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Synopsis 

Torsional braid analysis (TBA) ( 4 . 3  Hz) and differential thermal analysis (DTA) data are 
presented for the temperature region 0-200°C for two series of atactic polystyrenes with narrow 
molecular weight distributions: (a) anionic series, Mn = 6O0-2X1O6, MW/Mn N 1.1; (b) fraction- 
ated thermal series, @,, = 2,000-l.lX105, Mw/M ,, (1.25. Preliminary results on bimodal blends 
are also reported. Heating and cooling cycles were employed with TBA; only the heating mode 
was used with DTA. In addition to a dynamic mechanical loss peak a t  T,, a higher temperature 
loss peak was also found. Designated the Tu or liquid-liquid transition (relaxation), its temper- 
ature is 1.1 to 1.2 T, ( O K )  for polymers with molecular weight below the critical molecular weight 
(M, )  for chain entanglements. Above M, a? 35,000, it rises steeply, being c=2OO0C for @,, = 
110,000. The common dependence of T, and Tii on &f,,-l below M, suggests a common molecu- 
lar origin. The two facts, (a) that Ti1 > Tg and (b) that Ti1 reflects chain entanglements, further 
suggest that Ti1 involves a longer chain segment length and possibly the entire molecule. Com- 
parison of 7'" versus log M plots with T versus log M isoviscous state plots based on zero-shear 
melt viscosity data from the literature implies that Tii-as measured by the TBA technique corre- 
sponds to an isoviscous state of 104-105 poises. The employment of narrow molecular weight 
polymers is presumably responsible for both the linear variation of the Ti1 transition with & f n - l  

(which suggests a free volume basis for the relaxation) and the form of the variation of the Ti1 
transition with log M (which suggests an isoviscous basis for the relaxation). The sharpness of 
the Ti1 loss peak by TBA decreases with increasing molecular weight and dispersity. The DTA 
endothermic event corresponding to Ti! is clearly related to the occurrence of flow since the fused 
films which result from heating granules to 200'C and cooling to R.T. do not reveal a Tli on re- 
heating. If a fused film is crushed, a Ti1 event is observed on heating. For bimodal blends with 
M,, < M, for both components, the Ti1 transition was averaged; with one component less than 
and one greater than M,, the Ti1 transitions of the components appeared to occur independently 
a t  temperatures corresponding to those of the isolated components. In accordance with Ueber- 
reiter and Orthmann, T, appears to separate a glassy state from a fixed liquid state, whereas T11 
separates the fixed liquid from a true liquid state. Possible molecular interpretations for the Ti1 
process are discussed. Systematic bodies of data from the literature which indicate the presence 
of the Ti1 process in other polymers are summarized. 

INTRODUCTION 

The existence of a transition located above the temperature of the glass 
transition in amorphous polymers is a subject of controversy. Evidence for 
such a transition and the main features of its behavior have been summa- 
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r i ~ e d . l - ~  Its temperature of occurrence increases with frequency and with 
molecular weight, and it is suppressed by crosslinking. Since the transforma- 
tion involves a change from one liquid state to another, it has been designated 
T L L . ~ , ~  In particular, for atactic polystyrene, a high-temperature (7’ > Tg) 
amorphous transition has been observed using such diverse techniques as 
thermal expansi~n,’-~ heat capacity,8 differential thermal analysis,’ x-ray,g 
deformation-ternperature,’OJl dynamic mechanical 1oss,12 stress relaxation,l3 
diffusion,14 and melt viscosity.lJ5 The nature of the transformation has 
been attributed to the onset of f l o ~ , ~ J ~ J l J ~  changes in the state of localized 
order,17J8 chain entanglements and chain ends,lg and the onset of motion of 
entire polymer chains.lt2 

Preliminary published work using differential thermal analysis (DTA) ap- 
peared to reveal the existence of a transition or relaxation anomaly in the re- 
gion of 1 6 O O C  in polystyrene with an average molecular weight of 82,000 (see 
ref. 1, Fig. 3). 

Thermomechanical experiments above Tg for amorphous polymers are fa- 
cilitated by using supported samples. One method employs a mixture of low 
molecular weight polymer in a matrix of the same polymer having high mo- 
lecular weight. In this way, the dependency of a T > Tg relaxation on molec- 
ular weight has been studied for 1,4-polybutadiene (with approximately equal 
amounts of cis and trans repeat units).2 The dynamic mechanical experi- 
ment (-50 Hz) revealed the transition by a loss peak. Another approach in- 
vestigates a composite specimen consisting of polymer and inert glass sub- 
strate. In torsional braid analysis (TBA), a multifilamented heat-cleaned 
glass braid acts as the support for a specimen in a freely damped torsional 
pendulum experiment operating at  about 1 Hz.20,21 Although the TLL transi- 
tion in amorphous polystyrene, as determined by mechanical loss, has been 
alluded to in the literature,l no published data appear to exist. TBA experi- 
ments performed herein cover the temperature sequence 200° - -190° - 
2OOOC with a programmed cooling and heating cycle. The present report is 
concerned only with Tg and TLL data. Analysis of loss peaks in the p and y 
regions of polystyrene will be presented on a later occasion. 

The two series of polystyrenes, each with varying molecular weight, which 
were studied in this present work were “monodisperse” anionic polystyrenes 
and narrow molecular weight fractions from a batch of thermally polymerized 
styrene. The present research with DTA establishes the existence, the origin 
(on a macroscopic basis), and the conditions for observing the transition by 
DTA, and also demonstrates its dependence on molecular weight. The TBA 
experiments clearly show the existence of the T L ~  transition in amorphous 
polystyrene, the reversibility with respect to temperature, and also the de- 
pendence on molecular weight. The transitions as measured by TBA agree 
with determinations made by DTA. 

Investigations of a bimodal blend of low molecular weight polymers by 
DTA and TBA show that the T L ~  transition, like the glass transition, is an av- 
erage value of the two constituents. However, a blend of a high molecular 
weight polymer with a low molecular weight polymer shows a TIL loss peak 
corresponding to the low molecular weight polymer. 

The present manuscript follows up a preliminary report by the authors.22 
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EXPERIMENTAL 

Materials 

A series of polystyrene samples, obtained from the Pressure Chemical Co., 
Pittsburgh, Pa., was synthesized by an anionic polymerization procedure 
which produces “monodisperse” material, MW/&fn = 1.1 (see Table I). The 
reaction of styrene is initiated in benzene with an n-butyllithiumltetrahydro- 
furan complex and terminated by addition of methanol. This results in n- 
butyl and hydrogen ends for each polystyrene chain. Following termination, 
the polymer solution is diluted with benzene to a concentration of 2.5%. 
Boiling distilled water is used to flash off the solvent, producing polymer 
“popcorn” or “10llipop”~~ which is then chopped in a stainless-steel grinder 
and dried as outlined in Table I. The difference in the physical appearance 
(morphology) of the polystyrene samples (from granular to fibrous form with 
increasing molecular weight) results in part from the fact that the higher mo- 
lecular weight samples have glass transition temperatures above the flash 
temperature (-l0OOC). 

Another series of polystyrene samples (see Table 11) was prepared in the 
following manner: A thermally polymerized polystyrene (an = 1,532, 
MW/Mn = 20.5) designated PS-1 (Dow Chemical Company, see Table 11), was 
fractionated by a preparative gel permeation chromatography (GPC) unit 
(Waters Company Anaprep) into 19 fractions and isolated by methanol pre- 
cipitation from methylene chloride and then vacuum dried at  60°C.24 The 
molecular weight distributions of all fractions were characterized by GPC and 
had polydispersities (MW/&fn) in the 1.1-1.3 range.24 Vapor-pressure os- 

TABLE I 
Molecular Weights of Anionic Polystyrenesa 

“As received” 
prehistoryd 

Sample Batch Max T, Press., 
no. no. g n  B w b  M,C BW/un “C in. Hg 

1 14b 1,990,000e 2,050,000 2,340,000 < 1.30 
2 13a 6 4 0,O 0 Oe 670,000 678,000 < 1.10 
3 3 b  3 5 5,000e 392,000 388,000 < 1.10 
4 l c  1 93,000e 200,000 186,000 <1.06 
5 4b 11 1,000e 11 1,000 111,000 <1.06 
6 7b 36,000e 33,000 38,000 <1.06 
7 2b 20,200e 20,800 20,400 <1.06 
a 8b 9,600f - 9,300 <1.10 
9 l l b  3,100f - 3,600 <1.10 

11 16a 585f - 578 <1.10 

a Polymers and characterization: Pressure Chemical Co., Pittsburgh, Pa. 
b Light scattering. 
c Intrinsic viscosity. 
d Dried to constant weight. 
e Membrane osmometry. 
f Vapor-pressure osmometry. 

10 12b 2,050f - 2,120 <1.10 

- 

40 
80 
80 
80 
80 
80 
80 
40 
40 
40 
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mometry and osmotic pressure were used to further characterize the low and 
high molecular weight fractions, re~pect ively.~~ 

Assignments of tacticity were obtained on a few samples from 20-MHz C13 
NMR spectra using the resonances of the C-1 aromatic carbon atom.25 Al- 
though the backbone methylene carbon also showed tacticity effects, this res- 
onance area was obscured by the backbone methine carbon and therefore was 
not used in estimating values. For anionic polystyrene the tacticity was esti- 
mated to be 19/28/53 and 18/26/56 for the isolheterolsyndio percentages for 
Mn = 20,200 and Mn = 1,990,000, respectively. For the unfractionated ther- 
mal polystyrene, the corresponding percentages were 17/25/58. The values 
were based upon the best computer fit using ten peaks associated with pentad 
sequences and triad assignments according to published  procedure^.^^,^^ 
The estimate of accuracy was 10% based on a change in computer parame- 
t e r ~ . ~ ~  

Differential Thermal Analysis (DTA) 

Unless otherwise noted, the samples were examined “as received” under 
the following conditions. 

A differential thermal analyzer (du Pont Model 900 with a du Pont Model 
900-600 DSC cell) was used to examine the thermal behavior of the polysty- 
rene samples from room temperature to 500OC. Specimens were contained 
in open aluminum sample pans (du Pont Model 900-656) and heated in an at- 

TABLE I1 
Molecular Weights of Thermal Polystyrene Fractionsa 

Fraction no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13  
14 
15 
16 
17 
18 
19 

iC;lwb 

2,470 
2,720 
3,100 
3,890 
5,030 
6,660 
8,360 

10,800 
13,600 
15,500 
23,400 
30,500 
39,400 
49,500 
66,100 
95,000 

134,000 
208,000 
294,000 

Mn b 

2,200 
2,490 
2,470 
2,370 
4,430 
5,810 
7,350 
9,330 

11,700 
13,300 
19,800 
25,200 
32,800 
41,200 
54,500 
75,100 

107,000 
163,000 
229,000 

M , c  

- 
1,880 
2,130 
2,690 
3,600 
5,380 
6,270 
8,180 

11,800 
13,400 
23,500 
35,400 
47,200 
56,700 
70,800 
94,400 

111,000 
182,000 
- 

1.11 
1.09 
1.25 
1.15 
1.14 
1.15 
1.14 
1.15 
1.16 
1.16 
1.18 
1.21 
1.20 
1.20 
1.21 
1.26 
1.25 
1.28 
1.29 

a MateriaI was fractionated from PS-1, sample no. Lot SL-10402 which had been 
prepared in a semicommercial unit of the Dow Chemical Company at temperatures in 
excess of 250°C. This specimen had a 10% by weight solution viscosity in toluene of 
about 1.0 cp at  20°C. 

b GPC. 
Vapor-pressure osmometry for fractions 1-10. Membrane osmometry for fractions 

11-18. 
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0 50  100 150 200 250 300 350 400 450 500 
T,OC (CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES 

Fig. 1. DTA. Anionic polystyrene (Mn = 9,600): effect of heating rate. Sample size = 11 
mg; A T  (y-axis) = 0.5°C/division; heating rates: (A) = 30°, (B) = 20°, (C) = loo, (D) = 1.5”C/ 
min; samples, “as received.” 

mosphere of flowing nitrogen (Liquid Carbonic, 99.996% pure) a t  a rate of 
3O0C/min. An empty aluminum pan was used for a temperature reference. 

Low molecular weight specimens which are designated “crushed” were pre- 
pared in the following manner. The “as received” sample was heated to 
2OOOC at  2OC/min and then “quenched” over 18 min to room temperature 
(free cooling to room temperature made no difference). The resulting clear 
film was then granulated by applying pressure to the sides of the sample pan 
with a pair of forceps. This procedure produced particles which were ap- 
proximately the size of common table salt. 

Torsional Braid Analysis (TBA) 

Specimens were prepared using 2-in. braids, from 10% solutions (g poly- 
mer/ml toluene). The solvent was removed from the mounted specimen by 
heating to 2OOOC at  2OC/min in a fast-flowing nitrogen atmosphere. Freely 
damped torsional oscillations were induced in the specimen intermittently 
during cooling to -195OC at  1.5OC/min and then heating to 2OOOC at  1.5OC/ 
min in a slow-flowing, dry helium atmosphere. The experiment was con- 
trolled and data were acquired and processed using an automated system.21128 
The analyzer provides digital printout on paper tape of the period ( P  = peri- 
od of oscillations in seconds), logarithmic decrement (A f log, A;/Ai+l, 
where Ai is the amplitude of the ith oscillation), and thermocouple voltage 
(mV). Thermomechanical plots of relative rigidity ( UP2) and logarithmic 
decrement versus temperature (“C), were obtained from a computer-driven 
plotter (Calcomp Model 565) using punched cards as input. Use of the loga- 
rithmic decrement rather than the out-of-phase shear modulus ( G ” )  results 
in amplification of the loss peaks at  higher temperatures (since G” = A/?rP2 
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Fig. 2. DTA. Anionic polystyrene (an = 9,600): dependence of transition and degradation 
temperatures on heating rate (see Fig. 1). 

and the period generally increases with tem~erature) .~~fO In this report, 
only the Tg and Tll transitions are discussed; data obtained below Tg will 
form the basis of a future communication. 

RESULTS 

DTA 

Investigation of the effect of heating rate on particulate anionic polysty- 
rene (A?n = 9,600), from 1.5' to 30'C/min, indicates that a rapid heating rate 
(>lO'C/min) is necessary for the clear observation of a Ti1 transition (Fig. 1). 
A plot of transition and degradation temperatures as a function of heating 
rate shows an especially strong heating rate effect on the degradation temper- 
ature Td (Fig. 2). (A study of the degradation of the anionic and thermal 
polystyrenes as a function of molecular weight by pyrolysis-molecular weight 
chromatography is under way.31) The temperatures for the onset of Tg and 
Td are included in Figure 2; these were determined from the intersection of 
linear extrapolations of the initial baseline and the left side of the endotherm. 
The assigned temperatures for the Tg and Tl1 transitions found at  30°C/min 
are 7' to 8'C higher than values obtained by linear extrapolation to low rates 
of heating (e.g., 1.5OC/min). 

The effect of physical form of the DTA specimen is shown in Figure 3 
(curves A, B, C, D, and E) for a sample of anionic polystyrene with a number 
average molecular weight of 3,100. Curve A is the result obtained during 
heating the "as received" particulate sample to 2OOOC at  30°C/min. (Infor- 
mation supplied with the anionic polystyrene samples from the Pressure 
Chemical Company indicates that the size of the particles is minus 6 mesh.) 
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Fig. 3. Influence of physical form of anionic polystyrene (A?,, = 3,100) on 2’“; AT/At  = 
30°C/min; (A) “as received”; (B) prehistory: “as received” sample heated to 200OC at 2OC/min 
followed by free cooling; (C) prehistory: same as (B) with the sample crushed to granular form; 
(D) “as received” heated to 100°C (see Fig. 4, top); (E) “as received” heated to 135OC (see Fig. 4, 
bottom). 

The Tg and Ti1 transitions are clearly observed. Curve B is the result of 
heating to 200°C at 3O0C/min the film formed in experiment A. In this case, 
the glass transition is observed but the Tl1 transition is not. The character of 
the DTA response through the glass transition region has been altered from a 
sharp endothermic peak to a baseline shift. This is presumably due to differ- 
ences in prehistory. When the polymer film from experiment B is granulated 
and heated to 200°C at 3O0C/min, both the Tg and Tll endothermic peaks are 
once again observed (curve C). Curves D and E define the temperature 
prehistories used for the visual examination of the changes in physical form 
through the Til transition. In experiments D and E, “as received” sample 
was heated to 100” and 135”C, respectively, and then quenched to room tem- 
perature. The photographs (X100, Fig. 4) were obtained using a research mi- 
croscope (Carl Zeiss). Granules are still observed (Fig. 4, top) after heating 
to above the Tg but below the Ti1 transition (the black area with striations is 
the specimen container). However, a clear film (Fig. 4, bottom) formed (hav- 
ing cracks and concave dimple formations presumably due to escaping air 
bubbles) on heating to above the Tli transition. 

The effect of both molecular weight and physical form for the anionic and 
fractionated thermal polystyrene series on Tg and Tl1 are shown in Figures 5 
and 8, respectively. Numerical data are summarized in Tables 111, IV, and V. 
The heating rate for all experimental runs was 3O0C/min. For the “as re- 
ceived” particulate anionic polystyrene specimens (Fig. 5, left), a Tll transi- 
tion is observable for an < 111,000 under the experimental conditions. 
Smaller amounts of polymer were used for specimens with an > 111,000 
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HEATED TO IOO°C 
(ABOVE Ts 1 

x too 

HEATED TO 135OC 
( ABOVE Ti11 

x 100 

Fig. 4. Visual observations (XlOO) on granular anionic polystyrene (M,, = 3,100) after heating: 
top, results of prehistory shown in Fig. 3D; granules (black area is the sample container); bottom, 
results of prehistory shown in Fig. 3E; film (with crack and dimples). 

which have lower bulk densities due to the method of isolation. Efforts were 
made to increase the amount of sample in the container by first making films 
from the bulky fibrous material by heating to 2OOOC at  2OC/min and then 
cutting them into smaller pieces. No change in the results was noted. Heat- 
ing the higher molecular weight samples above 2OOOC did not reveal any in- 
formation on Tl1. Anionic polystyrene specimens with a prehistory of heat- 
ing to 2OOOC at  2OC/rnin (i.e., formed into a film for M,, < 111,000) showed no 
Tll endothermic transition for all molecular weights (Fig. 5, right). 

The T, and T11 transition temperatures for anionic polystyrene are plotted 
versus 1/Mn (Fig. 6), as is customary in investigating the effect of free vol- 
~ m e . ~  The curves were drawn using TBA data (see below), and the DTA re- 
sults on “as received” polymers were added. The T, plot shows two linear 
regions, each of which follows the relationship T, = Tgm - KgM,,-l, with K, 
= 20 X lo4 and Tgm = 386OK for M,, > 6.6 X lo4, and K, = 7 X lo4 and Tgm 
= 384°K for lo3 < A?n < 6.6 X lo4. These values agree fairly well with the 
l i t e r a t ~ r e ~ ~ ;  for a number of polymers, K, = 20 X lo4 for M > lo4 and K, N 8 
X lo4 for lo3 < M < lo4. For M < lo3, K, is reported to change to a smaller 
value3? this agrees with the present datum for A?,, = 585 (see Table 111). 
K, parameters were determined from plots of log A?,, versus log (Tga - T,) 
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Fig. 5. DTA. Anionic polystyrene: effect of molecular weight and prehistory on Tg and TG 
films made by heating to 2OOOC at AT/At = 30°C/min; left, "as received"; right, prehistory: 

2OCImin and free cooling. 

A DTA 3O0C/min 
0 TBA I S"C/mm 

10 2 0  3 0  40 
vmn ( x ~ 0 4 )  

3 

Fig. 6. DTA and TBA. Anionic polystyrene: Tg and T ~ I  vs. l/an. (For DTA, Tg was de- 
fined as the peak of the endotherm.) 
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MOLECULAR WEIGHT, Mn 
Fig. 7. DTA and TBA. Anionic polystyrene: Tg, T,i,, and Ti1 vs. log an. The designations 

A fixed fluid is considered to exist be- of the three regions shown were adapted from ref. 16. 
tween Tg and T11. 

with the data fitted to slopes of -l.32 The values obtained by this method 
agreed with those determined from plots of Tg versus l / a n .  [The same 
technique was used to determine corresponding Kn values for M < M,  (see 
below).] The plot of the Tl1 transition temperatures versus 1/an also has 
two regions (for Mn 1 2,050) which intersect at  A?n N 4 X lo4. The region 
below Mn = 4 X lo4 has a slightly higher negative'slope than the Tg-versus- 
1/Mn plot with the ratio of Tg/Tll ("K/"K) decreasing from 0.95 (an = 2,050) 
to 0.90 (an = 36,000) with increasing molecular weight (TBA data, Table 
VI). The higher molecular weight region of the TlI-versus-l/Mn plot has a 
steep negative slope: in this region, the Tl1 transition varies linearly with the 
logarithm of A?n10j11p16 (Fig. 7). For M >> M,, Tll may be above the onset of 
thermal degradation. Table IV defines and summarizes the various con- 
stants for the Tg and T ~ I  transitions-versus-l/Mn relationships for the anion- 
ic samples. 

Figures 8, 9, and 10 present corresponding results (Tg and Tll transition 
data) for the series of samples of fractionated thermal polystyrene. Numeri- 
cal data are summarized in Table IV and Table V. The Tll transition is ob- 
served (Fig. 8, left) for all fractions examined (an = 1,880-111,000). (It 
should be noted that T ~ I  data determined by TBA are about 10°C lower than 
values determined by DTA for the two thermal specimens examined by 
TBA.) These specimens for DTA were first heated to 200°C at 2"C/min to 
remove the diluent used in fractionation and were then crushed to granules. 
Fractionated thermal polystyrene specimens with a prehistory of heating to 
200°C at 2"C/min (to form a film) showed no T ~ I  endothermic transition for 
all molecular weights (Fig. 8, right). The plots of Trl and Tg versus l/Mn 
(Fig. 9) are similar to those for the anionic polystyrene series. The intersec- 
tions of the two regions of the Tg and T11 plots occur at  Mn = 4 X lo4 and M n  
= 3.3 X lo4, respectively. The parameters determined from the Tg peak data 
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TABLE IV 
Anionic and Thermal Polystyrene: Tg and T ~ I  Parameters 

Anionic (TBA data) Thermal (DTA data) 

386 
384 
6.6 X l o4  
2 0 x  104 
7 x 104 

4 x  104 
2 7 2 ~  104 
1 5 ~  104 

429 

394 
386 
4 x  104 

3 5 x  104 
8X l o 4  
435 
3.3 x 104 
2 2 8 ~  104 
11 x 104 

a Values obtained from intercept of plots of log (Tgm - T g )  and log (TI!- - Tll) vs. 
log M, with the data fitted to slopes of -1. 

(DTA) are K ,  N 35X104 and Tgm = 394OK for Mn >4X lo4, and K, = 8 X 
lo4 and Tgm = 386OK for 1,880< Mn < 4.0X lo4. T, and Tl1 parameters are 
summarized in Table IV. Also included in Fig. 9 is the dependence of the 
onset of the glass transition temperature (measured by DTA) versus l/&fn. 
The ratio of Tg/Tll (OK/OK) decreased from 0.91 (an = 1,880) to <0.88 (Mn 
> 23,000) with increasing molecular weight (DTA, Table V). 

The effect of blending two "monodisperse" anionic polystyrene samples to 
form a bimodal mixture on the Tg and Tl1 transitions is illustrated in Figure 
11. Experiments A and B show the result of heating "as received" samples 
with A?n = 20,200 and 3,100 to 2OOOC at 30°C/min. The T, and Tu transi- 
tions are observable for each sample. Curve C resulted from the 1/1 (by 
weight) dry blending of the polymer samples used in experiments A and B. 
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The blend was made by vigorously shaking a bottle containing small amounts 
of the polymer granules. Each glass transition is observable but only one in- 
termediate Tu endotherm is present (see Table 111). The sample used for ex- 
periment C was dissolved in toluene, formed into a film by drying to 2OOOC a t  

I I I I I I I I I I 
0 50 100 150 200 0 50 I00 150 200 

T,OC ( CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES ) 

Fig. 8. DTA. Thermal polystyrene fractions: effect of molecular weight and prehistory on Tg 
and Tll: R.T. ---+ 

200°C at  2"C/min, free cooling and then crushed to granules; right, prehistory: films from DTA 
experiments on left. *Film only cut into pieces because of toughness. 

AT/At  = 3O0C/min; numbers identify fractions (Table 11); left, prehistory: 

- 

- 
A DTA 
o TBA 

I I 1 I I 
10 20 30 4.0 5 0  

IIR, (x104) 

Fig. 9. DTA and TBA. Thermal polystyrene fractions: Tg and Tll vs. l/M,,. Numbers iden- 
tify fractions (Table 11). 
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450 4709 0 TEA 

TRUE LIQUID " 

n FIXED FLUID 
5 
W 

t 

a 
a GLASSY STATE 

v) 
Z 370 

c 

1 
I I I I I I I I I  I I I I I l l l l  1 

I o3 10' 105 
MOLECULAR WEIGHT, mn 

Fig. 10. DTA and TBA. Thermal polystyrene fractions: Tg and Tii vs. log M,,. Compare 
with Fig. 7. 

2"C/min and crushed into granules before being heated to 200°C at  30°C/min 
(experiment D). Single Tg and Tu transitions are present which occur at 
temperatures between those of the components. If the film formed from SO- 

lution is not crushed, no Tu transition is observable (experiment E). Blend- 
ing results obtained by TBA are given below. 

TBA 
Typical results for a torsional braid analysis (TBA) experiment are shown 

in Figure 12. A solution-impregnated braid of anionic polystyrene (&fn = 
20,200) was mounted in the TBA apparatus and heated to 2OOOC at  1.5"C/ 
min in an environment of fast-flowing helium to remove solvent. The experi- 
mental run involved immediately cooling to liquid nitrogen temperature at 
1.5"C/min and then heating to 200°C at  1.5'C/min in a slow-flowing, dried 
helium atmosphere (Helium-M. G. Scientific, Grade 5.5 with Oxisorb Puri- 
fication System). Data shown are for 200° - 80°C (A) and 80" - 200°C 
(+). The TBA dynamic mechanical spectra, logarithmic decrement (A) and 
relative rigidity (l/P2) versus temperature (OK), show that the glass transi- 
tion (108"C, 0.6 Hz) and the Tl1 transition (148"C, 0.3 Hz) are discernible and 
reversible with heating and cooling. 

Figure 13 shows corresponding results for a fractionated thermal polysty- 
rene specimen (&fn = 11,800, fraction number 9) with Tg (lOS"C, 0.6 Hz) and 
Tu (139OC, 0.3 Hz) being discernible and reversible (Table VII). 

A composite figure illustrating TBA results (logarithmic decrement versus 
T ,  "C) for ten anionic polystyrene samples varying in molecular weight from 
Mn = 585 to 1,990,000 is shown in Figure 14. The corresponding rigidity re- 
sults are presented separately in Figure 15. The curves presented are for the 
decreasing temperature programming mode and have been displaced vertical- 
ly by arbitrary amounts for the purpose of clarity. The Ti1 transition is ob- 
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0 
X 
W 

!G T 
0 I 
0 
z 
W 

1 I I 

DTA 

-7 

I I 1 
50 100 150 2 
TEMPERATURE,(”C) 

- 
t- z 
W r 
W 
lY 
U 
W 
0 
W 
0 
1 

W 
0 
J 

- 

I I 

TEA 

L 20.200 

1 0  5 0  100 150 2 0 0  
TEMPERATURE, (“C) 

Fig. 11. Left, DTA. Blending of anionic polystyrene: effect on Tg and Tu; AT/At  = 30°C/ 
min; (A) an = 20,200, “as received”; (B) M,, = 3,100, “as received”; (C) 1/1 dry mixture of “as 
received” polymers used in experiments A and B; (D) prehistory: film formed from toluene so- 
lution of polymers used in experiment C, dried to 200OC at 2OC/min, and then crushed to gran- 
ules; (E) prehistory: film formed from DTA experiment D. 

Right, TBA. Blending of anionic polystyrene: effect on Tu; (F) M,, = 20,200; ( G )  M,, = 
3,100; (H) 1/1 blend of A and B. Compare with Fig. 16. 

servable in the loss curves for all specimens with M,, I 111,000. In addition, 
a Tll transition above 200°C for Mn = 193,000 is indicated. Numerical data 
from these curves are tabulated in Table VI. Plots of the Tg and Tl1 transi- 
tion temperatures determined by TBA for anionic polystyrene versus 1/Mn 
are presented in Figure 6 and versus log M,, in Figure 7. The results are sim- 
ilar to those determined using DTA (Figs. 6 and 7). 

Tmin is defined as the temperature of minimum damping between the Tg 
and Tll transitions (Tables VI and VII). The temperature and breadth of the 
damping minimum increase while the damping level decreases (not shown) 
with increasing molecular weight. The damping level at  Tmin gives an indi- 
cation of the elastic effects in the polymer. The lower the damping level, the 
greater the melt elasticity which for high molecular weights may result in part 
from chain entanglements. The possibility of using the Tmin temperature, as 
a means‘for determining the molecular weight of a specimen, and the breadth 
of the minimum as a measure of the molecular weight distribution has been 
discussed by others.2>33>34p35 Included in Figure 7 is a plot of the values of 
Tmin versus log M,,. The linearity at  higher molecular weight concurs with 
unpublished results.36 

The effect of blending (1/1 by weight) two “monodisperse” anionic polysty- 
rene samples (a,, = 20,200 and 3,100) on the Tg and Tll transitions is illus- 
trated in Figure 11 (right). Specimens were prepared from 10% toluene solu- 
tion (g polymer/ml solvent) by drying to 200OC. The logarithmic decrement 
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I I I I I 110 '01- 

ANIONIC POLYSTYRENE 
M,= 20,200 
- 

t 

l- a 

a 

ATMOSPHERE 

' f 1.5"C/ MIN. 

w n! 
V w 1 ;  D 

0 

PREHISTORY IDRYING) :  2 5 ° 4 2 0 0 '  
EXPERIMENT : 2 0 0 ° 4 - 1 9 5 9 4  200°C 

DATA SHOWN : 200e08O0c 
I 0-2 I1 80O-0 20OoC 

3 0 0  350  400  450 500 550  600 
TEMPERATURE , ( O K )  

Fig. 12. TBA. Thermomechanical spectra [relative rigidity and logarithmic decrement vs. 
temperature ( O K ) ]  of anionic polystyrene, &fn = 20,200. 

for both of the "monodisperse" samples and the bimodal blend are plotted 
versus temperature, "C. The data presented are for the decreasing tempera- 
ture programming mode with the curves displaced vertically for clarity. As 
in the DTA results, the Tg and Ti1 transitions for the blend of two low molec- 
ular weight species are between those of the components (Table VI). Using 
the transition temperature-versus-structure equation,37 generalized to in- 
clude the Ti1 transition, i.e., 

1/Tii = WiIiTii + W21zTii 

where ~Tl l ,  2T11, and Ti1 are the values of the Tll (OK) transition for polymer 
1, polymer 2, and the blend of 1 and 2, and W1 and W2 are the respective 
weight fractions of polymers 1 and 2, the value calculated for the blend (i.e., 
401OK) is close to that determined experimentally (i.e., 405OK). This 
suggests further that chain ends (free volume) determine the TLL transition 
temperature. 

Examination of another solution-formed blend (111 by weight) of two an- 
ionic polystyrene samples with f i n  of the components on either side of the 
critical molecular weight M, = 40,000 (low molecular weight component, f i n  
= 20,200; high molecular weight component, f i n  = 1,990,000) indicates that 
the thermomechanical loss above Tg is a summation of the components (Fig. 
16). The overall thermomechanical behavior (T  > T g )  of the blend resem- 
bles the higher molecular weight component but there is a small damping 
peak at  135OC which is due to the influence of the lower molecular weight 
component. (The glass transition temperatures of the components of the 
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M,= 11,800 

Tp= 379OK (0.6Hz 1 t i  

.! - 1 - il w z 

W 

AT/At  = f I.5'CIMIN. 

PREHISTORY( DRYING 1 :  2 5 ° - 0 2 0 0 0 C  

EXPERIMENT:  200° . - -p-195042000C 

DATA SHOWN : 2 0 0 ° - e 6 0 0 C  

80'+ 200-C t 
IO+l I I I I I 

3 0 0  3 5 0  400 450 500 550 600 
TEMPERATURE, ( 'K ) 

Fig. 13. TBA. Thermomechanical spectra [relative rigidity and logarithmic decrement vs. 
temperature (OK)] of fractionated thermal polystyrene, Mn = 11,800. 

blend are too close together to test their resolution.) The apparent shift in 
the Ti1 transition of the lower molecular weight component (from 148°C to 
135°C) results from addition of the shoulder on the loss peak due to the glass 
transition of the high molecular weight component to the loss region of the 
lower molecular weight component. 

DISCUSSION 

Three conditions aid the observation of the Ti1 transition in amorphous 
polystyrene using DTA: (1) high heating rate (i.e., A T / A t  > 10°C/min); (2) 

TABLE VII 
TBA. Thermal Polystyrene Fractions: Effect of Molecular Weight on T, and Tlla 

TglFl9  
Fraction no. Mrl T,, 5( (Hz) T,h, "K (Hz) Tll, "K (Hz) OK/ K 

3 2,130 348 (.50) 358 (.33) 367 (.30) 0.95 
9 11,800 379 (.57) 393 (.34) 412 (.29) 0.92 

Unfractionated 1,532 360 (.59) 384 (.34) r398b  (.32) 0.90 
polymer 

a Transition temperatures: determined from TBA logarithmic decrement data in the 
decreasing temperature mode using 2-in. braids. Specimen preparation : 10% (g/ml) 
of polystyrene in toluene. Temperature prehistory: drying; R.T. --* 200" C a t  2" C/min 
to remove solvent. Environmental gas: helium. 

b Broad. 
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1 I 1 

Fig. 14. TBA. Thermomechanical spectra [logarithmic decrement vs. temperature (“C)] of 
anionic polystyrene: effect of molecular weight on Tg and Tu. Curves have been displaced ver- 
tically by arbitrary amounts for purposes of clarification. Line drawings are shown for the de- 
creasing temperature mode. 

low molecular weight (i.e., an < 111,000); and (3) particulate form for the 
sample. On the basis of visual observations, the DTA response is due to flow. 
The “endothermic” peak is a consequence of an increase in heat transfer sur- 
face area as the geometry of the specimen changes with respect to its contain- 
er. As such, no changes in thermal properties (such as heat capacity) of the 
polymeric material are necessary for the observation of the Tli “transition” 
by DTA. Observation of the transition is suppressed by low heating rates 
which do not allow discrete changes in the geometry of the specimen, by high 
molecular weights for which the specimens do not flow in the timehempera- 
ture scale under the low (gravitational) stress level of the experiment, and by 
use of a specimen in film form for which the surface area for heat transfer has 
been established. In order to assign a temperature to the transition by DTA, 
a compromise is made between a rapid heating rate required for the clear ob- 
servation of an “endotherm” and the period of time required for flow. Al- 
though only a macroscopic response is observed by DTA, it must have its ori- 
gin at  the molecular level. 

The other approach used in this work for examining the 2’11 transition in- 
volved torsional pendulum experiments performed above the glass transition 
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I I I I 

ANIONIC POLYSTYRENE 
TEA 

MOLECULAR 
WEIGHT,  

Mn 
- 

0- 1,990,000 

a- 640,000 - 193,000 

0- I I1.000 
Q- 36,000 

v 20.200 
o-- 9,600 
+ 3 100 

2,'050 

, I I I I 

- 50 0 50 100 I50 200 250 300 

TEMPERATURE,( "C) 

Fig. 15. TBA. Thermomechanical spectra [rigidity vs. temperature (OC)] of anionic polysty- 
rene (see caption for Fig. 14). Vertical tick marks designate the location of the Tfi peaks (loga- 
rithmic decrement). See caption of Fig. 14. 

temperature. In these the polymer was supported as a continuous film on 
glass fibers (TBA), and measures of the storage (UP2)  and loss (logarithmic 
decrement) moduli were obtained at  about 1 Hz as a function of temperature. 
For the same two series of polystyrenes examined by DTA, distinct maxima 
in loss were observed above the glass transition temperature with both in- 
creasing and decreasing modes of temperature change. The temperature of 
the transitions corresponded with the results obtained using DTA. 

What then is the molecular basis of the Tl1 transition? A summary of rele- 
vant facts follows: 

1. The reversibility of the data for the Tl1 loss peak with respect to tem- 
perature indicates that the transition as observed by TBA is not due to an 
ordeddisorder process unless the ordering occurs rapidly on cooling. In this 
respect, it behaves like the glass transition. (In a TBA experiment in which a 
crystallizable specimen is cooled from the fluid state through the solid state 
and heated back to the fluid state, crystallization often occurs at  a lower tem- 
perature than melting and gives rise to thermohysteresis.20.21) 

The linear dependence of the Tl1 and Tg transition temperatures on re- 
ciprocal number-average molecular weight for 2,000<&fn < 30,000 indicates 
that free volume plays a critical role for their occurrence. The type of aver- 
aging of the T ~ L  transition data for the anionic polystyrene blend (both com- 
ponents with &fn below 40,000) appears to support this observation. 

2. 
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I I I 

BLEND: I l l  BY WEIGHT 
M,: 1,990,000 AND 20.200 
- 

I TEA DATA 

100 150 200 250 
TEMPERATURE, ( " C )  

Fig. 16. TBA. Blending of anionic polystyrene: effect on Tll: (A) M,, = 20,200; (B) Ma = 
1,990,000; (C) 1/1 blend of A and B. Compare with Fig. 11. 

3. The particular molecular motion in question involves a modified mech- 
anism above a critical molecular weight. From stress relaxation and other 
measurements, a molecular weight of the same order of magnitude has been 
reported for the onset of chain  entanglement^.^^>^^*^^*^^ It appears that the 
presence of chain entanglements at high molecular weights interferes with 
the basic relaxation process, and is responsible for the different functional re- 
lationship of the Tl1 transition (see Figs. 6, 7 ,9 ,  and 10). Added support for 
this is found in the disappearance of the T ~ I  transition (by DTA) for high mo- 
lecular weight polystyrene specimens and its reported diminishment with 
crosslinking for polybutadiene2 and other  rubber^.^ 

The temperature of the TLI transition for any given molecular weight ( f i n  
< - 40,000) is somewhat lower, and the critical molecular weight M, is slight- 
ly higher for the anionic series than for the fractionated thermal polystyrene 
series. This may be due to the n-butyl chain ends acting as an internal plas- 
ticizer allowing this transition to occur more readily. Since the tacticity as- 
signments for the anionic and the thermal polystyrenes are similar, tacticity 
itself is probably not a factor. It is interesting to note that the type of chain 
end appears to have a small influence on Tg since Tgm (thermal) > Tgm (an- 
ionic) [Tgm (thermal) = 364°K (DTA), Tgm (anionic) = 386°K (TBA)]. 
However, the exact temperature of the transitions observed by DTA at a con- 
stant heating rate will depend on the surface area available for heat transfer, 
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VISCOSITY, 7 0 (  POISE) /  2401 

MOLECULAR WEIGHT, mn 
Fig. 17. Polystyrene. Zero-shear melt viscosity data. Temperature ("C) vs. log M for differ- 

ent isoviscous levels, following Fig. 15 of ref. 41 and using data replotted from ref. 44 (solid lines). 
Data points and dashed lines are for the Ti1 and Tg transitions of anionic polystyrene vs. Mn of 
the present work (see Fig. 7). Note that M,, is used for the abscissa rather than Mw inspite of 
the dependence of 90 on the latter. This mode of presentation is valid when Mw/Mn is constant 
(as for the fractions of ref. 44 and for the anionic polymers of the present work). Further re- 
search has established that the Tir transition depends uniquely on an and not on h?w.51 

i.e., the shapes, sizes, and arrangement of the particles in the sample pan. 
The higher value of the critical molecular weight for the glass transition of 
the anionic vis A vis the thermal polystyrenes may also be a reflection of the 
plasticizing n-butyl endgroups. 

Although experimental results (TBA and DTA) on a blend of anionic poly- 
styrene samples, each with a molecular weight below M,, show that both the 
Tg and Tu transitions occur at  temperatures between those of the compo- 
nents, when a low molecular weight sample was blended with a high molecu- 
lar weight material, a different effect was observed (by TBA) in that mechan- 
ical loss in the Tl1 region appeared to be a summation of the individual 
species. The latter result is similar to that reported using bimodal blends of 
polybutadiene2 where the high molecular weight material acts as a supporting 
matrix for the study of the low molecular weight component. It appears that 
the short chains of the low molecular weight component exhibit molecular 
motion without interference from the entangled network of the high molecu- 
lar weight matrix. The possibility also exists that the two components sepa- 
rate into domains. 

Under the experimental conditions, the Tl1 transition is found to corre- 
spond visually to the flow temperature by DTA. In the temperature region 
between Tg and Tl1 the polystyrene specimen is a fixed fluid (as defined in 
ref. 16) under the experimental conditions. Above Tll, the molecular motion 

4. 
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is such that the specimen is a true liquid capable of flow. The Tl1 transition 
temperature separates two regimes of flow and would presumably decrease in 
value with a prolonged experimental time scale. As such, the temperature 
interval Tg < T < TLL would correspond to the rubbery plateau region deter- 
mined from stress relaxation  measurement^.^^.^^ The T ~ L  transition tempera- 
ture would then approximately represent the inflection point in the modulus 
curve above the plateau region (see also Fig. 15). 

From dilatometric studies of anionic polystyrene (Mn = 51,000), it has 
been suggested7 that there is a departure from equilibrium below 17OOC and 
that full attainment of equilibrium below ~ 1 7 0 ' C  is prevented by a freezing- 
in process. This conclusion agrees with the concept that a fixed fluid exists 
between the Tg and T ~ L  transitions. Equilibrium (in the time scale of the 
TBA and DTA experiments) is only established above the Tll transition. 

Plots of log viscosity (7 )  versus l/T°K (which are linear for simple liquids) 
show complex behavior for high molecular weight molecules above Tg. For 
polystyrene at fixed shear rates the log 7 versus l/T°K relationship has been 
interpreted to show two approximately linear regions whose point of intersec- 
tion depends on the molecular weight.' This intersection point has been as- 
sociated with the Tll transition.' Others have concluded that log 7 follows a 
1/T6 relationship and do not invoke the idea of a T ~ L  tran~i t ion.~ 

Since viscosity is directly related to the time required for flow under de- 
fined conditions, the viscosity in a sense can be regarded as the time scale of 
an experiment to determine flow. For a fixed stress level (e.g., gravity), there 
is a particular viscosity for which flow will occur in a time scale of about 1 sec. 
This viscosity is around lo4 poises (say). The heat transfer parameters 
which would affect the results in an actual experiment (e.g., heat capacity, 
density, thermal conductivity) are essentially independent of molecular 
weight. If temperature versus log M for a fixed viscosity (7 = lo4 poises) is 
plotted, a curve displaying the same character as Figures 7 and 10 results, 
with a change in the functional relationship occurring around A?,, = 35,000.41 

It has been suggested that this break corresponds to the onset of chain en- 
tanglement~ .~~ It might appear to be only fortuitous that the choice of a vis- 
cosity of lo4 poises led to a Me of 35,000. The choice of a different isoviscous 
level (e.g., 7 = lo5 poises) would represent flow behavior under a different 
(longer) time scale which might be expected to give rise to a different critical 
molecular weight. Further analysis of the original literature44 shows that 
this is not so (Fig. 17). This is due to the fact that all data reported are for 
zero-shear melt viscosity. This does not preclude the possibility of a differ- 
ent M,  at different time scales. However, shear rate studies indicate that M,  
is not frequency dependent.40 The decreasing slope of the T-versus-log M 
plot above M,  with higher isoviscous levels indicates that the effect of chain 
entanglements will not be significant at  long time scales. The T L ~  and Tg- 
versus-molecular weight curves would be expected to coincide at  long time 
scales. This extrapolation supports the hypothesis of the isoviscous state for 
the glass transition and implies that, while there is sufficient thermal energy 
for flow just above Tg, the flow process will take a long time. The effect of 
chain entanglements on Tg is alluded to later. The level of isoviscosity for 
the Tll transition for anionic polystyrene of the present work (TBA data) is 
interpolated from Figure 17 to be between lo4 and lo5 poises. An empirical 
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equation for polystyrene relating viscosity to temperature and carbon chain 
length (2 = number of atoms in the backbone of a polymer chain) is 

log r )  = 3.4 log 2 + 2.7X1Ol6/T6 - 9.51 for 2 > 2, 
where 2, is the critical carbon chain length for  entanglement^.^^ Assuming 
an isoviscous level, this equation indicates that the viscosity for the Tll transi- 
tion observed by TBA is 8.9X104 poises for the anionic series above M,, 
which is in accord with the interpolation made above using isoviscosity data 
from the literature (Fig. 17). 

The elementary process for viscous flow in polymer melts consists of the 
displacement or jump of small segments of the molecules rather than the dis- 
placement of the entire molecule as a unit. Because these moving segments 
are attached by primary valence bonds to the polymer backbone, there must 
be an intramolecular cooperation of the moving segments for flow to progress. 
For high molecular weight polymers, additional intermolecular restrictions 
(entanglements) must be overcome. 

The Tl1 transition is considered to represent the onset of chain slippage 
which facilitates irreversible, nonrubbery flow. Although considerable coop- 
erative segmental motion would be necessary for occurrence of the T ~ I  transi- 
tion and flow, the entire polymer chain need not move as a unit. However, 
the latter mechanism for flow probably does occur at  low molecular weights. 
If dynamic mechanical transitions are interpreted as the breakdown of differ- 
ent types of secondary bonding, thus allowing a particular molecular mo- 
tion,46 then the Ti1 transition would correspond to the point where interchain 
(van der Waals) forces are overcome. In a sense, the Tl1 transition might 
thus be regarded as the “melting point” of the polymer under external stress, 
which, being amorphous, does not have a true first-order tran~ition.4~ 

For many polymers a crystalline phase, premelting transition, designated 
a,, occurs at  a temperature T,, where T,, (100 Hz) N 0.83 T M . ~ ~  Moreover, 
the rate of isothermal crystallization for many polymers is a maximum at a 
temperature T,,, N 0.83 T M . ~ ~ , ~ ~  Since Tll N_ 1.2 Tg and Tg N ~ T M ,  then 
Ti1 N 0.8 TM. These numerical similarities may or may not represent a coin- 
cidence. A maximum in rate of crystallization arises from competition be- 
tween the number of nuclei which increases with TM - T and molecular mo- 
bility which depends on T - Tg. Since the polymer chains are not complete- 
ly free until Ti1 is reached, there may be a causal relationship between T ~ I  in 
the amorphous phase of the semicrystalline polymer and T,,,. 

It  is necessary to question whether the Tll transition might be an artefact 
arising from some impurity such as water or residual monomer. Several lines 
of evidence from these laboratories provide support for the inherent presence 
of the relaxation: 

Identical values for the temperature of the T ~ I  transition are obtained 
by TBA on cooling from 25OOC and reheating, and after any number of con- 
secutive heating and cooling cycles below degradation temperatures. 

a. 

b. 
c. 
d. 

The systematic variation of the Tl1 transition with MnV1 below M,. 
Results on bimodal blends which are to be reported.51 
Preliminary unpublished results on the addition of known amounts of 

diluents which lower the temperatures of both Tg and Tll in proportion to the 
amount of diluent. 
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e. The return to normal values for the Tg and Tll transitions after remov- 
al of volatile diluents. 

CONCLUSIONS 

The Tl1 transition for polystyrene is considered to separate two regions 
which are designated as “fixed fluid” and “true liquid” on the basis of their 
rheological behavior under the experimental‘ conditions.16 The transition 
temperature depends on the molecular weight and the time scale of the ex- 
periment. The Tg and Tl1 transition temperatures-versus-l/Rn relation- 
ships, each of which show two regions, indicate a change in the underlying 
molecular mechanism at their points of intersection. This change is proba- 
bly caused by the restriction of segmental motion and chain slippage due to 
entanglements at  high molecular weights. In addition, the further change in 
Tg and Tll-versus-llMn relationships at  Mn = lo3 may be the point above 
which motion of the entire polymer molecule as a unit is no longer possible. 
Entanglements become influential at  lower molecular weights for the Tll 

transition process than for the glass transition process (Table IV). This indi- 
cates that the Tl1 transition mechanism involves a longer range motion than 
the glass transition. The linear relationships between the Tl1 and Tg transi- 
tion temperatures and reciprocal number-average molecular weight suggest a 
free-volume basis for both transitions. 

In the dynamic mechanical TBA experiment, the time scale is about 1 sec 
(the Tll loss peaks occur at  about 0.3 Hz); in the DTA experiment, flow occurs 
in about the same time scale to give a pseudoendothermic change. The tran- 
sition temperature assignments were about the same for TBA and DTA. 
Flow occurs for any molecular weight in a given time scale under set experi- 
mental conditions when the viscosity reaches a certain isoviscous level. Iso- 
viscosity data from the literature show two regions of flow separated by a 
transition with a molecular weight dependence which parallels the results re- 
ported herein. The data of Figure 17 demonstrates indirectly the effect of 
time scale. 

A further study of blends which aims to distinguish between an isofree-vol- 
ume and isoviscous basis for the T L ~  transition is in progress.51 

This work clearly establishes the existence and molecular weight depen- 
dence of the TL~  process in anionic and thermal polystyrene fractions and 
blends. The phenomenon has likewise been defined for 1,4-~0lybutadiene.~ 
Thermomechanical data (TBA) on syndiotactic and atactic poly(methy1 
methacrylates) (PMMAs) also indicate the presence of a Tll transition at  
temperatures greater than 2OOOC for f i n  = 62,700 and 48,000, re~pectively.~~ 
Measurements of thermal diffusivity on a series of poly(methy1 methacrylate) 
fractions have been reported to show a normal variation of Tg with molecular 
weight and a second transition at  30° to 7OoC above Tg which appears to level 
off at  434OK at molecular weights >11,700.53 An examination in this labora- 
tory54 of one of these fractions of poly(methy1 methacrylate) by TBA re- 
vealed a peak in logarithmic decrement (and G”) at  a temperature which cor- 
responds with the published thermal diffusivity experiment (see Table VIII). 
A further study of thermal diffusivity on single specimens of amorphous 
polystyrene, PMMA, and nylon 6 shows a Tl1-type of behavior in each case 
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some 5OoC above Tg, i.e., a t  160°, 140°, and 98OC, re~pect ively.~~ The TLL 
process in nylon 6 is reportedly best seen in a quenched specimen, but it then 
disappears on annealing. There is also evidence for a T L ~  transition in an 
amorphous ethylene-propylene copolymer which is diminished in intensity 
with vul~anization.~ 

Table VIII is a compilation of systematic studies of the T11 region. 
The phenomena and interpretation of the Tl1 transition must be consid- 

ered to be general for all amorphous polymers and have implications for the 
behavior of semicrystalline polymers. The relationship between the TLL tran- 
sition and molecular weight described herein should be of practical impor- 
tance in polymer processing steps which involve flow (e.g., extrusion, mold- 
ing), diffusion (e.g., mixing of plasticizers andlor additives), and dimensional 
stability (e.g., processing film). A specific example relating to end effects in 
capillary flow has been reported.60 Operating conditions which will have an 
effect on the T L ~  transition include shear stress and shear rate. 

Additional bodies of systematic data with regard to the influence of molec- 
ular weight and heterogeneity on the response of various techniques to vari- 
ous polymer systems are needed in the immediate future. A t  the same time, 
clarification is required in two key problem areas which are concerned mostly 
with polystyrene data. These are: 

The seemingly elusive nature of the phenomenon in the literature. 
Whereas some workers have observed a T > Tg transition in volume-temper- 
ature plots,4961.62 others performing seemingly identical experiments do not 
verify these  result^.^?^^ 

The TLI-type transition has been observed by both dynamic (e.g., TBA, 
melt flow, and DTA) and pseudoequilibrium (e.g., thermal expansion, ther- 
mal diffusivity, x-ray scattering, solubility, and steady-state diffusion) meth- 
ods. 

The present report sets the stage for further studies of the Tl1 transition. 
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