

[ CHyCH |-
\
C6H5

1,4-Polybutadiene:
Relative size otis-1,4-polybutadiene monomeric unit is 6F;= 202 K;

rel. sizely= 3.07 . 10% —f CHCH=CH-CH}-
PVC:
For dimer: Relative size of dimeric unit is 10]%;: 351 K;
H — 2
rel. sizely= 3.16 . 10~ [ CHCH-CH-CH -
| !
Cl Cl

Here we can see that the size of the openingd foransition must reach twice the siz
of monomer unit in order to accommodate the proper valudg. ddowever, for poly-
propylene a strange torso of dimer has to be taken as the basic unit to be relggse
It is a dimer minus —CH group:
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Polypropylene:
Relative size of dimer torso is Eli'g =273 K;
rel. size of uniffy= 3.28 . 102

H-CH-CH-CH-}
CH, CH

The size of an average holeTgftransition for the polypropylene system seems to
larger than is the size of monomer unit but smaller than is the dimer unit. The re
of units smaller than indicated in the torso unit, if they occur, must take place at
lower temperature than i§, or otherwise, the intermittent unit must “wait” for it
release till the larger vacancy abolgor in vicinity of Ty) is created and larger block
are released. The release of smaller units can probably be associated with the e>
of the so-called beta or gamma maxima. Here seems to be the origin for different
of T, reported for polyethylene in literatdfewhere the groups of different siz
—(CH,)n>— can be involved. Thus Brydson has reported eleven different valdg's o
for polyethylene from a range af 0 [3130°C; +60 °CLl Just an opposite effect wa
observed with poly(vinyl acetate) where the group pictured gives the correlatioins
transition (monomer plus —GH group):
Polyvinyl acetate
Relative size of the unit is 9.8, = 301 K
rel. sizely= 3.16 . 10% [ CHCH-CH1-
0-C=0
CH,

Because of the absence of precise data regarding the bulk modulus whose
enters intog function formula and also because of the approximate value o th
coefficient we will stop our considerations at this point, hopefully showing just
direction for possiblg function analyses and evaluation.

The constant values in the above-mentioned ratios are not accidental and «
obtained using an independent way.

According to Buech&“lt appears that the segmental jump frequency is essent
the same for all materials as their glass temperatures”. The viscositeg, reach the
values of 18&° poise. Kauzmadt referring to Eyring’s theory stated “The raktg at
which its molecules jump from one equilibrium “lattice position” in the liquid state
another is given by

1_NA

n Ikt °’ (138
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wherek is the Boltzmann constarii,is the absolute temperatudeand! are lengths of
the order of molecular dimension, aAds of the order of such dimensions squarel
For A = Al andn = const. aff,we get:

1_A

3
kT (149
which is an analogous expression to ERH).

However, we have to say at this point that, as a result of certain “arbitrariness”
choice of the subsequent sixin the above-mentioned examples, the Bueche’s
sumption can be fulfilled just roughly or, on the other hand, the satisfying of Bue«
assumption would mean that the monomeric unit need not necessarily be the ur
lease” for the diffusion jump motion &t

Thus the analyzes leading to E§2E) have been roughly confirmed.

CONCLUSIONS

Using the simple idea about the shape of potential valley in which the individua
ticles of substances undergoe their thermal vibrational motions, it was possible t
vide semiquantitative approximate approach which allows slightly differ
understanding of , transition. According to the method presented, the changeain
Tyis associated with deformation of potential valleys in which the thermal motions
place and also with linear grow in number of vacancies albgvEhec,change is then
associated with an onset of anharmonic motion in the whole field of particles v
form the system.

It is stated, that afgonly a very small amount of vacancies is created which it
cannot be responsible for the constant increase ig,Weues abovd,,. (The stepwise
change inc,at Ty.)

The onset of anharmonic motion abdlgs connected with increase in the avera
amplitude of vibrational motion as well as with the onset of motion which is che
terized with a different frequency. This change, which results in a sort of wobl
motion, affects every particle of the system. This would affect also the sharp char
fluidity of the system abové&ywhich can hardly explain the “static” notion about tt
imperfections or defects in lattice structure (1 hole per 40 particles). The perturk
term g must, in the course of time, always compensate the shape of the botto
potential valleys in such a way that for a very small displacement of particles the
du/dg = 0, which seems to be a characteristic of liquid state.
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APPENDIX

The Polymers and the Concept of a Liquid State

For amorphous low molecular weight substances the liquid state can be defined
the Vogel's temperature between the pointdpdn one side of the temperature inte
val and for the point of . on the other side of the temperature scale.

In this context thdl temperature is defined as such a temperature above whicl
liquid phase cannot exist under elevated pressures. The reason for this behav
usually not connected with any particular picture or model. In our approach, whi
pictured in Figs 1 and 2, however, the disintegration of liquid phakgaites place as
a result of abundance of holes. This can be envisaged by visual models as well :
from the equations of state where for a Dieterici equation wevget 2b or, for
example, for a Peng—Robinson equattor, = 3.%. The relationV, = 2b agrees well
with experiment for the substances with [&usuch as is heliut, for example, but for
the hydrocarbons with highdt level'®, the Peng—Robinson relatf@, = 3.% fits the
experimental data much better.

The polymers in rubberlike state contain slightly more than 10% of vacancies &
their melting points and slightly more than 2.5% of vacancies for amorphous ph:
the temperatures abovg. If polymer is heated up to the boiling point of its monom
about 30% of holes (by volume) will be present. This is essentially the same ar
which would be expected for a monomer where the amount of holes at boiling
depends on the separation of the boiling point fromTihe T, points. Polymers differ
from low molecular weight substances only in one characteristic feature which c
that the polymer (as a result of mutual segmental connection and entanglements)
form a gas phase. Therefore the poinTgfor a polymer has an only illusory meanin
without any practical significance. Not mentioning the fact that every known poly
also thermally disintegrates at much lower temperatures. However, the critical pre
of a subsegment has a connection to the solubility paraihetst therefore to the
density of cohesive energy. The critical pressure of a subsegment has a qui
meaning for the amorphous polymers. Some authors which work in the polymer sc
in the theory of solubility’ are working quite comfortably with the “envisag&dextra-
polations” for a polymer or its segment and also mainly pjthalues for polymeric
subchains. According to Lyndersénthe corresponding value pf for any particular
subchain of the polymer can be calculated by using the additive rule formula. Fo
molecular weight substances Hildebr&iatated thad = 1.25p.}?, wherep,is in atm
andd is the solubility parameter in (cal/éH2

In analogy to the calculations presented in this paper the polymer chain segment
selected and its “hypothetica, calculated® on the basis of the Hildebratfdormula
as well. The segments which can fit Hildebrand’s formula can be taken as
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segments which take part in the process of polymer chain diffusion in the rubbe
state area.

This segment which was determined through such a procedure does not have t
cide with the subsegment presented in above Example, where we have tried to
the rule of constant frequency of diffusion jumpsat

To conclude this Appendix, we can say that the polymer segments in rubbe
zone are in the state of a liquid with all its attributes, only with an exception w
stems from the polymer disability to form a gas phase, as a result of segmental conn
and entanglements.

SYMBOLS

a, b constants of van der Waals equatié(energy volume)b (volume)
specific heat at constant pressure

proportionality constant of harmonic force (energy/lefigth
function of potential valley distortion (energy/volume)

Boltzmann constant

the rate at which the molecules jump from one equilibrium position to the other
length of the molecular dimension

mass of the particle

multiplication constant

the rate of molecular jumps in liquids

critical pressure

the surface of approximate size= Al

force acting on the particle

modulus of the material in compression

Avogadro number

universal gas constant

temperature, K

melting point temperature

glass transition temperature

energy connected with attractive forces

lowest level of energy of attractive forces

critical volume

molar volume

Zc= pVJ/RT:

coefficient of thermal expansion

o1 the coefficient of thermal expansion in the glassy state (based od@gélL())
o2 the coefficient of thermal expansion abdig(based on Eqsl(), (12))

(@]
°

TS 3"Fzma~

*

cCcgagAd4mzZ2RxT>
S 3 >

2N <<

oL coefficient of thermal expansion aboVg(based on experiment)

og coefficient of thermal expansion beldly (based on experiment)

n viscosity

A length of the molecular dimension

& the coordinate signifying the deviation of particle from the bottom of potential vall
3 the average value of coordinate
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& the average value of the oscillations of the individual particle b&lpw
& the average value of the oscillations of the individual particle abgve
Y frequency of the particle oscillations beldy
v frequency of the particle oscillations abokg
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