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Molecular Stiffness and Thermal Properties of 
Polymers 

SHAUL M. AHARONI, Chemical Research Center, Allied Chemical 
Corporation, Morristown, New Jersey 07960 

Synopsis 

Because it merely reflects rotational hindrance, the parameter u alone does not convey a mea- 
sure of chain stiffness. Stiffness can arise from short links joined by rigid joints, or from long, 
stiff links with flexible joints. Flexibility results from the absence of rigid joints and stiff, long 
links. The slope of the product aAT versus TR indicates stiffness; the higher the slope, the stif- 
fer the chain. The polymers whose thermal data are presented in this paper are divisible into 
two major groups. Those whose d ( u A T ) l d T ~  = 1.37 are flexible, and those whose ~ ( u A T ) / ~ T R  
= 3.44 are stiff. The indication is that there exists a direct relationship between the polymer ex- 
pansivity above Tg and the stiffness parameter of the chain. 

INTRODUCTION 

It is now well established, through small-angle neutron ~catteringl-~ and 
persistence length determinations: that the unperturbed dimensions of mac- 
romolecules in solution under 8 conditions are retained with no substantial 
change in the solid amorphous state of the polymer. The unperturbed di- 
mensions of a macromolecule, i.e., pervaded volume or end-to-end distance 
per repeat unit, depend on the overall stiffness of the chain; the stiffer the 
chain, the larger the dimensions would be. The chain stiffness is dictated, in 
turn, by several interrelated parameters such as rotational freedom around 
chain bonds, angular restrictions along the chain, interference by pendent 
groups or atoms, and hindered flexibility due to rigid structures within the 
chain. 

A measure of rotational freedom derives6 from a comparison of the experi- 
mentally determined unperturbed end-to-end distance per repeat unit, 
( (  r2)o/n12)1/2, with an end-to-end distance per repeat unit calculated theoret- 
ically assuming free rotation of the chain elements, ( (r2)0f/n12)1/2, where r is 
the end-to-end distance, ( r2)o and ( r2)of are root-mean-square unperturbed 
and freely rotating end-to-end distances, n is the number of repeat units, and 
1 is the length of each such unit. 

The characteristic ratio 

( (r2>o/(r2)of)1/2 = u (1) 

describes the restrictions on chain rotation; the larger the u value, the more 
hindered is the rotation. 
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DISCUSSION 

The glass transition temperature T, is the temperature at which long- 
range segmental mobility sets in. A t  this temperature, sufficient free volume 
exists in the system and enough kinetic energy is possessed by an average seg- 
ment so that segmental mobility through the formation and filling of effective 
holes  ensue^.^ Long-range segmental mobility is expected to be related to 
the characteristic ratio a and, therefore, one may expect a dependence of Tg 
on u. A plot of the a values of the polymers in Table I against T, reveals no 
such dependence. The bulk of the data points fill a block covering the range 
of 1.6 < a < 2.35 and 185' < Tg < 445OK. 

as 
the temperature at  which the number of nonbonded nearest neighbors (NN) 
of each segment is one less than at  T,. The TR is also defined as the temper- 
ature at  which the extrapolated strength of a polymer reaches zero and be- 
comes independent of the loading rate.33 The temperature vahe of TR is de- 
termined by the combined effect of two variables: the amount of free volume 
present in the polymer at  Tg and the rate of expansion above T,. Numeri- 
cally, TR is ~ a l c u l a t e d ~ ~ > ~ ~  from Tg and Aa,  the difference between aL and c~ 
the coefficients of expansion above and below T,. Plots of u against TR and 
u against AT = TR - Tg fail to reveal any relationship between u and these 
temperatures. On the contrary, the wide temperature range associated with 
each a, and vice versa, in the three plots a - Tg, u - TR, and u - AT indicate 
that no simple a-temperature relationship exists. A plot of AT versus TR of 
the polymers in the table reveals a very broad scatter of the data points and 
no obvious dependence of one temperature on the other. 

When the product aAT is plotted against TR, as in Figure 1, two linear re- 
lationships between uAT and TR emerge. Since no relationship between u 
and TR or AT and TR was observed, the existence of a relationship between 
uAT and TR is most intriguing. In light of the experimental difficulties in 
obtaining accurate A a  and u values, and because such data were obtained in 
various laboratories from different samples, the correlations between aAT 
and TR seem to be significant and the fi t  of all but one (number 12) of the 
points remarkable. The numbers of the polymers in Figure 1 corresponds to 
their enumeration in Table I. 

Since AT (= TR - T g )  reflects the ease of expansion above Tg and a, the 
rotational hindrance, the rate of change of their product with TR, d(uAT)l 
dTR, may be construed to reflect the overall chain rigidity. We shall call it 
the stiffness parameter. The lower slope line in Figure 1, 

A characteristic temperature of polymers, TR, was recently 

uAT = 1.37(T~ - 175) ( 2 )  

belongs to the flexible polymers. These are characterized by average a values 
and relatively short links between flexible joints. The stiffness parameter as- 
sociated with this line is 

d(aAT)/dTR = 1.37; TR 2 175OK (3) 

The steeper slope line, 
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is associated with relatively rigid polymers. Its stiffness parameter is 

d(aAT)/dTR = 3.44; TR B 535'K (5) 

Polymers such as the polyamides may be considered of intermediate stiffness, 
leading to an intermediate stiffness parameter; but, as of now, there is insuffi- 
cient data available concerning this point. 

28 

27-  

25 

24. 

23 * 

22 . 
21. 

20 

19 - 
18 - 
17 - 
16 

- 

* . - . - - *  
0 1 2  3 4 5  6 8 9 10 11 12 13 ' 

TR x 10-'7OK 

Fig. 1. uAT-TR relationship: (0) flexible polymers, (m) rigid polymers, (a) methacrylates 
and acrylates rigidized because of large pendant groups; (a) semicrystalline polyamides. 
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Equations (2) and (4) can be recast in another form, revealing a depen- 

(6) 

dence of TR on both Tg and u: 

TR(U - 1.37) = uTg - (1.37)(175) 

TR(U - 3.44) = uTg - (3.44)(535) 

replaces eq. (2) and 

(7) 

replaces eq. (4). It is evident that the functional dependence of TR on Tg 
and u is the same for all polymers but that numerically the relationship de- 
pends on the rigidity, or flexibility, characteristics of the individual polymers. 
Close approximations can be derived from the values associated with the lines 
in Figure 1, keeping in mind that the latter are only averages of many poly- 
mers. 

The rigid polymers, described by eq. (5), can be cast into two classes: 
a. Polymers with long and stiff links between very flexible joints. These 

appear only in the range of uAT < 950°K. Examples are polycarbonate (53 
in Table I), poly(pheny1ene oxides) (37 and 38) and polysulfone (55). These 
polymers are all tough at temperatures far below Tg. 

The latter are made 
stiff either because of bulky pendent groups or because of the effects of polar 
pendent groups. The polymers in this category appear in the range of aAT > 
950°K and examples are polyacrylonitrile (50 in Table I), polyacrylamide 
(491, poly(morpho1ide acrylate) (4) and poly(n-octyl methacrylate) (1 1). 
These polymers are considerably more brittle below Tg than those whose 
uAT < 950°K. 

In a previous paper,7 it was demonstrated that the rate of change of frac- 
tional free volume (ha-AT) in the AT interval is typical of homologous poly- 
mer families. The rate, defined as d(Aa.AT)/d(AT - T g ) ,  is about 1.65 X 

for flexible polymers such as the polyolefins, 1.35 X for the poly(vi- 
nyl ethers), about 1 X for 
such stiff polymers as polyacrylonitrile and polyacrylamide. Upon compari- 
son, one observes that the data points for the line CAT = 1 . 3 7 ( T ~  - 175) in 
Figure 1 are for polymers whose d(Aa.AT)/d(AT - T g )  > 1.3 X and the 
points on the line uAT = 3.44(T~ - 535) are for polymers whose d(Aa.AT)/ 
d(AT - Tg)< 1.3 X The interval around 1.3 X covers the polyam- 
ides which are intermediate in the uAT-TR relationship, too. 

The above observations indicate that an inverse, and possibly complex, re- 
lationship exists between the ease of expansion of a polymer above Tg and 
the stiffness parameter: the stiffer the polymeric chain, the harder the ex- 
pansion of the polymeric bulk. It is also evident that further experimental 
and theoretical work is required to elucidate the mutual relations between 
such parameters as u, uAT, d(uAT)/dTR, Aa, Tg, AT, and TR. 

b. Polymers with short links between rigid joints. 

for the stiffer methacrylates, and 0.8 X 
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