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SUMMARY: The idea of anharmonic oscillations has been extended to explain 
the glass transition or melting point. All ideas of ftee volume, vacancy transport, 
etc., have been respected but are treated as minor phenomena relative to 
harmonic-anharmonic vibration transition. A simple model of coupled oscillators 
is studied. It is shown that coupled anharmonic oscillators can produce vibrations 
on entirely different levels of amplitudes, which explains the highly different 
coefficients of thermal expansion and cp values for solid and liquid states. At 
higher temperatures, for polymers in the rubber-like zone, the theory of 
anharmonic coupled oscillators brings certain justification for the theories of De 
Gennes, Doi and Edwards or Rouse. The solid-liquid transition seems to be 
connected on microlevel mainly with the enlargement of vibrational amplitudes of 
monomer or dimer units in polymer chain as the temperature increases. 

Introduction 

For a long time it has been presumed that the problem of T, transition is mainly related to the 

conformational changes of entropy'-7. The physicists working in the area of polymers have 

even made up their own definition for the coefficient of thermal expansion ct and its change 

A a  at T,. For the definition of specific heat coefficient, c,, these authors5-' used a linear 

oscillator concept (which brings ct = 0). For the definition of change in Ac, at Tg, the trivial 

Eq. 1 has been used5: 

T, 

In this form, the entropy change AS can have a conformational as well as the vibrational 

origin. This fact has been discussed extensively in a recent work by HlavaEek and co- 

w o r k e r ~ ~ , ~ .  The traditional approach'-7 has never been able to cope with the fact that cp, after 

passing through a peak reminding the Dirac's delta function at T,, can reach the lower level at 

temperatures above T, + AT (where AT > 0) with respect to its original level before reaching 

the melting point'o.'' T, - AT. In this contribution, we would like to concentrate our effort on 

the explanation of the T, transition through the anharmonic vibrations and drastic amplitude 

0 WILEY-VCH Verlag GmbH, D-69469 Weinheim, 1999 CCC 1022-1360/99/$ 17.50+.50/0 



28 

changes in the T, vicinity. We have to note here that the use of anharmonic oscillators has 

been mentioned by many authors in the in connection with the characterisation of the 

T~ 

Furthermore, regarding the explanation of tunnelling state phen~mena’~,’’, the boson 

or the Johari-Goldstein p-maximal’, the non-linear shape of potential valleys of particles has 

been considered, too. 

These authors, however, have never used, to full extent, the mathematical possibilities which 

the non-linear anharmonic oscillator can offer’,’. The isolated non-linear oscillator will show 

the double fkequencies and pulses which can interfere with the nucleation of crystals’. If the 

individual oscillators can interact on the similar frequencies, then the individual particles can 

undergo a discontinuity in amplitudes (the amplitude jumps)8z9. Such an amplitude jump of a 

monomer or dimer unit will push aside the particles in its vicinity in a liquid state, forming 

thus the vacancy opening space. 

The enlargement of the amplitude can be detected through the methods of neutron scattering” 

which can provide the information about the average vibrational amplitude (the Debye-Waller 

factor). 

However, even more information about the free volume can be provided by the PASCA 

(positron annihilation spectroscopy) mea~urements~’ -~~,  which can even detect the 

distributions of vacancies in the matrix space. 

Theory 

The basic misapprehension which has sometimes been passed on in the early works dealing 

with T, transition has its source in the disregard of two facts: one of them results from the 

omission of solid state physics definition of “a” 34-37; the other stems from the fact that the 

meaning of the conformational part of entropy in Eq. (2) was overemphasised in the vast 

majority of cases: 

S = k In Wconf + k In Wthem (2) 

where k stands for the Boltzmann constant. 

This reality was well understood by Goldsteinlz2” who presumed the following partition 

function: 
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In our theory, we will presume that the T, transition is associated with release of vibrational 

motion of monomer or dimer units in the rotational sense as, e.g., is the rotation of a benzene 

ring around the CH2CH2 group in polystyrene chain. The vacancy thus created can have a size 

larger than 100 A3 above the T, area26. For inorganic glasses, the substructure of Si04 

tetrahedron is supposed to be released in the T, v i ~ i n i t y ~ ' , ~ ~ .  Below (T, - 52) K, only a very 

small part of particles can undergo a finite displacement. 

So B ~ c h e n a u ' ~  presumes only tunnelling states per atom and about states 

connected to boson peak at very low temperatures. If we disregard the motion of side chains, 

then below T,, Eq. 2 will have the form: 

s E k hWtherm (4) 

as a consequence of Wconf ~ 1 .  

The Kauzman paradox of negative entropy (the so-called entropy crisis) can never 

occur, because just one part of entropy under T, disappears. For polymers, the value of cp per 

atom is approximately4' k or 2k and forms a sort of analogy to the Dulong-Petit rule for 

metals4'. In his early work Gibbs' avoided the thermal entropy contribution' completely. Later 

Di Marzio and c o - w o r k e r ~ ~ ~ ~  have coped with this insufficiency and took a correction 

considering the vibrational part of entropy as well. They were referring to a work by Einstein42 

which can lead to correct prediction of specific heat cv, but cannot correctly predict the 

coefficient of thermal expansion a. 

The potential valley, in which the individual particle is assumed to undergo a vibrational 

motion, in the following form, 

1 1 
U - U  - - k T = - e 2  ( 5 )  O-2 2 

kT 
f 
- = 6' 

will always r e s ~ l t ~ , ~ , ~ ~  in the coefficient of thermal expansion a = 0. 

In Eq. ( 5 ) ,  the UO is the reference energy level which can be taken as equal to zero; 6 = r - ro is 

the deviation from the bottom of potential valley; ro is a distance separating two bottoms of 

potential valleys; k is the Boltzmann constant and f is related to the bulk compressibility 

modulus; K* = fho. 

For the non-linear form of potential valley, 
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1 1 u - u  - -g ’  - - g < 3  
O - 2  3 (7 )  

the non-zero coefficient of thermal expansion can be defined8s9,37.43 as 

It is evident that even this definition does not have to be perfect. However, as it has been 

already shown by Kitte134, the inclusion of a higher term in the power series development, in 

analogy to Eq. (7), will not bring any difference into the definition of a. 

This type of potential valley is generally considered in physics of inorganic glasses’6-18320. 

Usually the authors do not consider any possible interactions of particles with the particles 

located in the neighbourhood. The interactions with neighbours can bring the isolated particle 

on a completely different level of for which the particle, if left subsequently isolated, has to 

be associated with the different anharmonicity level characterised through a completely 

different ratio of gifz functions. This stems from Eqs (6) and (8) as well as from the 

expression for the average force acting on the isolated particle ( FAv = f <  - g<’ = Oand 

- g, < = -< ). The non-linearity can be also considered through the variations of coefficients of f 

the second order differential e q ~ a t i o n ~ ’ ~  together with the addition of the right-hand side to Eq. 

(10). A variety of particles interactions can be considered. 

- - 

For the particle motion in the potential valley we get 

where the angular frequency p is presumed to be close to the characteristic (eigen) frequency 

w of free vibrations. The right-hand side of the equation stands for the particle interactions 

with its neighbours. 

By using the mathematical methods described by M i n o r ~ k y ~ ~  or Tockstein4’, the non-linear 

system of the second-order differential equation can be turned into two separate differential 

equations of the first order with variables A!, A2 (corresponding to A,  = d</dt and A2 = f(A1, 

<, t, a1 I, ..., etc.) for example) and subsequently even the time dependence can be eliminated. 
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We thus get 

and choosing 

- a ,  = a l l  +a22 (13) 

a2 = a I l a 2 2  + a I 2 a 2 I  (14) 

we can arrive at the time-independent amplitude representation of the problem (See Figs 1, 2, 

3) where the type of the motion is defined through different ratios of constants a] and a2. 

Providing that we can choose the point C in Fig. 1 as the point of small spatial vibrations 

Smax -+ 0, then the curves a and b in Fig. 1 will reflect the different levels of amplitude 

fluctuations. In Fig. 2, we can see (expressed by the dashed line) the particular amplitude 

shrinkage and in Fig. 3, the amplitude enlargement (both accompanied by a] f 0). 

A2 

- 

Fig. 1 The shifted amplitude coordinate for 
the anharmonical oscillations, where the 
point C represents the origin of coordinates. 
Curve a represents the smaller amplitude of 
vibrations (solid state) and curve b the liquid 
state (a] - 4a2 < 0, al = 0 )  2 

A2 

@J) 
C 

Fig. 2 A schematic representation of the 
amplitude diminution proceeding in stages 
from curve a toward b and, finally, c (a,’ - 4a2 
< 0, a2 > 0, a l 2  0). 

In such a way, a passage from the solid to liquid phase or from the liquid to gas phase can be 

treated’. In polymers, we have to concentrate our effort on T, or T, transition oiily because the 

gas phase, as the consequence of entanglements, cannot be considered. The question which 
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can be raised at this point is: Can we find any experimental support, for “the amplitude 

switch” at T, or T, transition, to justify our approach to the phase change ? 

Fig. 3 

A schematic representation of the amplitude 
enlargement proceeding in two stages (al’ - 
4az < 0, a2 0, a1 0). 

Experimental support for the theory presented 

The neutron scattering data2’ present the most convincing evidence of the average amplitude 

rise in the Tg vicinity. The average amplitude of vibrations starts to rise slowly at Vogel’s 

temperature, and at T = T,, (Tcr is the so-called crossover temperature; T,, = 1.2 Tg), the 

constant slope of the average amplitude rise is established for area of T 2 T,,. It has clearly 

been shown by Buchenau and Zorn” that the average amplitude rise has a continuous 

character, which implies either that the individual particles enter the higher-level amplitude in 

one-by-one sequence or that the rise of amplitude itself has a continuous character. At T,, a 

discontinuity in the average amplitude was reported”. This would indicate a sudden 

discontinuity in amplitude for groups of particles. 

We assume that the vacancies are created in the liquid matrix through the high-amplitude 

motion of the particles. In such a case, the vibrating particle is able to push aside the 

neighbouring particles in its vicinity. The PASCA rnea~urements~’ .~~ give us the complete 

evidence about the excited particles only because in their vicinities, the actual vacancies are 

assumed to be created. 

The vacancy size is proportional to the amplitude of vibrating unit [A”. In Fig. 4, we can see 

the radius of the average vacancy, in Fig. 5 ,  the average vacancy volume for 1,4-cis- 

poly(butadiene), based upon the outstanding experimental work by BartoS26 and co-workers. 

In Fig. 6, we can see the characteristic curve for an electric circuit with high ohmic resistance 

described by M a r t i e n ~ e n ~ ~ ,  which has been used as an analogous device for the description of 

amplitude switch in the T, vicinity’, where a very high viscosity4’ occurs. 

- 
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The basic conclusion of the theory is that the amplitude change (Figs 1-6) will play a major 

role in the definition of the liquid state and in its transition into the solid or the gas state. The 

vibrational amplitude rise will be the major cause for the solid or the liquid volume 

enlargements. These enlargements can proceed either through continuous changes or through 

a sharp discontinuity. In such a way, the non-linear mutually interactive oscillators system can 

successhlly cope with the first-order as well as with the second-order transitions in the liquid 

state. 

Vacancy diameter [A] 

Fig. 4 The most probable vacancy diameter 
of cis-1,4-poly(butadiene) as a function of 
temperature (Tg = 168 K) 26.  
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Fig. 5 The volume of the highest occurrence 
of vacancies of cis-l,4-poly(butadiene) as a 
function of temperature. 

Fig. 6 The current vs voltage dependence for 
a non-linear electric with additional 
200 Q resistance in series, reported recently9. 
The high ohmic resistance in electrical circuit 
corresponds to high viscosity damping force in 
a mechanical analogous device. (The viscosity 
of l O I 3  poise is expected to occur in the T, 
vicinity.) 

The implication of the theory for polymer rheology 

In polymers, it is interesting to note that the conformational statistic approach in true sense 

comes into play immediately above the T, temperature. The directional character of the 
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coordinative motion is usually characterised by the soft dumb-bell distribution of relaxation 

time according to the Rouse theory4*. 

The polymer chain can be represented as springs and beads connected in series. The springs 

will represent the randomly agitated spots in liquid, while the beads represent the stagnant 

areas, which seems to fit very well ow concept of mutually interactive oscillators. Such a 

system will always produce the randomly agitated spots in the liquid matrix as well as the 

“anchors” or stagnant areas. The same can be stated about the theories of de G e n n e ~ ~ ~  and 

Doi and Edwards”. De Gennes, who claimed that a chain can move along its own tunnel in 

the form of reptation from its snake-like character and diffuse freely in its own tunnel in the 

rubber-like zone, was quite correct because different parts of a macromolecule, at constant 

temperature, will be undergoing a different level of thermal agitations in the course of time. 

The fluctuations in level of thermal vibrations will, from time to time, give the extra energy to 

any part of the segment to get “self-dislodged” out of its local energy barrier or entanglement. 

The level of thermal agitation along the chain will fluctuate in time for individual chain 

segments and the polymer chain will show up strong time-changing inhomogeneities on the 

level of local thermal agitations. The inhomogeneities in thermal agitations will not be fixed 

in one position, but will be created and annihilated randomly along a chain in the course of 

time. At the same time, the stagnant areas can work as anchors not allowing the agitated parts 

to get lost too far away from the tube area. 

The terms like ‘reptation’, ‘tube length fluctuations’ and ‘constraint release’ will be 

understandable in this context. 

Beside the support for the theories of de G e n n e ~ ~ ~ ,  Doi and Edwards”, the vibrational 

amplitude fluctuations theory also falls in line with the experimental evidence, which 

suggests a sharp rise in fluidity above T,, where the system has just slightly more than 2.5 % 

vacancies. Such an increase can hardly be explained by the static perception of structural 

deficiencies only. 

References 

1.  J.H. Gibbs, J. Chem. Phys., 25, 185 (1956). 

2. J.H. Gibbs, E.A. Di Marzio, J. Chem. Phys., 28, 373 (1958). 

3. E.A. Di Marzio , J.H. Gibbs, J. Polym. Sci., 40, 121 (1959). 

4. E.A. Di Marzio, J.H. Gibbs, J. Polym. Sci., A I ,  1417 (1963). 

5. G. Adam, J.H. Gibbs, J. Chem. Phys., 43,  139 (1965). 



35 

6. E.A. Di Marzio, J.H. Gibbs, P.D. Fleming III., I.C. Sanchez, Macromolecules 9, 736 

7. E.A. Di Marzio, F. Dowell, J. Appl. Phys., 50, 10 (1979) 

8. B. HlavaEek, J .  SouEek, L. Prokfipek, M. VeEeia, J.  Polym. Eng., 17, 111 (1997/1998) 

9. B. HlavaEek, V. KPesalek, J. SouEek, J.  Chem. Phys., 107,4658 (1997) 

10. E. Bartholome, A. Eucken, Trans. Faraday SOC., 33,45 (1937) 

11. G. Poschl, E. Teller, Z. Phys., 83, 143 (1933) 

12. M. Goldstein, J .  Chem. Phys., 67,2246 (1977) 

13. M. Goldstein, J. Chem. Phys., 64,4767 (1976) 

14. V.G. Rostiashvili, V.I. Irzhak, B.A. Rozenberg, Steklovanie polymerov, Khimiya, 

15. G.V. Kozlov, D.S. Sanditov, Neorganicheskie efekty i fiziko-mechanisticheskie svoistva 

16. V.G. Karpov, M.I. Klinger, F.N. Ignatev, Zh. Eksp. Teor. Fiz., 84, 760 (1 983) 

17. U. Buchenau, Philos. Mag. B, 65, 303 (1992) 

18. U. Buchenau, J. Mol. Struct., 296,275 (1993) 

19. G. P. Johari, M. Goldstein, J. Chem. Phys., 55,4245 (1971) 

20. U. Buchenau, M. Zorn, Europhys. Lett., 18, 523 (1992) 

21. Y.C. Jean, Microchem. J. ,  42,72 (1990) 

22. X. Hong, Y.C. Jean, Hsinjin Yang, S.S. Jordan, W.J. Koros, Macromolecules, 29, 7859 

23. Y.C. Jean, Y. Rhee, Y. Lou, H.L. Yen, H. Cao, K. Cheong,, Y. Gu, Phys. Rev. B., 54, 

24. Y.C. Jean, Macromolecules, 29, 17, 5756 (1996) 

25. Y.C. Jean, Q. Deng, T.T. Nguyen, Macromolecules, 28, 8840 (1995) 

26. J. Bai-toS, P. Bandiuch, 0. SauSa, K. Kriitiakova, J. KriStiak, T. Kanaya, W. Jenninger, 

27. T. Kanaya, K. Kaji, J.  BartoS, M. Klimova, Macromolecules, 30, 1107 (1997) 

28. J. Bai-toS, J .  KriStiak, T. Kanaya, Physica B, 234,435 (1997) 

29. J. BartoS, Colloid Polym. Sci, 274, 14 (1996) 

30. J. KriStiak, J. Bai-toS, K. Kriitiakovh, 0. SauSa, P. Bandiuch, Phys. Rev. B, 49, 6601 

3 1. J. BartoS, K. KriStiakova, 0. SauSa, J. KriStiak, Polymer, 37, 3397 (1996) 

32. J. BartoS, J. KriStiak, “Free Volume Aspects of the Strong-fragile Classification”, J. Non- 

33. J. BartoS, “Relationship Between Fast and Segmental Dynamics”, J. Non-Cryst. Solids, in 

34. C. Kittel, Introduction to Solid State Physics, 3rd ed., Wiley, New York, 1966, pp. 184, 

(1 976) 

Leningrad, 1987 

polirnerov, Nauka, Novosibirsk, 1994 

(1 996) 

1785 (1996) 

Macromolecules, 30,6906 (1997). 

(1 994) 

Cryst. Solids, in press 

press 

195 



36 

35. C. Kittel, W.P. Knight, M.A. Rudermann, Berkeley Physics Course, Mechanics, 

36. J. Frenkel, Kinetic Theory ofliquids, Dover-New York, 1955, pp. 93, 138-141 

37. W. Ludwig, J. Phys. Chem. Solids, 4,283 (1958) 

38. A. Heuer, H.W. Spiess, J. Non-Cryst. Solids, 176,294 (1994) 

39. A. Heuer and R.J. Silbey, Phys. Rev. B, 49, 1441 (1994) 

40. B. Meissner, V. Zilvar, Physics ofPolymers, SNTL/ALFA, Prague 1987, p. 291 

41. F.T. Wall, Chemical Thermodynamics, Freeman, San Francisco, 1958 

42. A. Einstein, Ann. Phys., 22, 180, 800 (1907) 

43. B. HlavaCek, E. CemoSkova, L. Prokfipek, M. VeEeia, Thermochim. Acta, 280/281, 417 

44. N. Minorsky, Non-linear Oscillations, Van Nostrand, Princeton (NJ) 1962 

45. A. Tockstein, Collect. Czech. Chem. Commun., 52, 2365 (1987); also Chem. Listy, 81, 

46. 0. Martienssen, Phys. Z., 11, 448 (1910) 

47. A. Eisenberg, “The Glassy State and Glass Transition”, in Physical Properties of 

48. P.E. Rouse, J. Chem. Phys., 21, 1272 (1953) 

49. P.G. de Gennes, Scaling Concepts in Polymer Physics, Comell University Press, Ithaca, 

50. M. Doi and S.F. Edwards, Theory ofPolymer Dynamics, Clarendon Press, Oxford, 1986 

Vol. 1, 
McGraw-Hill, New York, 1965, pp. 227-229 

(1 996) 

561 (1987) 

Polymers, J.E. Mark, Ed., American Chemical Society, Washington, D.C., 1984 

1979 


