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SUMMARY 

An activation analysis of relaxational p-transition 
in polymers, oligomers and simple molecuIa~ glasses 
has been made with the aid of DSC and the internal 
friction (IF) on the specimens under static load. On 
the basis of the results obtained, literature data and 
the correlations found, a conclusion has been drawn 
that ~-transition in the linear polymers is defined 
by the rotation of the chain portion commensurable 
with E1~hn'S segment as well as the intermolecular po- 
tential barriers. 

INTRODUC T I0N 

Beta-transition closest to the glass transition tempe- 
rature .(T~ ~ T~) and fitting the simple Arrenius re- 
latio~ ~ ~lO(~*i~'e~p (-Q/RT) occurs in various non- 
-crystalline solids (JOHARI and GOLDSTEIN) polymers 
included (McCRUM et al. 1967). In literature the ori- 
gin of ~-relaxation in polymers is explained diffe- 
rently: by the side groups motion, the internal vi- 
brations in them, the motion of 1-2 monomeric units~ 
the short chain portion~ or impurities (McCRUM et al. 
1967, BOYER 3976, BARTENEV and ZELENEV 1976, HEIJBOER 
1977). There is direct evidence, however, that in the 
temperature rauge from T~ to T~ there appear motions 
of the main chain~ portions in l'inear polymers (WEN- 
DORF 1977, PERTSEV and BERSHTEIN 1981, 1982), for- 
mation of the fluctuation holes (FISCHER 1977) and the 
molecular re-arrangements (the "physical ageing") - 
- (STRUIK 1976) being observed~ The experimental re- 
sults given below alongside with the analysis of a 
large amount of literature data is, in our opinion, 
evidence in favour of a general nature of 5-relaxation 
as an important relaxational transition i~ polymers. 

EXPERIMENTAL 

The effective activation energy for ~-transition (QB) 
was obtained by DSC method using the DSC-2 "Perkin 
Elmer" calorimeter. Primarily, the temperature range 
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from the beginning of ~-relaxation up to ~ ( the 
region of the "enthalpy relaxation") was recorded by 
the DSC curve deviations for the annealed sample and 
the sample quenched from T ~ T~ + lOOK into liquid 
nitrogen. A short- term annealing of the quenched 
samples at the ~-relaxation start temperature enabled 
us to obtain th@ endothermal peak at temperature T~ . 
To determine Q~ samples were heated with different 
rates Y = 0,3 �9 40 degree.min-, its value being 
estimated by the displacement of T~ , the linear 
dependencies In V (I/T~) obtained and in accordance 
with the formula (~0INIEAN et alo 197~): 

R dluY 

DSC was used for finding Q~ in oligomers and poly- 
mers of styrene (PS) and &-m~thyl styrene (P~S) as 
well as in PAN, PCHNA, PDME, PDES, PMPhIPhA, PE, iso- 
propyl benzene and glycerol (see Fig.2 caption). Zu 
all other cases the most reliable values of Q~ from 
the literature data available on mechanical a~d die- 
lectric relaxation were used. Values of Q~ obtained 
by these methods and DSC were in good agreement. 

According to the definition of ~-trausition as 
the closest to T~ , its temperature location has been 
specified in som~ cases. Thus, in PCH~A it covers the 
relaxation region at ~ 10 + 20~ and not the tran- 
sition at -80~ (I Hz) due to the motion in the 
cyclohexane ring (HEIJBOER 1977). In the high-crystal- 
line polymers (PE, PP, PTFE, PTFCE) the transition 

It 11 under study corresponds to ~-relaxation in the 
amorphous microvolumes since the term "~-transition" 
is usually used here to denote glass transition 
(McCRUM et al. 1967). It has been shown by experi- 
mental studies (HERSHTEIN et al. 1972) that it is 
wron~ to relate ~-transition appearance in polyamides 
to the absorbed water presence alone. It should be 
noted that question of ~-relaxation in the comb-llke 
polymers is of special interest, however, it is not 
regarded here. 

The temperature dependencies of the effective acti- 
vation volumes of the relaxation ~a~( T ) were fouud 
from the IF spectra (torsional vibrations, I Hz) both 
in the absence and under the simultaneous application 
of a static load (the shear stress t ~ I kg/mm ~), the 
measuring technique is described in (BERSHTEIN et al. 
1980a,1981). The magnitudes of the cohesion energy 
E~ and the experimental values of Kuh~'s segments 
were taken from literature. 

Alongside with PS and PMS polymers, the "monomer" - 
isopropyl benzene and oligomers with the average num- 
ber of the monomeric units in the molecule n = ~,5,7, 
9,1~ and 20 were used, the latter were synthesized by 
means of the anionic polymerization of ~-methyl sty- 
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rene (LAVRENKO et al. 4984) and styrene (with organo- 
-lithium Luitiator). The peak molecular mass estimated 
by the exclusive liquid chromatographz, the narrow 
fractions of polystyrene standards ( ~/ M~ ~ 4,1) 
being also used. 

RESULTS and DISCUSSION 

Beta-transition was discovered by DSC in all the com- 
pounds including "monomer" and oligomers. This confirms 
the idea that ~-transition is a general phenomenon in 
non-crystalli~ solids preceeding the glass trausition 
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Fig.4. The dependence of 
the effective activation 
energy for ~-transitign 
in PS (light triangles) 
and PMB (dark triangles) 
on the number of monome- 
tic units in the molecule 

as was suggested JOHARI 
and GOLDSTEIN (4970,1976). 
Fig.4 shows experimental 
dependence Qb(n) for the 
polymers of ~tyrene (P8) 
and % -methyl styrene 
(P~S). Within the error 
limits fi% h~AQe/tQa ~ 10% the 
points same curve, 
the values of T2 varying 
from ~130 to 39OK(for 
PMB) being ~ 20+600 below 
T$ . Especially conspi- 
cuous As the extensive Q~ 
growth up to n = 9 and a 
slight "jump" at n=14420, 
the further course of Q~ 
remaining unchanged up to 
n~3.40 ~. The "critical" 
molecule dimension n ~40 
proves to be commensurable 
with the Kuhn's segment 
(n~) in PS and PMB, which 
equals nearly to 8 units 
(TSVETEOV et al. 4967, 
LAVEENKO et al. 4984 ). 

This result enabled us to suggest the following, if 
-relaxation in simple moleculam glasses is provided 

by the rotational-trauslational displacement of the 
molecules as a whole, it is defined in polymers (at 
n>n~) by the same motion of the chain parts approxi- 
mately equal to Euhn's segment (the correlation part 
of the chain). It would be not irrelevant to say ~hat 
the chain low-frequency vibrations in polymers (9 
~150-300 cm -~) according to (BERSHTEIN and RYZHOV 198~) 
are also controlled by the chain portion displacements 
commensurable with Kuhn's segments as well as by the 
barriers of the molecular interactions (EcoK). 

It has been found that for the molecular glasses 
with different character of intermolecular bonds and 
the molecular stiffness the dependence Qg~ ~.Eco&is 
observed (~ig.2a). In fact, it is similar toEyring's 
relation for the viscous flow activation energy in 
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iiquids: Q~ ~ (I/~ + I/3)A HexaD, where the evaporation 
heat A He~= Ec~ + RT. This shbws that in non-crystal- 
line solid~ the~-relaxation events obviously occuring 
in the places of the less close packing correspond to 
the elementary events of the molecular motion in li- 
quids. 

In polymers there is no uniform dependence between 
Q and Eco~ (kcal per the monomeric unit mole) - (Fig. 
~) However, consideration of the polymer as a �9 "mix- 

ture of Kuhn's segments" proved that for 25 polymers 
in question the same regular relation Q~ (kcal per the 
segment mole) with the segment cohesion'energy was 
observed: Q~. E~&.n~ + B , where B~2§ kcal/mole. 
Of special interest is the fact that the elementary 

events of ~-relaxation and the high-temperature vis- 
cous flow for polymers seem to be principally similar 
too: the magnitudes of Q~ given in this paper for PS, 
PMS, PVA, PA6, PE, PP a~ PI are close to that of Q~ 
for the same polymers (VINOGRADOV and MaLKIN 1977). 

Experimental dependencies obtained ~ ( T ) are 
given in Fig.3. The arrows show the temperature of the 

-relaxationomaximum at I Hz ; for four polymers ~ 
500 * 1500 ~3 . As is seen from the Table the ~ is 

comparable with Kuhn's segment volume. 
The facts described here are consistent with the 

above me~tloned hypothesis on the nature of the ~-re- 
laxation in polymers. Unlike the molecular glasses, 
in polymers the conformational transition is obviously 
involved in ~-relaxation. Firstly, this agrees with 
the presence of the term B~2 § 5 kcal/mole in the 
relation for Q~ corresponding in value to the i~ter- 
hal rotation barrier (Fig.2b). The possibility of the 
conformational transitions in ~-relaxation was also 
shown spectroscopically by the ~ authors for PS from 
absorption bands intensity change in the range 500 - 
600 cm "~. Thus, the model of the local motion in poly- 
mer chains suggested ia (GOTLIB and DARINSKII 1970, 
SKOLNICK and HELFAND 1980) seems to us most preferable 
for describing the ~-relaxation event. This model 
includes the G~ T-transition with units of the adja- 
cent chain part rotating at different angles. 

The obtained correlations result in a number of 
essential consequences. It is natural to suggest that 
the segmental motion in polymers begins locally not 
with glass transition but with ~-transition. It is 
significant that Q~(n) dependen6e has a likeness with 
Eyring's dependence QE (n) which allowed to establish 
the segmental nature o~ the viscous flow in polymers 
(VINOGRADOV and MALKIN 1977). The relations obtained 
make possible to tentatively predict the temperature 
and activation, parameters of ~-transition in polymers 
of varlous chemical structures. 

It is of primary importance that the correlation 
part of the chain (Kuhn's segment) is revealed in pre- 
sence of the molecular interactions and may determine 
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Fig. 3o Temperature dependencies of effective activa- 
tion volumes of relaxation in PE (1), PS (2), PVC (3) 
and P~ (4) 

TABLE ONE 

The comparison between the effective activation volume 
of ~-transition and Kuhn's segment volume (in the too- 
homeric tuaits number) 

Polymer ~ 

PS 

PVC 

P~A 

PE 

10 - 15 8 

8 - 12 12 

4- 6 6 

10 - "15 8 

the motion unit peculiar to 3~-relaxation and the vis- 
cous flow in polymers. New data (HERSHTEIN et al. ,_in 
press) give some grounds to consider the glass (oC) 
transition as an intermolecularly co-operated proces- 
ses of k-relaxation. 

In the framework of the interpretation suggested 
for ~-transition temperature T~ seems to be in 

" a " some way thermodynamic lly dependent on the equi- 
librium chain flexibility and corresponding to the in- 
ception of chain conformational changes. At T ~ T~ 
density fluctuation also increases (FISCHER 1977). 
Thus, knowledge of the physical nature of T~ allows 
to discuss again the origin of the following two 
characteristic temperatures : 
a) T~ T~ in the theory of glass transition (GIBBS 
and DiMARZIO 1958, ADAN~ and GIBBS 1965) corresponding 
to the zero configuration enthropy and 
b) To in Fulcher-Tamman's equation for the viscosity 
as the magnitudes of To for a number of polymers 
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(VINOGRADOV and ;~ALKIN 1977 a~d MILLER 1981) are close 
to the experimentally found values of T~ . 

If the quasi-independent or co-opera$~ve motion of 
the chain parts comparable with Kuhn's segment controls 
the main relaxation (~ - and &-) transitions, i.e. 
the chain confOzmational mobility in a wide temperature 
range, this motion must determine many properties of 
polymers. Indeed, the activation energy for d?forma- 
tion of glassy polymers in compressing Qd~N.Eco&-n, 
where n is the number of momomeric units foim~ing 
the activation ~olume of the process (BERSHTEIN et al. 
1980b), the latter at T ~ T~being commensurable with 
Kuhn,s segment volume (BERSETEIN et al. 1980c). 

Thus, the understanding of the gaueral origin of 
~-transition in different polymers opens up new 
opportunities for investigating and predicting their 
properties. 
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