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Abstract 

A brief review of the authors’ studies on the molecular nature of the /3, a (glass) and 
“liquid-liquid” (II) transitions in flexible-chain polymers using different thcrmaE analysis 
tcchniqries is preeentad. DSC, far infrared spectroscopy versus temperature 2nd dynamic 
mechanical analysis of statically loaded sainples have been used. They enabled, for the first 
time, the common nature an3 fundamental interrelationship of the above-menlioned 
transitions in polymers of different structure to be established experimentally. It was found 
that the moving segment rcmaincd practically invariable over a wide temperature range, 
for temperatures T 22: T,, and was close LO the magnitude of the statistical (Kuhn) segment. 
Simple relationships between transitions parameters and main molecular characteristics of 
polymers have been found that offer a new approach for the prediction of transition 

.characteristics, including the manifestation of the glass transition in muIticomponent and 
plasticized polymeric systems, on the basis of the molecular parameters. 

1. INTRODUCTION 

The physica properties of polymeric materials and the chemical 
processw in them are determined to a considerable extent by molecular 
mobilitv, namely, by torsional vibrations and large-amplitude rotations of 
atomic groups differing in size. Of special significance are the motions of 
chain segments accompanitid by rotation-isomeric transitions, Le. the 
conformational mobility in a block of polymer. These motions have been 
detected and studied by a variety of techniques and manifest themselves as 
the S, y, p, CK (glass) and “liquid-liquid” (11) transitions, for instance, in th’e 
mechanical loss spectrum (Fig. l(a)). F,gure 1 (b) shows schemaiicall$ ‘the 
frequency dependence of the transition temperatures. (relaxation maps) 
covered by the experimental technip :--es indicated within a broad range of 
frequencies v = IO+ to 10” Hz (see, for example, refs. l-3). 
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Fig. 1. SchCm;ltic rcprcscnlaticm of Irankilions in flcxibtc-chilin aniarpbus palymcrs: (u) 
mcchtinic;~l loss spectrum. (b) rclnx;tiLic\n map and the p;hramcrcr ol srgmcntnl cc>opcriltivity 
% vs. 7 ’ (Expcrimcntnl tcchniqucs: (I) DSC, Ihcrm;~lly stimulated dcpnkrrkltion currcnl. 
dynnmk mechanical annlysis (DMA). radiorhcrmr~lumincsccnc~. creep riktc spectra [6S]: 
(II) DtdA, diclcctric rcluxation (DR). NMR; (III) EsR (probe mcthad). Mnndclshlsm- 
Brillouilr sc;rltcring, DR. scoustic morlsurcmcnls. NMR tcchniqucs including Iwn- 
dimcnsiczna! k~iviii comprise il very wide frcqucncy range [3].). and (c) trmpcratutc 
dcpcndcncc of the cffcctivc * ;rctivatian cncrgy of the mdcculnr motion. 

For relaxations below TS the Ig vversus T -l plots are cfose to linear; they 
relate to kinetically simple, quasi-independent motional events and obey 
the Arrhenius expression for the frequency of jumps of the kinetic units, 
namely 

v - 1W3 exp( -Q/RT) (1) 

where Q and Tare the activation energy and temperature of the Iransition. 
The ‘reIevant expression for the mean relatiation time is z = v--I. The 8, y 
and /3 relaxations may be termed Arrhenius or non-cooperative ones, 
although several atoms participate in a motional unit event. 

At the same time, the unit 
on& and over a broad range 
essence, TC increases almost 

event of the glass transition is a .cooperative 
of frequencies it does not obey eqn. (1); in 
linearly with rise in lg v only up to about 



IO3 Hz, followed by a lint of decreasing slope at hi&r frequet&s. An 
important fact is that at v = IO” io 10% Hz the cooperative cr transition 
degenerates ,?nd merges with the p transition just at 7;, (Fig. l(b)), 

The /3, cr tind 11 transitions should be considered as the major ones. 
Indeed, the sharp change of polymer properties in the glass transition range 
is well known. The II transition approximately determines the boundary 
between the rubber-like and fluid state. Its practical significance, especially 
when materials arc processed, is also obvious. However, the /3 relaxation 
being the closest to Tg and satisfying eqn. (l), is usually less intense than 
the LY transition by about an order of magnitude; moreover, it is some- 
times identified with difficulty. However, the fundamental role of this 
transition couId be presumed to be the activatii,n barrier of solid-phase 
reactions, deformation, flow, diffusion, physical ageing, etc. and frequently 
turns out to be approximately equal to the activation energy of the ,B 
transition [4]. 

Despite the gigantic number of studies dedicated to the above transitions, 
which have been summarized in a number of books [l, 5-81 and review 
papers [g-14], the fundamental problems regarding the essence of their 
general molecular mechanisms and the existence of their interrelationships 
and relation:+hip to basic molecular characteristics still remained obscure 
or were in dispute until recently. Hence, quite different and incom- 
patible viewpoints regarding the origin of p relaxation have been proposed. 
It was associated with the vibration of one or two monomer units, with 
the same for polar side group, the motion within this group, the torsional 
vibrations of short chain portions, and the motion of impurities (j-later or 
monomer), etc. (see references cited in ref. 4). Furthermore, i? remained 
unclear whether this situation could be explained by the absence of the 
common p transition mechanism for polymers varying in structure or by a 
lack of understanding of this phenomeno n because of the paucity of direct 
experimental data. 

The cy process in the vicinity of 7;: in flexible-chain polymers is known to 
be determined by segmental motions with the participation of rotation- 
isomeric transformations in chains. The relationship of Tg to the 
intermolecular interaction energy 1151 or chain rigidity [16] for some 
polymers has been noted. However, the questions concerning the real size 
of a motional segment, the nature and degree of cooperativity of motion, 
the connection between the cr and j? transitions, etc. remained open for 
discussion. The absence of an experimental solution for the above questions 
anti far the common relations between transition parameters and main 
molecular characteristics of polymers hindered prediction of the transitions. 

During the last decade a large series: of experimental studies eutirely. 
dedicated to revealing the molecular nature in addition to prediction of 
their parameters.has been carried out by the authors [I7-46]. These data 



enabled us to arrive at certain concl&ions concerning the matter in 
question. The information gained by thermal analysis techniques has been 
of paramount importance therein, and the main results obtained are briefly 
reviewed beiow. 

2. EXPERIMENTAL 

Our experiments have mostly been performed by three techniques, DSC, 
dynamic mechanical analysis of the statically loaded polymers (DMA(o)) 
and far-infrared (FIR) spectroscopy including spectra versus temperature 
measurements. A DSC-2 Perkin-Elmer calorimeter, a FIS-21 Hitachi 
spec-trometer and an original setup for DMA(a) analysis were used. Figure 
2 shows schematically a list of problemswhich have been solved by these 
techniques. Below we shall briefly concern ourselves only with the original 
methodical points. 

As known, the effects commensurable in magnitude with those observed 
in the range of the a transition or of melting, are generally absent in the p 
relaxation region in the DSC curves. For this reason we devised a 
procedure for .“revealing” this transition which is described below 
[ 18, 19,21,22]. 

It was found that when glassy polymer samples differing in history 
(quenched, annealed or prestrained), i.e. in enthalpy, were heated in a 
calorimeter their DSC curves no longer coincided, starting from the 
temperature of the onsei of the p transition range. As shown schematically 
in Fig. 3, the temperature interval of this divergence or enthalpy relaxation 
extended from T, to T2; some smaI1 effects of this kind were sometimes 
eirident at temperatures up to 7;,. 

The short-term holding of a quenched or prestrained sample at a 
temperature of 7; resuited in the appearance of an endothermic peak with 
a maximum at TU on the DSC curve. However, if these samples had been 
annealed for different times at various temperatures K (where Tg> K B T@), 
the relevant peaks in the range between Tp and Tg appeared in the DSC 
curve, their temperature 7; increasing with the temperature and duration 
(in, proportion to In. r> of the annealing treatment. Each of these peaks 
corresponded to unfreezing of the molecular motion mode prevailing at a 
given temperature T, i.e. to the so-called “intermediate relaxation”. 

The Tc was determined as the temperature at half-height of the AC,, heal 
capacity step. The peculiarities of the 11 transition on the DSC curves 
depended, on a number of factors which are discussed in refs. 4, 11 and 23, 
but the most typical and “pure” case of that (including the reproducibility 
of repeated scans) is an endothermic change in the slope of the C,, versus T 
curve beginning from 7;, (Fig. 3). 

The effective activation energies of transitions under study, viz. the 
Qs, Q,,, Qi, Qil, .were found by the displacement of the peak maximum 
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Fig. 2. A list ol problems solved by the three experimental techniques empkycd. 

temperature or of the AC,, step for .Tg, or of the Cl, curve slope change for r,, 
when varying the heating rate V from 2.5 to 40K min-’ and using the 
obtained In V versus T-’ linear dependences and the equation 

(2) 

The test conditions corresponded to the frequency range from about 1CF to 
IO”.Hz. The influence of thermal lag was taken into account [4] and the 
relevant corrections w’ere made. 



TJK 
- 

Fig. 3. The sch~nw of the manifestation of the main transiticjns in the DSC CUI~~WS (SW text). 

Figure 4 shows, as an example, the DSC curves for an atactic PMMA 
sample with a various degrees of annealing, the In V versus Tmv' plots for 
p, LY and “intermediate” transitions, and the temperature dependence ob- 
tained for the activation energy of molecular motion over the range TP to Tg. 

AC, = 0.I.l g-’ K-’ 

Fig; 4. DSC data for alactic poly(me!hyl mcthncrylnto) [4,21]. (a) DSC curves of samples 
with n different dcgrcc of anneding and the activation cncrgy of scgrnenlal motion vs. 
temperat,ure plot. (b) Transition rcmpcraiurcs VS. heating rntc plots. 
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I%C also made it possible to estimate the scale of the cooperative event 
of the motion at Tp, viz. the volume uulrLr,., of the substance participating in 
such an event, using Donth’s formula [7,47,48] 

where 

and p is the density of the polymer, cZ~,,,..,~, and C,),, ,r,r are the heat capacities 
before and after the AC,, jump at TK, and QT = AT,/2 is the half-width of the 
glass transition intervai measured on cooling the melt, 

The original IDMA technique and the relevant analysis were 
elaborated in refs. 24 and 25. The .internal friction spectra Q-‘(r) have 
been determined by measuring the damped torsional oscillations of a 
pendulum at v * Z Hz under conditions of simultaneous static loading 
of the polymer sample. The pendulum system consisted of a tw&ila- 
ment sample with an inertial load in its middle. The static shear stress rSI,, 
which provided a quasi-elastic strain in the sample, was applied by turning 
one of the clamps through a certain angle at each test temperature. The 
influence of the static stress magnitude on the damped oscillations has been 
studied in a temperature range from 100 K up to TG in a vacuum of IW3 
Torr. 

The application of sSI, during the dynamic experiment led to pronounced 
changes in the mechanical loss spectra of glassy polymers. Depending on 
different factors (the test temperature, the value of static stress, the genera1 
duration of the sample hoIding under static load and the “rest” time after 
unloading) diverse effects of the influence of the static field were observed 
[24-271. However, at T S TnlzlX (where T,,;,, = Tg, T,, etc.! and short times of 
static loading the mechanical activation of molecular mobility in polymers, 
viz. the shifts of the relaxation peaks to lower temperatures, depending on 
the magnitude of static stress Tag,-, have been clearly demonstrated; see, for 
example, the data for PVC in Fig. 5. 

An analytical description enabled us to obtain an expression for the 
estimate of the effective relaxation time in a field ‘of static’stresses that 
accounted for all the effects observed and in particular, the temperature 
shifts of the relaxation peaks [24,2$]. A satisfactory agreement between 
theory and experimental data was obtained, even though a .process with a 
single relaxation time was, considered, while the relaxation .peak 
corresponded, in fact, to some dispersion of relaxation times. 

Of importance for our objective is that this analysis permitted the use of 
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Fig. 5. Mechanical loss spectra of statistically loaded PVC samples 1271. The figures 
indicated the magnitudes of static shear stress T,,, in MPa. 

mechanical relaxation spectra of statically loaded polymers to find the 
effective activation volumes u;,JT) in the relaxation processes, i.e. also 
(independently of DSC) to characterize the scale of motionai events. At 
T 5 LlX and the duration of static loading c c 1 rnin 

(4) 

where Q;’ and Q;: are the internal friction values without or with static 
loading, respectively. 

All the experiments have been carried out for a large number of samples: 
over two dozen flexible-chain polymers, a number of low-molecular organic 
glassses (see the caption to Fig. 7), crosslinked and multicomponent 
systems, and also for oligomer series of polycarbonate (PC), poly(dimethy1 
siloxane) (PDMS), polystyrene (PS) and poly(a-methyl styrene) (PIGS). 

3. RELAXATIONAL ~3 TRANSITION 

The DSC technique arid the approach described above.&nabled us to 
,detect- and, characterize the p transition for ail the samples studied, i.e. 
polymers, oligomers and low-moIecular glasses, even when it was not found 
by other- methods [4,18,19]- The examples of the p and a transitions 
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Fig. 6. DSC curves for (1) isopropylbenzcnc, (2) poly(dimethyl siIoxane), (3) pentastyrene, 
and (4) pdy(cyclohexy1 mathacrylate) 1191. The samples were treated to reveal the p 
transition (see text) as follows: first the sample was quenched from T > TK into liquid 
nitrogen; then it was held fori IS min at 1 I8 K (1); 15 min at 123 K (2): 2 h a~ 233 K (3); 1 h at 
263 K (4). Lastly it was cooled at 320 K min’ ’ followed by heating at 10 K min-‘. 

appearing in DSC curves are shown in Fig. 6. A peak maximum of Tp was 
usually observed at temperatures about 20-100 K lower than T’, while for 
low-molecular L,lasses the range of TH - Tg never exceeded 10-20 K. Only in 
the anomalous case of PC, was the enthalpy relaxation range of an 
extraordinary width, viz. Tfl = 200 K was about 220 K lower than TN. 

Consequently, the DSC data have confirmed Goldstein and Johati’s idea 
[Z, 491 of the 0 transition as a general phenomenon and an indispensable 
precursor of the glass transition in solids with a disordered structure. 
Satisfactory agreement was observed between the Tp and Q, values 
obtained by DSC and by the conventional relaxation methods. 

A long time ago Eyring and co-workers [SO] found a regular 
relaxationship between the flow activation energies (2, and cohesion 
energies Qcuh for simple liquids composed of small molecules 

Q, = (0.30 =t O.OS)Ecrrh (5) 
Hence it follows that the potential barrier to rotation-translational motion 
of a molecule in a condensed phase equals about one-third of the .total 
energy of ititermolecular interactions. Meanwhile, we found [18,19J for 11 
low-molecular vitrified simple organic liquids and short-chain oligomers 
that the activation energies Qp and I&,, values satisfied, in essence, a similar. 
relation (Fig. 7) 

Q, = (0.4 f O.l)E<,,t, or Q, = Q, (6) 

Remarkably, for 12 flexible-chain polymers of different type the 



approximtitc equality (with tin accuracy of IO-20%).of Qp values obtained 
for the Q,, values estimated at temperatures T > 7;1 was also found [4,19], 
which means that the unit events in a flow of liquid and the p relaxation in a 
glassy solid are similai, i.e. the latter is fealized as a local liquid-Iike 
motional event at the site of reduced close packing.with increased enthalpy 
and entropy (“islet of an increased mobility” 121). Moreover, it shows that 
for polymers the p transition, Iike the flow process, is of a segmental 
nature. 

Further, it was discovered [19] that in polymers there was no regular 
relation of QU to the cohesion energy EC.,,, per mole of monomer units. 
Meanwhile, the experimental data obtained for 26 flexible-chain polymers 
obeyed a relationship of the type (Fig. 7) 

Q, = (0.30 f 0.05)&.‘,~,S + B (7) 

where Q,3 is in kJ per mole of kinetic units (segments), and a small 
supplement D =r 10 + 5 kJ mol”’ corresponds to the internal rotation barrier 
in chains. The parameter ,S is the number of monomer units in a statistical 
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Fig. 7. Activation energy of@ transition in (a) low-molecular glnsscs and (b) linear polymers 
vs. the cohesion cncrgy or cohesion energy of a statistical segment, rcspcctivcly [ 17-lY]. (a) 
1. Pcnlanol; 2, isopropylbcnzcnc; 3.5-methyl-.3-hcptan~~l~ 4. dccalin; 5. I,1 -diphcnylpropanc; 
6, diethyl phthalpte; 7, glycerol: 8. o-tcrphcnyl; Y. hcxamcthyl disiloxanc; 10. tctra-a- 
mcthylstyrenc; 11. pentastyrene. (b) 1. Pnlycthylcnc. 2, polyisoprcnc; 3. poly(dimcthyl- 
siloxane); 4, poly(dicthyl siIoxanc): 5. poly(phcnylcnc oxide): 6, poly(cthylcnc tercph- 
thalate): 7. polytetra-nuorocthyIcnc: 8. Y. polyamide 10. polypropylcnc: polycarbonutk; 6: 
11. polymethacrylatc;.lZ, poly(vinyl lloridc): 1.7. poly(vinyl acclatc); 14. poly(vinyl chlnridc): 
15. poly(vinyl alcohol): ,lA. poly(mclhyl mcthncrylatc): 17. poly(diphcnyl oxyphcnylcrw); 
18. poly(buty1 ticthacrylatc): 19, polystyrcnc: 21). polyacrylonitrile: 21. poly(a-methyl 
styrene): 22; poly(cyclohcxy1 mcthacrylatc); 23, pnlyimido I: 23. polyimidc I I: 23. poly( meta- 
phcnylcnc isophthnlamidc}; 26. polyisohutylcnc. 
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(Kuhn) segment. As is known, S is determined experimentaily from the 
dimensions of the undisturbed shape of a macromoIecule in a dilute 
&solution at B-temperature and characterizes the thermodynamic, equilib- 
rium rigidity of a chain [5 I, 521. As the /3 relaxation obeys eqn. (l), the 
expression for its temperature (in kelvin) reads 

. 
T, - Q,(0.250 - 0.019 Ig V)--’ (8) 

where the difference in parentheses includes the gas constant R in 
kJ mol-’ K-l. Thus, eqn. (7) for Qs in polymers differs only slightly, in 
essence, from eqn. (6) for low-molecular glasses provided the Kuhn 
segment is considered as a quasi-molecule. The hairier Q, is controlled 
simultaneously by ttio factors, (i) the energy of intermolecular interactions, 
and (ii) the thermodynamic chain rigidity. The presence of the extra term 
B allows the participation of a trans-gauche (T-G) transition to be 
represented in an event of p relaxation. 

In good accord with the latter result is the experimental dependence of 
Q, on the average polymerization degree H for four oligomer-polymer 
series [19,21,22]. As seen in Fig. 8, the Qrl values increased only up to a 
definite limit for each polymer and then remained invariable. These 
“critical” sizes of molecules are close to the lengths of the statistical 
segments in relevant polymers. 

The determination using eqn. (4) of a second kinetic parameter, the 
effective activation volume u;,,,, which is plotted versus Tin Fig. 9, is also of 
interest for characterizing the p relaxation. The physical meaning of the 
term “activation volume”, as applied to relaxations, is discussed below but’ 
here we only emphasize that the values of vB were found to be rather close 
to those of the volumes of statistical segments in polyniers (Table 1). 
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Fig. X. Activation energies Q,, {curves l-3) and Q,, (cu~vcs 4-6)' vs. the avcragc number of 
monomer units iti rrioleculcs of PC (curves 1.4), PS (0) nnd PMS (To) (curves 2,s). and 
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Fig. 9. Shear activation volumes of relaxation processes vs. temperature plots for PE, PVC, 
PS and PMMA [27]. 

The above thermal analysis data enabled us to advance a hypothesis for 
the common mechanism of p relaxation for different flexible-chain 
polymers [17-141 as a local liquid-like segmental motion realized by the 
hindered rotation in a chain section in size to a Kuhn segment, with 
surmounting of chiefly intermolecular potential barriers, and participation 
of a T-G transition in each motional unit event. 

It was assumed from the set of torsional-vibrational motions in chain 
sections varying in size (the broad rotational angle distribution has recently 
been confirmed by two-dimensional NMR data [53,54]), with the advent of 
a sufficiently energetic thermal fluctuation and rotation of sortie monomer 
units through a greater amplitude (T-G transition), that a correIation 

TABLE 1 

Comparison of the shcrrr activation. volumes of p &nd CY transitions with the scale of 
cooper&tie motisn at T, (DSC data) and statistical scgmcnt volume in glassy polymers 
14,271 

PVC O-Y- 1.2 2.5-3.0 4.6 12 0.9 3 5 3 
.PS 1.b1.3 4.b4.5 3.3 H 1.3 3 .3 4 

PMMA O.K-I .n 2.0-2.5 1.4 6 0.8 3 2 3 
PC O.K-0.9 2.7-3.0 2.4 l-2 0.4-11.7 S&2 s 3 
PVA - 4.4 7 1.2 - 4 - 



chain section adjoining the rotation axis must unconditionally be involved 
in this motional event. Therefore, the Kuhn segment is “singled out” as’s 
kinetic unit in a p transition and, simultaneously, in the conformational 
mobility of the’ chain. Such a motional event, being similar to that of 
segmental relaxations in a polymer melt, can be realized at the sites of free 
volume (packing defects) in a solid polymer. 

We presumed that the motion of the chain segment in the /3 transition 
could be described best of all by a model which is the most used at present 
for conformational isomerization in macromolecules [55-571. Indeed it 
includes a single-barrier T-G transition with forced adjustment of a small 
chain section in an energetically profitable way, viz. each monomer unit of 
this section is displaced only slightly regarding its nearest ncighbour, within 
the amplitude torsional vibrations, and the entire chain section twists 
during a motional event. The displacement of the monomer units from their 
initial positions diminishes will1 Increasing distance from the point of 
rotation and vanishes, in our interpretation, at a distance close to the 
statistical segment. 

This hypothesis of a general mechanism for the 0 transition was 
confirmed, apart from the correlations considered, by (i) the experimental 
findings obtained by FIR spectroscopy and summarized in a review paper 
[46], and (ii) the successful prediction of the main relaxation transitions 
proceeding from the idea of the common nature of the /3 and CY transitions 
(see Section 6). 

FIR spectra of glassy polymers at frequencies v -= 13Ocm-’ exhibit, just 
as in simple liquids, an absorption band caused by a small-angle torsional 
vibration (libration) of the monomer unit in the chain [Z&29,31]. It was 
shown that the characteristics of this absorption were determined by the 
dipole moment and cohesion energy values for this unit, and this type of 
motion controlled the low-temperature S relaxation in polymers with an 
activation energy of Q* = Qlibr = E,,,,,/3. Except for two specific cases, the 
common mechanism of the y relaxation in flexible-chain polymers, such as 
the local torsional vibration including only two or three neighbouring 
monomer units, has been shown using FIR spectroscopy [34]. 

Meanwhile, the absorption band in the range 160-260 cm-’ turned out to 
be related to the skeletal torsional vibrations in chains and to the @ 
relaxation process; it enabled us to confirm directly the above model of this 
transition [28,32,33,46]. 

Hence for crosslinked systems with different concentrations of crosslinks, 
it was shown that at certain concentrations both the skeletal torsional 
vibrations band and the /3 reIaxation peak in the mechanical loss spectrum 
simultaneously and sharply .dropped in intensity. This suppression- bf the 
segmental motion occurred when the average distance between crosslinks 
became commensurable with or less than the Kuhn segment size S’[34]. 

Further; for 15 flexible-chain polymers varying in strticture’the potential 
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barriers of skeletal torsional vibrations QsL, estimated from the FIR 
spectra, appeared to be close to the activation energies Q, (with an 
accuracy of 20%) whereas the estimated values of the torsional-vibrational 
segments coincided, to a first approximation, with the sizes of the statistical 
segment in the relevant polymers [32] (see Table 2). 

TABLE 2’ 

Expcrimcntal vrriucs d the motianal scgmcnt sizes in floxibic.chain poiymcrs 

Poiymcr Tcmpcraturc range Expcrimcntnl 
or iransitirrn tcchniquc 

Polyatirylanitriic 
Polychlorostyrcnc: 
POly(Jccyi 

mcthacrylatc) 
Poly(dimcthyl 

siloxanc) 
Poly(cthy1 

acrylntc) 

p Transition 
p Transition 

FI R spcct roscc~py 
FI R spectroscopy 

7 
A 

Y 
)3 

2s. 32 
2x. 32 

/3 Trnnsition Fi R spectroscopy 5 7-S 28.32 

NMR 5 5 x4 

Photon corrciaGon 
spectroscopy 

‘3 R spcctrnscopy 
Tha.xmostimulatcd 

current 
d~poi;~rixaritrn 

Diffusion 

4 
7 

d 
8 

xs 
28. 32 Poiycthylcnc p Transitian 

fi Transition 

sztt2 
7 

x 
x 

86 
37.87 7‘ > 7;: 

Poiy(c1i1y1cnu 
glycol) Paranl;lgnctic pr~Ihcs s 

FIR spcct rascopy 4 
4-s 
4-s 

8X 
2x. 32 

Light scat tcring 
Puramagnctic prohcs 
FIu~~rusccncc 

dcpOlilri~~tli~XI 

A-7 
3-4 

4-S 
3-4 

WJ 
YO 

4-s 3-4 Yl 
Pcdy(mcthyl 

ncryintc] 
Poiy(mcthyi 

IllClhi~Cr~lilIC) 

Polypropyicnc 
Polystyrcnc 

p Transition FIR spcctrwicopy d 2% 32 4 

j3 Transition 
,3 Transition 
~3 Transition 

Fi R spcctroscapy 
FIR spectroscopy 
Ruman spcclr~wx~py 
FIR spectroscopy 

28.32 
28.32 
61 
2*. 32 

Poiy(vinyl 
accltUlc) 

Pdytvinyl 
chioridc) 

Poly(vinyl 
flu,oridc) 

0 Tninsition FT R spcarascopy h 

/3 Transition FI K spcct roscr~py 

7 2x. 32 

6 12 28. 32 
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Here we draw special’attention &I the temperature dependence of FIR 
spectra which have given a direct answer to the question concerning the 
onset of conformational mobility in glassy polymers, i.e. the participation of 
T-G transitions in the /3 relaxation process 1331. 

Earlier, the possibility of a T-G transition at T c Tp has been shown by 
combining a theoretical analysis with mid-IR spectroscopy data on the 
dynamics of intermolecular hydrogen bonds in glassy polymers [20]; that 
was also in agreement with the beginning of physical ageing, necessarily 
related to molecular rearrangements, just from the p relaxation region 
onwards [4,58,59]. Besides, the growth of density thermal fluctuations [60], 
the liquid-like movement of chain segments (shown by Raman spectros- 
copy) 1611, and the noticeable decrease in energy of intermolecular 
interactions [62] have been observed experimentally, beginning from 
temperatures close to the low-frequency Tp temperature. 

We discovered [33,46] that the band contours for skeletal torsional 
vibrations in FIR spectra of several polymers were corrformationally- 
sensitive and had a doublet structure; the ratio of K,.I/K,.z of the 
absorptivities of the doublet components (for example, 185 and 195 cm-’ in 
PVC, 240 and 257 cm-’ in PAN, and 220 and 230 cm-’ in PMMA) changed 
with increase in temperature (see, for PVC, Fig. 10). As shown, these 
changes reflected a change of conformational equilibrium in the poIymer, 
i.e. in the relative population of G- and T-conformers and their influence on 
the torsional skeletal vibrations in chains. Consequently, the change in the 
K., K., ratio is an indilcation of T-G transitions and conformational 
mobility occurring due to the anomalous excitations of torsional states. 

Fig. IO. EW infrared spectra uf PVC at diffcrcnt lcmpcraturcs [3X46]. The changes in a 
doublet absorption hand af torsional skclctul vibrrrtions arc shown on the right. 



As seen in Fig. 11, the unfreezing of the conformational mobility starts 
from temperatures of T* onwards that tire equal to about 200 K in PVC, 
2C?K in PMMA, and 330 K in PAN and which are close to the 
temperatures of the Eow-frequency T, temperature at Y = IO’” Hz. This 
result’directly confirms the participation of the T-G transition in the /3 
relaxation event. 

Finally, of considerabre physical interest is the closeness or even 
approximate coincidence found of T* and the low-frequency To with some 
well-known characteristic temperatures of glassy polymers, viz. the 
empirical constant of 7;, in the Fulcher-Foget-Tammunn and Williams- 
Landel-Ferry equations, and the temperature bf r, in the Gibbs-DiMarzio 
thermodynamic glass transition theory [33]. Moreover, as was supposed for 
Tz in refs. 63 and 64, all these temperatures were found to be proportional 
to the energy difference AE = &; - Eat. 1333. The origin of the unique 
conformity of the above temperatures is discussed in a review paper [46]. 

Thus, T* is a quasi-thermodynamic temperature for the onset of the 
process when the correIated torsional oscillations in the chains become 
large enough in amplitude for a T-G transition to occur and for the local 
unfreezing of segmentai motion, i.e. the manifestatiofi of the /3 relaxation. 

1.1 - 

100 200 400 
TtK 

Fig. 11. The ratio of ahsorptivitics af the compancnts in a doublet band in the far infrared 
spectrum’ vs. Icmpxaturc for PVC. PMMA and PAN (3X46]. 
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4. COOPERATIVE GLASS (cx) TRANSITION AND ITS RELATION TO THE 
fi TRANSITION 

The significance of, a fi transition is that the p process is not orily a 
feature of the glassy sEate at T KC Tg, but that its inherent motional events, 
tjccurring quasi-independently or “collectively”, control (as has turned otit) 
~;he segmental mobility .at all temperatures T L rP including the tempera- 
lure regions in the vicinity of T& as well ~6 the rubbtir-like state and the 
polymer melt. This was established experimentally, from the DSC analysis 
[17,21,22]. All the data obtain&d gave us a real idea of the size of the 
motional segments, t’he nature and degree of their cooperative i-notion in 
the a transition, and pointed out the fundamental “genetic” interrelation- 
ship of cr, /3 and II transitions, which will be briefly considered below. 

The first principal result was that the undoubtedly sharp increase in the 
scale of the motions1 unit event of an CY transition and in the magnitudes of’ 
its parameters in comparison with those for the p transition were n6t 
associated with increasing length of the intramolecular kinetic unit, as was 
frequenrly presumed (for instance, in refs. 4 and 10). Upon going from the 
/3 relaxation to the glass transition the length of the moving,chain seginent 
remains practically invariable, i.e. close to the Kuhn segment size. The 
following data support this statement. 

Firstly, the Tg versus polymerization degree H and T, versus n 
dependences have an absolutely identical shap.e (Fig. 12). Similarly, 
although the values of activation energies Qll. are much higher than Qa, for 
linear pc%lymch*s varying in structure, the Qr, versus II dependences are, 
virtually identical in shape to the Q,3 versus tz plots (Fig. 8); that is, both 
energies rise steeply, but only up to the critical chain length whicti is 
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Fig. 12. Ths tcltipr:raturcs of T,, T,. ‘&, and ihc fluidity point in F’S vs. ihc average dcgrcs of 
polymctimtion. T, and T, vulucs rlic DSC datil 14. 221: 7;, an3 ‘F’~;L’“Ju’ wbrc obiaincd by DSC 
for films and powdcrcd stimplcs, rcspcctivz!y, in rcfs. 9Z and 03. am! the fluidity points ‘I;lr,irl 
wcrc taken from ref. 94. 



PMS 

Fig. 13. Heat capacity step at ps vs. the average polymerirath degree for PDMS, PC and 
PMS [22]. 

approximately equal to S monomeric units (Kuhn segment) in the relevant 
polymers and then remain constant within the limits of the accuracy of their 
determination ( f 10%). 

The relations for the heat capacity step AC,, =f(n) in the LY transition 
were also specific, viz. when shortening of the polymer chains occurred the 
AC,, step increased substantially in magnitude beginning from the same 
“critical” values of n .= S (Fig. 13). The most obvious reason for this effect 
seems to be rhe change in the amplitudes and/or frequencies of the 
rotation-translational motion in the glass transition as a result of the 
transformation of segmental motion into the motion of the molecule as a 
whole. 

For the question. being considered, the DSC curves for the styrene- 
divinylbenzene (S-DVB) copolymers varying in the average crosslink 
concentration are also of interest; the control of the actuzil degree of 
crosslinking by infrared has been performed. As seen in Fig. 14, the 
suppression of the segmental motion in linear sections of the networks 
formed (viz. the sharp I_.lrop and vanishing of the AC,, step at TG) and the 
disappearance of the possibilities for an exothermic reaction by post- 

.polymeriiation in networks at T =S T&, was observed when the average 
distance between crosslinks A&.1 5 S; for PS S = 8 monomer units. 

--The above thermal analysis data are consistent with recent direct 
experimehtal estimates of the motional segment length IV at temperatuies 
of T 2 Tg carried out for different polylrlers by non-calorimetric techniques. 
As seen from Table 2, in all cases the values of N either coincided with 
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Fig:. 14. DSC curves for PS. p(3lydivinylbcnzcnc and S/DVB copolymers 141. The 
copolymurs wurti prcpard by polymerization at 3.53 K for 3 h. fc~llowcd hy cooling at 
3 Kmin ‘. The nvcrugti distance hclwccn cross-links in copdymcrs as a nurnhct ol mnnomcr 
units N,., is indiclrtcd. -. scan I: - - -, Sciin II. Heating rate V = 20 K min ‘, 

those of a statistical segment S or were rather close to them, which means 
that the size of motional chain segment is. really, stable throughout a wide 
temperature range including r, and TS. This makes it possible to reject 
finally the assumptions encountered in the literature concerning the large 
changeability of the motiona! segment length in the vicinity bf TC_ 

AI1 these results permitted us to consider the problem of the glass 
transition with more certainty. It was natural to assume that the 
“large-scale” nature of its unit event in polymers was determined by the 
cooperative (or correlated) motion, in an intermolecular way, of several 
neighbouring segments of approximately the same length, as in the p 
transition. Then, the anomalously high values of activation energies Q,, and 
activation volumes u,, of motion in the glass transition at low frequencies 
have to reflect this phenomenon, while the expected ratio Z = Q_/Q, = 
u,,/v, corresponds to the minimum and most probable parameter of the 
cooperativity of the segmental motion under these conditions. 

For polymers at low frequencies Boyer’s ratio between T, and Tg (in 
kelvin) is well known [lt)] 

T,I Tg = 0.75 zt o.i>s (9) 

although from our data [4], its limits were found to be somewhat broader. 

The “genetic” connection between the TV and p transitions was additionally 
confirmed by the +;citionship-found between their kinetic parameters and 
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also by DSC studies of the pr&zesses of mutual transformation of the (Y into 
.th& p transition and vice versa (see also Section 6). 

We have found using LDSC that for about two dozen flexible-chain 
polymers and four series of oligomers the ratio 

was observed [21,22]. It is noteworrhy that the values of energies changed 
over a wide range. 

The activation volumes of the cy transition were simultaneously 
estimated by DMA(r,,,) [27] and DSC techniques [4], or more exactly, the 
shear activation voIumes and the volumes ucrlI,,, characterizing the scale of 
cooperative rnotional unit event, respectively, were found. As seen from 
Table 1. both mechanical and calorimetric techniques gave to a first 
approximation close magnitudes of volumes vf,, and ZIP,,,,,, at T&. This result is 
notable because the physical content of the term “activation volume”, as 
applied to relaxation and deformation processes, is still being discussed, 
although it is often associated with the real volume of the motional unit 
[65]. Therefore, the coincidence found testifies in favour of such an 
explanation for the term “shear activation volume of relaxation transition”. 

Of importance for understanding the common nature of CY and p 
transitions is that a certain ratio of the v,, and ug was also observed for 
different polymers (1271 and Table 1) 

V,, lv,, =4*1 (1 la) 

that is 

Z = Q,r/Q,j = IL/V, = 4 =t: 1 

This relation required a genera1 interpretation and could be related to 
the expected parameter of motion cooperativity [4,21,22]. This statement 
is confirmed by theoretical data. Thus, in a number of theories [36, 63, 64, 
66-721, the LV transition event was considered as the collective mode of 
motion realized as the quasi-independent and localized event in the p 
transition, while a potential barrier Qrl was presumed to correspond to the 
correlated surmounting of several barriers Q,,. Of great interest is that the 
theoretical estimates [36,48,66,69,70] gave the same values for the most 
probable parameter of cooperativity Z -3-5 as observed in our 
experiments. In these terms the “intermediate” relaxations should be 
responsible for the mixed, quasi-independent and cooperative, motion of 
segments. From this viewpoint, the continuous gradual transformation of 
the p into the LY transition, as demonstrated by the Q(r) curve in Fig. 4, is 
absolutely clear. 

According to calculations [36], the parameter Z is not constant. 
Generally in the vicinity of ultrahigh frequency rrc (or at T 3 7;,) Z + I, and 



at ultralow frequency glass transition temperatures 2 + a; however; in the 
normally employed low-frequency region of v = 1O-J-1O3 Hz Z E 3-S (see 

scheme in Fig. l(b)). These estimates explain the fact of degeneration of the 
cooperative segmental motion (a+ j3 transition transformation) at v % 
10x MI. (F’ig. l(b)). 

Work shouId also be mentioned which considers the simuItane+s 
appearance of cy and p transitions in an amorphous solid proceeding from 
the distribution function of density fluctuations IS], quasi-punctual defects 
of enthalpy and entropy excess 173,741, or frdm non-equilibrium thermo- 
dynamics 1751, namely as a dissipative process of the formation of an 
amorphous structure consisting of iow-energy regions of short-range order 
(blocks of more-or-less unidirectional segments, evidently, correspond to 
them) and of high-energy sites of loose packing of segments. Two 
relaxation modes (“rapid”, p and “slow”, a) could be separately tibserved 
in the vicinity of 7;! from dielectric relaxation spectra [ 141, photon 
correIation spectroscopy [76,77] or by a combination of different NMR 
techniques [3]; a law of their mutual compensation was observed, viz. a 
growth in the intensity of one process was attended by the relevant 
diminution of the intensity of the other 1141. This enabled the phenomenon 
of “motional heterogeneity” to be discussed [3]. 

The value of Z - 3-5 segments corresponds, actually, to the scale of 
short-range order regions and to the coordination number of chains 
arrangement in. the first coordination sphere of an intermolecular “lattice”. 

Consequently, unlike the /3 relaxation, the cooperative segmental motion 
is mostly realized in regions having a closer packing, and the values of Q<,, 
obtained by DSC for the narrow temperature range at low frequencies, 
really have the meaning of potential barriers to the correlated motion of 
several neighbouring segments, virtually, the same cnes as the motionai 
units in the p transition. 

Relations (7)-(2 I) provided new possibilities for an approximate 
prediction of Tg at Y = 1 O-‘-10’ Hz proceeding from the molecular 
characteristics of flexible-chain polymer [4] 

Tg = (1.6 zt 0.4)E,,,,,S + 58 (12) 

Figure 15 shows the satisfactory accord between the predicted and 
experimental values of Tg obtained for 23 different flexible-chain polymers. 

5. LIQUID-LIQUID (11) TRANSIT’ION 

The approximate physical boundary between rubber-like and fluid states 
in polymers is known as the iiqtiid-liquid (Ii) transition [ll]. Its origin-and 
even its existence have been widely debated [5, Ill. However, apart from 
relaxation data, a number of experiments confirmed its existence beydnd 
doubt: (1). the onset of a sharp drop in intermolecular interactions, 
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bctwccn the cxpcrimcntnl (V = 10 -’ -1 Hz) and prcdictcd glc?xs transition 
diffcrcnt fkxiblc-chain linear polymers [see table 2.4 in ref. 4). See the 

apparent from differential mid-IR spectroscopy data [62], (2) a step 
increase in average interchain distance, determined by X-ray diffraction 
[78], (3) the critical change in behaviour of fluorescent additives in 
polymers, and (4) a cardinal change in the ESR spectrum (paramagnetic 
probe technique) [l I] were observed at the T,, temperature. 

For understanding the nature of the 11 transition we should also mention 
a break observed in the viscosity curves of Ig 7 =f(l IT) [ll] and the 
similarity between the manifestation of 7;, in non-crystallizing polymers 
and that of the temperature of maximum rate of ci’ystallization in 
crystallizable polymers [4]. Moreover, the abovementioned degeneration of 
a cooperative & transition into the fi transition at 7;, is of importance, i.e. 
the II transition should be considered as an upper limit for TG and possible 
manifestation of the cooperative motion of segments. An empirical relation 
of 7;, to Tg values measured at low frequencies of 10” to 10’ Hz 

K;, = (1.20 f 0.05)7-- 

was established by Bayer [IO, 1 I] and the deviations from it were rare and 
not great [75]. 

Extensive information on the II transition in polymers has been obtained 
by Bayer and co-workers [5,1 l] but our DSC study of this transition 
enabled us to find out, additionally, some of its peculiarities and to discuss 
the nature of the transition as a phenomenon “genetically” connected with 
two other main transitions, LY and /3 [4,23]. Without going into details, these 
peculiarities are the following. 

When combining Btiyer’s and our data, it turns out that for uniform 
s,amples,the 7;,, T,.or TO versus polymerization degree curves are absolutely 
identical in shape (Fig. 12). As seen, the special behaviour for 7;, versus II is 
observed only when measuring powdery samples by DSC and was 
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explained by the infhrence of the spreading process on the T, vaTues (see 
the Tluid versus 11 curve). 

This accord and the proximity of Qa to Q1 values measured at T 5 7;,. 
(eqn. (6)), plus the direct estimates of the moving segment size below and 
above 7;, (Table 2) show the following: the above proofs concerning the 
motional segment length in a wide temperature range of T z Tfi are also 
correct for 14 transitions. According to eqns. (12) and (13) 

7-,, = (1 .Y * OS)E,,,,,S + 6B W 

i.e. the 14 transition, like the a and p transitions, is mainly control4ed hy, the 
thermodynamic rigidity of matiromolecules (S) and the potential barriers of 
intermolecular interactions (E,,,,,), while the scale of the motional chain 
segment remains virtually constant below and above T,,. 

This result permitted us to reject the assumptions of both increasing the 
motional segment size in the vicinity of the 11 transition [lOI and of the 
“melting of segments” at 7;, with passage to monomer units as the kinetic 
units in a polymer melt [7Y]. 

Further, 7;, was found not to be a po4ymer constant; its value changed 
substantially with the annealing procedure in the rubber-like state (Fig. 16). 
As seen, in addition, the slope of the DSC curve at T > 7;, may also rise, 
and a decrease in enthalpy (physical ageing) is observed under these 
treatments, for instance, in PVA. The fatter effect, together with enthalpy 
relaxation manifesting itself in a drawn polymer within the range TG to 7;, 
[4], brought us to the conclusion that it is not Tg but the &;t tempertiture 
which corresponds to an upper limit for the possibIe existence of a polymer 
in the non-equilibrium state. 

Finally, the quasi-thermodynamic nature of the El transition was 
discovered in the experiments performed at various heating rates IJ [23J. 
Actually, as shown in Fig. 16(b) for low-polar PS, the displacement of ?;, 
with changing v was very small and the formal estimate of an activation 
energy for this transition using eqn. (2) gave an enormous value of 
Qll = 800-900 kJ mol-‘. Meanwhile, in the case of a high-polar’ polymer 
(PVA, Fig. 16(a)) the value of 7;, remained invariable when varying u by 
an order of magnitude. Moreover, a considerable discrepancy between 7;, 
values obtained on heating and cooling was observed (Fig. 16(a)), which is 
similar to the we14 known supercooling effect in crystallization-melting 
processes for crystallizable polymers [80]. 

The data considered enabled us to interpret the 11 transition in terms of 
disintegration (“quasi-melting”) on heating or, alternatively, formati,on on 
codling the polymer melt of the long-living (“stab4e”) associates of 
neighbouring segments [4] {The absence of a noticeable enthalpy jump at 
7;,, that generally characterizes the phase transitions of the first kind,,may 
be associated with the low “melting” entha4py and low concentration of 
stable associates.); in some sense, this corresponds to an idea of T;r as the 
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Fig. 16. DSC curves obtained (a) on hearing and cooling PVA and (b) for heating PS a~ 
various rates as well as on PVA samples anncaIcd differenrly in the rubber-like state [23]. 
V =220Kmin ‘. 



temperature of a short-range,order-disorder transition.[71,81]. Indeed, the 
ordering process caused by cooling of polymer melt includes, in general, 
three stages, (a) accumulation of conformatio.naily-regular sequences of 
monomer units in chai.ns (intramolecular ordering), (b) the occurrence of 
their associates similar to the most imperfect crystal nudiei (short-range 
order), and (c) the appearance of long-range order. While all these stages 
occur for crystallizable polymers, in non-crystallizing polymers this process 
stops (obviously] at the second stage corresponding to the 11 transition 
manifestation on cooling of melt. 

Thus, the general picture of segmental motion in flexible-chain polymers 
may bc imagined as follows. At T > Ff a high hole concentration occurs and 
by the above mechanism the quasi-independent /3 process events play the 
main role in the motions. On cooling of the meit which decreases the free 
volume=, the equilibrium between the competing processes of fiuktuation 
disintegration and formation of segment associa.tes gradually shifts to the 
side of the latter. As a result, at a certain temperature the centres of 
short-range order arise, viz. the crystalline nucIei for crystallizable polymers 
(at T,,), or the reIativeiy stable blocks of more-or-less parallel segments 
(associates) in the case of non-crystallizing polymers (at T,,). Simultari- 
eousiy, the relative contribution of cooperative segmenta motions (i.e. of 
the CY process) increases. 

When Tg is reached, a dissipative structure, including regions of 
short-range order and less tightly packed sites in the polymer, arises. Below 
Tg the cooperative motions are gradually frozen-in, and at T, thl: segmental 
motion is retained only as the liquid-like loosely packed “islets of 
mobility”, i.e. localized events of p relaxation. Below TP the conforma- 
tional segmental mobility in chains vanishes completely and a chain 
becomes “dead” in this sense, with only small-scale low-amplitude 
processes of 6 and y relaxations remaining. Figure l(c) shows schematically 
the temperature dependence of an effective activation energy Q for 
molecular motion throughout the range extending from 0 K to the polymer 
melt. 

Thus, the statistical (Kuhn) segment plays a role of the basic “brick” in 
the molecular dynamics in flexible-chain polymers;. its motion determines 
the basic transitions and the properties and processes controlled by 
molecular mobility. 

: 
6. THE PECULIARITIES OF THE MANIFESTATION OF THE GLASS 

TRANSiTION IN MULTICOMPONENT POLYMERIC SYSTEMS AND 
A GENERAL APPROACH FOR THEIR PREDItXION 

The diverse anomalies of r, manifestation in such systems as block and 
graft copolymers, polymer blends, etc. are known and have been shown in 
detail in our IXC studies [4,39-42,451. 



Hence, (a) the Tg of microphases formed by either flexible or rigid blocks 
may be higher thtin, equal t6 or lower than that for the relevant 
homopolymeis; (b) the TS of microphases may strongly depend on the 
preparation conditions and annealing history of samples; (c) more than two 
“T,s” may be observed in two-component phase-separated materials; (d) 
the temperature range of the glass transition. in multicomponent material 
may be very strongly broadened compared to that in homopolymers; (e) the 
Tg value may be invariant to the relative concentration of components in 
such stimplcs, unlike the situation for a statistical copolymer; (f) the 
“abnormal” effect of rise in q. with decrease in molecular mass can be 
observed for blocks in block co>polymers, and (g) the transitions’ activation 

. 

energies in the materials in question may manifest anomalous behiviour. 
The above concept of cy and j3 transitions enabled us to offer a simple 

general approach to the explanation of these anomalies as welt as to the 
plasticization effects in polymer-plasticizer systems. It was shown that both 
kinds of phenomena may be successfully quantitatively predicted, to a first 
approximtition, proceeding -from the molecular characteristics of the 
components of mutticomponcnt systems [4,39-451. 

The analysis concerned two basic situations [4,39]. 
( 1) Good microphase separation. In this case the segment packing 

density may appreciably differ from that in the relevant homopolymers. 
The poorer packing, by a weakening of the intermolecular interactions, 
and the relevant appearance of an additional free volume, may occur as a- 
result of the difference in the thermal expansion coefYicients of the 
components, of the chemical binding of block ends producing the entropy 
hindrances to packing, etc. 

This phenomenon results in more or Iess disassociated segmental 
motions, i.e. in the higher relative contribution to the latter of 
low-coopcrativc and, in the limit. of kinetically independent segmental 
motions. It means an increase in the role of the intermediate and /3 
relaxations at the expense of the intensity of cr processes which decrease. 
From this viewpoint, the displacement of the Tg position to; the lower 
temperatures (7;: --f 7;.+ TjS), a shaip drop in the value of activation energy 
(Qr, + Qi --, Q,), as well as the effects of broadening (up to a range of 
T,,-T,) and manifestation of the “multiplicity” for glass transition could be 
expected. The values of r,, and Q,, in the relevant homopolymers should be 
considered as a limit for the displacement magnitude of the main relaxation 
transition under these conditions. 

(2) Contact between heterogeneous segments because of the molccutar 
mixing of components. Here WC: have in view not only the mixing of 
segments of different blocks, backbone and grafted chains, etc., but also the 
plasticized polymers. 

.If the cy and B transitions in the components of polymeric systems are 
manifest in the distant temperature ranges;th’e breaking of intermolecular 



contacts between identical segments should result in the same situation as 
in the previous case, i.e. in the partial or complete disassociation ot the 
motion of segments. In other words, if the mixing of heterogeneous 
segments or the plasticization process were sufficiently complete, the 
“CX + /3 transition transformation” should also take place, .and the glass 
transition could be realized through the non-cooperative mechanism of p 
relaxation. 

However, unIike the preceding case, the motion of segments of a given 
type occurs herein in the presence of “foreign” adjacent segments (or 
plasticizer molecules). Therefore, the limit values of T* and Q* parameters 
for a new “glass transition” have inevitably to depend on the chemical 
structure and molecular characteristics of these new “neighbours”. 

Actually, as a parameter of solubility 6 = (E,,,l,/VM)‘R where V, is the 
molar volume, eqn. (7) can be rewritten as 

QH = (0.30 f O.O5)V&S + B (15) 

Let us assume that the motion of the given segment in a polymer with 
parameter 8, is realized through the #3 transition mechanism, but in the 
neighbourhood of the segments of another component characterized by a 
parameter &. Then, in the simplest case the activation energy of such a 
movement is 

QY: - (0.30 f 0.05)(” ; “I)VMS + B 

cirhile the temperature of the new transition, according to eqn. (5) is 

T” = Q”(O.250 - 0.019 lg v>-’ (17) 

where Tti: is in K and Q* is in kJ mol-‘. 
Finally, if the temperature T,, is known for the relevant homopolymer, 

the value of T* can also be found by the equation 

(0.25 - 0.019 Ig v)T* - B_ 8: + s’, 
(0.25 - 0.019 ig v& - B 2Sf ‘(18) 

Consequently, as a result of the segmental motion disassociatiofi in 
multicomponent polymeric system or plasticized polymer, one can expect 
that at 3, = & T* = T, and Q:” - QD; at &C 8, T4: C 7” and Q:b 5 Qti, and 
at &=-a, T*> Trs and Q*zQ~. 

DSC curves of block and graft copolymers given in Fig. 17 demonstrate 
the examples of the pectiliarities considered caused ’ y the disassociation of 
segmental motion, namely, ti t, p transition transtormations. 

Figure 17(a) shows the influence of the rigid bldck length in 
polydimethylsiloxane-poiyphenylsilsesquioxane (PDMS-PPhSSc) b!ock 
copolymers on the Tg of flexible PDMS blocks, upon the condition of a 
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Fig. 17. DSC curves characterizing (a) PDMS blocks (curves I-3) in PDMS-PPhSSO Hock 
copolym,srs [WI, (b) PS (curve 1) and PS blocks in PS-PI3 diblock copolymers (curves 2,-t) 
1421. and (c) PS phase in PS/PB blend (cutvcs 1) llnd PS/PE graft copolymer (curves 2) [411]. 
Heating rate V = 2OK mi;l ‘I. Aflcr stxm I ( -) the sample was cooled al 32U K min + 
fc~llowcd by scan II (- - -). 

distinct microphase separation [39]. As predicted, one can see the 
disassociation effects as the “game” between Tg, T,, 7; temperatures for the 

-main relaxation transition, which manifests itself in the strong broadening 
of the “glass transition” range extending from Tc to TE, in the appearance of 
an abnormal four-stage AC,, step in this range, and in the dominant role of 
the p processes when increasing the rigid block content in the copolymer. 
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Fig. 17 (continued). 

The latter disassociative effect is due to the hindrances created by rigid 
blocks for the optimal packing of flexible PDMS blocks. 

A similar picture of a gradual LY + /3 transition transformation can be 
observed for- 35 blocks in PS-PB didlock copolymers 
where a,,s = SIJll and the mixing of different blocks occurs. 
mass of the PS blocks decreased, the mixing degree 
taneously, the expected three-fold drop in the activation 
was observed (Qt. 3 Qp). 

(Fig. 17(b)) [42] 
As the molecular 
rose and, simul- 
energy of motion 

Finally, Fig. 17(c) also allows us to compare the DSC curves for PS-P& 
blend and PS-PB graft copolymer with an identical ratio of components 
(11:89) [4P]. The curve for the phase-separated blend shows the endothei- 
mic melting peak of PB crystallites and the AC, step at TLs -370 K. 
Moreover, a high value of QF = 400-450 kJ mol-l was observed. Mean- 
while, the mixing of the components in the graft copolymer provided the 
suppression of the melting peak (decrease of PB crystallite content) and the 
manifestation of grafted PS glass transition at T, and Qp parameters (scan 
1). A fact of interest is that the exothermic effect of microphase sep?:ation 
is observed at high temperatures. As a result scan 2 indicates i: :.-Y!; 
transformation from the p transition to the cooperative cy transition, l*iz. io 
the restoration of a “normal” position of Tr. 

It is a surprise that, despite the simplest starting principles, the above 
analysis has found experimental confirmation in studies of different block 
polymers [39,40,42], graft copolymers [41], comb-like [45j and plasticizea 
polymers [43,44]. As a matter of fact, all the above-mention& anomalies of 
the glass transition have been observed by DSC. The data obtained for 
many multicomponent systems and polymer-plasticizer pairs [4] have 
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shown a satisfactory agreement between the predicted and experimental 
values including also data obtained by other authors. It enabled us, in 
particular, to offer a general approach to the predictidn of plasticization 
effr;c;ts proceeding from the molecular characteristics of polymer and 
plasticizer [43,44]. 

The data reviewed in this part can, undoubtedly, be considered as 
independent evidence of the correctness of the a and p transition concept 
‘in question. 

7. CONCLUDING REMARKS 

The studies considered, obtained by different techniques of thermal 
analysis, ailowed us to gain more insight into the molecular nature of basic 
(a, p, II) transilions in flexible-chain polymers ?s a common phenomenon. 

It is of importance for polymer physics that correlations between kinetic 
properties, molecular mobility in the condensed state of polymers and 
thermodynamic characteristics have been established. The main finding is 
the experimental evidence that the statistical (Kuhn) segment acquires, as 
a quasi-moletiule, the status of motional unit. Its quasi-independent or 
cooperative (in an intermolecular way) rotational-translational motion 
controls mobility at all temperatures T 2 TP in flexible-chain polymers. The 
T-C transition takes part in the motional events under these conditions 
although the activation barriers of the transitions in question are basically 
determined by TV lie potential barriers of intermolecular interactions. 

For the first time, the common relations of LY, /3 and 11 transition 
parameters to Kuhn segment size S, cohesion energy EC,,,, and internal 
rot&ion barrier B have been found. They enable not only many 
experimental facts to be explained but successful prediction of the 
characteristics of the transitions in homopolynlzrs (including the highly 
crystalline [38] and ion-cbntaining polymers 182, &3]), the anomalies of the 
manifestation of TS in multicomponent polymeric systems, and plasticiza- 
tion effects. 
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