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A modification is proposed for the Nernst-Lindemann equation that is used to convert 
calculated heat capacities at constant pressure (Cp) to heat capacities at constant volume (Cv) for 
solid, linear macromolecules, the constant A 0 per mole of repeating unit in this equation is 
derived by taking into account the variable number of vibrators excited at different 
temperatures. With the new equation it is possible to calculate Cp for solid polymers over a wider 
temperature range. The constant is calculated for solid polymers from experimental thermal 
expansivity, isothermal compressibility and heat capacity data obtained from the literature. An 
average value of (3.9 + 2.4)x I0 3(K mol)/J was obtained for A 0 (new) from data on 22 solid 
polymers. This average value may be used as a universal constant in case no experimental data on 
compressibility and expansivity are available for computation ofA o . The remaining variation of 
A 0 (new) with temperature is discussed and example calculations are shown for polyethylene. 
Effects of premelting and possibly large-amplitude motion are discovered for polyethylene in the 
temperature range 290 to 410 K. 

Introduction and derivation of the new equation 

The use of  the Nernst-Lindemann equation to convert heat capacity at constant 
pressure (Cp) to heat capacity at constant volume (Cv) for solid, linear 
macromolecules was discussed earlier [1]. 

Cp- Cv = Ao C2 T/T ~ (l) 

It was suggested that in the usual absence of pVT data over a wide temperature 
range, it is permissible to convert Cv, calculated from an approximate vibrational 
spectrum, to Cp by using a universal constant A o. An average value of  
5.11 • 10 3 (k mol)/J (computed per mole of  heavy atoms) was obtained for Ao 

from p VT data of  several polymeric crystals and glasses at a temperature of  about 
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298 K. This value of A o is numerically close to the original Nernst-Lindemann 
constant derived for metals and salts [2]. 

At ATHAS, our laboratory for Advanced THermal AnalysiS, the linking of heat 
capacities of nearly 100 macromolecules to their vibrational spectra has recently 
been completed [3]. The heat capacity Cp obtained from calculated C~ was found to 
agree to better than + 3% with the experimental heat capacity Cp up to the glass or 
melting temperatures. Calculations carried out beyond these temperatures showed 
a rather sharp, unrealistic upturns in the calculated Cp. Since C~ showed only a 
moderate increase with temperature, the change in the calculated Cp was assumed 
to be in error and attributed to the limit of usefulness of the Nernst-Lindemann 
equation. Naturally such error at high temperature casts also doubt on the 
applicability of the equation at lower temperature. 

It was, therefore, considered worthwhile to modify the assumptions made earlier 
in deriving A o. The Nernst-Lindemann equation was derived originally for 
relatively heavy, monatomic solids [2] with T ~ representing the equilibrium melting 
temperature. In finding a suitable constant A o for solid, linear macromolecules it 
was assumed that only the vibrations associated with the heavy atoms (such as C, N 
and O) contribute to the heat capacity: 

A o = Ao(old)/(*heavy atoms) (la) 

This can only be a first approximation since at higher temperatures vibrations, such 
as C--H,  N - - H  or O ~ H  stretching and bending, also contribute to the heat 
capacity. In fact, there is a simple measure of  the number of vibrators excited at any 
given temperature, given by the heat capacity at constant volume itself: 

Cv = 3nR, (2) 

where n is the average number of excited vibrators. 
Based on Eq. (2) a better, temperature dependent value can be derived for A0: 

A o = Ao(new)/n, (3) 

where A o is expressed per mole of repeating unit and Ao(new ) represents the value 
for one mole of vibrationally excited atoms [1]. Substituting equations (2) and (3) 
into (1) one gets: 

C e -  C~ = 3RAo(new)CZT/(C~T ~ (4a) 

and since in the original justification of Eq. (1) Cp was assumed to be equal to Co one 
can also write 

C p -  C~ = 3RAo(new)CpT/T ~ (4b) 
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o r  

C p -  C o = 3RAo(new)CvT/T ~ (4c) 

the differences between the three expressions are small at low temperature, typically 
0.06% and 0.12% in A o for polyethylene at 298.15 K, much less than the changes in 
A o from sample to sample or with temperature. For computational reasons all 
further discussions will make use of Eq. (4a). 

In this paper the results of C v to Cp conversions of solid macromolecules are 
presented using this new equation. A value of the constant A o(new) is proposed on 
the basis of experimental thermal expansivity (~) and isothermal compressibility (fl) 
obtained from the literature for various polymers over wider ranges of temperature. 
The connection between Ao(new) and ~ and fl is given by comparison of the 
thermodynamic relationship 

C p -  Cv = TVot2/fl 
with Eq. (4a). 

Data on pVT for macromolecules 

Although many studies have been reported on p V T  properties of various 
macromolecules, the dilatometry is often limited to semicrystalline and glassy 
states. Equations of state have been used to obtain crystal data from experimental 
information on semicrystalline materials [4, 5]. The combination of melt and crystal 
theories have shown good agreement between theoretically predicted and 
experimentally obtained specific volumes. A two-phase model of additivity of 
crystal and amorphous volumes was also used by Tsujita et al. [6] to obtain p VT 
data af crystalline regions from the information on semicrystalline solid and melt 
data on polyoxyethylene and polyoxytetramethylene. According to this model: 

z = ( 1 - x ) V o + x V c  (5) 

= (1-x)et,  V,/V§ (6) 

fl = (1 - x)fla Va/V+ xflc Vc/V (7) 

The degree of crystallinity, x, was assumed to be invariant with temperature and 
pressure, V is the molar volume of amorphous (a), crystalline (c) or the 
semicrystalline (no subscript) samples. The thermal expansivity (~) and isothermal 
compressibility (fl) are defined similarly. For the amorphous regions in 
semicrystalline samples ~a and fla were extrapolated from the melt. The glass 
transition temperature, To, was the lower limit of this extrapolation. Using these 
methods all literature data were reevaluated using either presented equations or 
newly derived best fits. The data were extracted using references [1, 6-20]. 
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Results and discussion 

For various polymers in the glassy, crystalline and semicrystalline states the 
resulting Ao(new ) values are shown in Tables 1 and 2 and compared to values of 
Ao(old). Note that in all tables more significant figures than warranted by the 
precision of the experiments are listed. This is done for computational reasons so 
that the original data can be reproduced and proper error assessment made after 
further use of the data. Using the new Eq. (4a) an average value of 
(3.9 + 2.4) • 10-3 (K mol)/J is obtained. The old method using Eq. (la) gave with 
the present data collection a value of  (5.4+ 3.3)• 10 -3 (k mol)/J, to obtain these 
averages, a weight of  two was given to all A o values corresponding to a wider 
temperature range, while A o from a single temperature was given a weight of  one. 
The average of  Ao(new ) glassy polymers is lower than that for crystalline and 
semicrystalline polymers. The variation from polymer to polymer does not seem to 

Table 1 Calculated A 0 for various glassy polymers 

Temp. range Melting Average A o• [03 , A0• 103 , 
Polymers* of  experimental temp.,** K mol j - i  K mol J 

pVT data, K K (Old) 
(New) 

Poly(vinyl acetate) (6) 240-290 446 3.25 + 0.66 5.18 • 1.16 
Poly(methyl methacrylate) (7) 340-370 450 1.78 • 0.21 2.29 • 0.34 
Poly(4,4'-isopropylidene 

diphenyl carbonate) (19) 310-420 608.2 3.21 +0.57 4.935:1.60 
Polystyrene (8) 280-340 516.2 2.46 • 0.33 3.88 + 0.27 
Poly(2,6-dimethyl- 1,4-phenylene 

oxide) (9) 303 535 2.34 3.61 
Poly(n-butyl methacrylate) (10) 290-370 439 2.63 • 0.53 3.26 + 0.49 
Poly(vinyl chloride) (3) 220-320 546 2.64 • 0.59 4.0 • 1.67 
Poly(vinyl fluoride) (3) 290-310 503.2 10.18• 15.67• 1.38 

Poly(chloro trifluoro- 
-ethylene) (6) 290-320 493 4.30 • 0.23 6.88 • 0.58 

Poly(vinyl alcohol) (3) 280-300 521 3.73 5:0.37 4.54 • 0.68 
Poly(ethylene terephthalate) (14) 300-330 553 0.81 • 1.21 • 

Poly(oxy- 1,4-phenylene- 
-sulfonyl- 1,4-phenylene 
oxy-l,4-phenylene(1-methylidene)- 
1,4-phenylene) (32) 300-450 687 3.15 • 0.53 4.62 • 1.19 

Average Ao(new) = 3.42 • 2.31 
Average A0(otd) = 5.07• 3.64 

* Number in parenthesis indicate the number of heavy atoms in repeating unit. 
** Melting temperature used in A o calculation is our data 's bank recommended data, see Ref. [3]. 
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Table 2 Calculated Ao for various crystalline and semicrystalline polymers 

959 

Polymers* 

Average 
Temp. range Melting A o • l03 

Ao • 
of experimental temp.,** K mol J-1 K mol J - I  

pVt data, K K (old) 
(new) 

Polyethylene (1) (c)*** 
Polypropylene (3) (c) 
Polyoxymethylene (2) (s) 
Polyoxyethylene (3) (c) 
Polyoxytetramethylene (5) (s) 
Poly(l-butene) (4) (s) 
Poly(4-methyl-l-pentene) (6) (s) 
Polytetrafluoroethylene (3) (s) 

Poly(vinylidene fluoride) (4) (s) 
Nylon 6 (8) (s) 

290-310 414.6 3.18 • 3.89 • 
300-370 460.7 5.93 • 6.59~ 5:1.12 

293 457 2.54 3.52 
230-330 342 0.74 5:0.36 1.04 • 
240-270 330 3.92 5:0.28 3.94 5:0.27 
300-320 411.2 8.80 5:1.15 10.20 • 
290-300 523 5.85 • 6.66 5:0.13 
300-390 605 4.5785:0.63 7.5575:1.49 
380-500 605 3.796 4.86 

293 483.2 2.55 3.76 
293 533 8.01 11.02 

Average Ao(new ) = 4.56 • 2.33 
Average Ao(old ) = 5.67 • 2.84 

* Number in parenthesis indicate the number of heavy atoms in the repeating unit. (c) indicates 
fully crystalline samples and (s) semicrystalline sample. 

** Melting temperature used in A o calculation is our data bank's recommended data, see Ref. [3]. 
*** As can be seen from the discussion section, the A o values above 290 K have a contribution from 

premelting. A better Ao(new ) value would be 2.05 • 10 -3 (K mol)/J at 290 K. 

Table 3 Calculated A o for glassy Poly(4A-isopropylidene diphenylene carbonate) 

Temp., V a• , ~a• fla• l~ Cp, Cv, A ox103 Ao• 

K m3/mol K -1 Pa -1 J K +1 mo1-1 J K 1 tool 1 (new), (old), 
K mol J-1 K mol J - I  

310.00 21.310 2.624 2.538 316.900 298.976 4.197 7.704 
320.00 21.366 2.617 2.605 327.100 309.121 3.958 7.026 
330.00 21.422 2.611 2.674 337.400 319.38.4 3.735 6.417 
340.00 21.478 2.604 2.745 347.700 329.663 3.527 5.871 
350.00 21.533 2.597 2.817 358.100 340.058 3.333 5.379 
360.00 21.589 2.590 2.892 368.500 350.467 3.152 4.936 
370.00 21.645 2.584 2.968 379.100 361.090 2.982 4.532 
380.00 21.701 2.577 3.047 389.700 371.726 2.823 4.167 
390.00 21.757 2.570 3.127 400.300 382.374 2.674 3.838 
400.00 21.813 2.564 3.210 411.100 393.234 2.534 3.536 
410.00 21.869 2.557 3.295 421.900 404.105 2.403 3.263 
420.00 21.925 2.551 3.382 480.300 462.585 2.062 2.446 
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be much different from the previous calculation [1], i.e. Ao(new) is also an 
approximate, but not a precise, universal constant. For polymers where data over a 
wider temperature range are available, it is possible to check into the variation of Ao 
with temperature. For an exact fit of Eq. (4a), A o should be a constant. In case of 
glassy polymers, the improved, but still approximate nature of this equation was 
evident from a remaining, smaller change of Ao(new ) than of Ao(old ) with 
temperature. As an example the results of the calculations for poly(4,4- 
isopropylidene diphenylene carbonate) are depicted in Table 3 [14]. A decrease in 
Ao with an increase in temperature was also observed for the other glassy polymers 
with exceptions of polystyrene [17], poly(methyl methacrylate) [7, 15] and poly(n- 
butyl methacrylate) [7] in which Ao showed a slight increase with temperature. In 
addition to these changes, the conventional atactic PMMA showed a jump in A o 
between 330-340 K [the value of Ao(new ) changed from 1.85x 10 -3 t o  

2.369 x 10-a (K mol)/J]. A distinct break, as reported earlier, was also observed in 
molar volume and expansivity and linked prior to the presence of a sub-glass 
transition [15]. 

In an attempt to obtain Ao beyond the range of actual pVT measurements, the 
molar volume, thermal expansivity and isothermal compressibility were extra- 
polated to lower temperatures using the well established equations of state [4, 5]. 
Ao(old) calculated, for example, for poly(oxy-l,4-phenylenesulfonyl-l,4- 
phenylene-oxy-l,4-phenylene-(1-methylidene)-l,4-phenylene) [20] at 40 K in- 
creased by a factor of 100. This increase is expected because of the simplifying 
assumptions of a constant number of vibrators in this calculation. The value of 
Ao(new) increased, however, also, but only tenfold. This abnormal increase in 

Table 4 Calculated A o for a semicrystalline Polytetrafluoroethylene* 

Temp., Vx lO s, ~ x 101~ /J • 101~ Cv, C o A 0 x 10 3 A 0 x 10 a 

K m3/mol K -  1 Pa-  a J. K -  ~ mol 1 j K -  1 mol-  1 (new), (old) 
K m o l J  1 K m o l J - 1  

300.00 2.318 3.992 3.237 45.370 41.946 5.642 10.064 

310.00 2.328 4.033 3.449 46.020 42.618 5.357 9.406 

320.00 2.337 4.073 3.662 46.950 43.562 5.074 8.716 

330.00 2.347 4.112 3.876 47.860 44.481 4.822 8. I 12 

340.00 2.356 4.15I 4.090 48.760 45.385 4.595 7.577 

350.00 2.366 4.189 4.306 49.630 46.255 4.392 7.105 

360.00 2.376 4.227 4.523 50.490 47.111 4.207 6.683 

370.00 2.386 4.264 4.740 51.350 47.963 4.038 6,300 

380.00 2.396 4.301 4.959 52.170 48.773 3.886 5.961 

390.00 2.407 4.337 5.177 52.990 49.580 3.745 5.652 

* Estimated crystallinity 51%. 
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A o(new) may indicate that not only Eq. (1) but also the extrapolation ofp VTdata to 
lower temperatures (and the used equations of state),may need more extensive 
experimental checks. In this paper Ao(new) for glassy polymers was for this reason 
only calculated over the range of actual p VT measurements. 

In semicrystalline and crystalline polymer, the difficulty of premelting is 
encountered, making data close to the melting temperature suspect. For the 
semicrystalline polymers listed in Table 2, the range of p VT measurement over 
which A o was calculated is thus limited to temperatures much below equilibrium 
melting. The results for semicrystalline polytetrafluoroethylene are depicted in 
Table 4. The equilibrium melting temperature of this polymer is about 605 K [13]. 
The A o obtained from 300-390 K originate from a comparison of Weir's [10] and 
Zoller's [12] data that agreed within about 2%. Beyond 390 K the A o values 
reported earlier were used [1 ]. For the temperature range of 300-500 K the average 
A o(new) was 4.18 x 10 - a (K mol)/J compared to 6.2 x 10 - a (K mol)/J for Ao(old ). 
Due to the wider temperature range the reported Ao(old ) is about 9% higher than 
that reported earlier for the limited temperature range of 380-500 K [1]. As for the 
glassy polymers, this semicrystalline polymer shows more than 100 K below T m 
(but above Tg) a similar, slow, decrease in Ao(new). The change of Ao(new) with 
temperature is much less than Ao(old ). Using an average value over the 200 K wide 
temperature range leads to an error comparable to the fluctuations from polymer to 
polymer for the universal constant. 

Ao values for poly(1-butane) and nylon 6 were much higher than the other 
semicrystalline polymers. There seems to be no present explanation for these 
unusually high A o values. One can compare the data for poly(1-butene) to the more 
"normal" ones for poly(4-methyl-l-pentene). The expansion coefficients of these 
two polymers were within 6% of each other [8]. The higher Ao must thus be largely 

Table 5 Calculated A o for crystalline polyethylene 

A 0 • 103 A 0 • 103 
Temp., V~• 105, ct c x 104 tic x 104, Cp, Cv, 

K m3/mol K -1 Pa -1 J K -1 mo1-1 J K 1 mol - i  (new), (old), 
K mol j -1  K mol j - 1  

290.00 1.396 1.669 1.432 21.210 20.422 2.050 2.504 

300.00 1.399 2.206 1.509 21.800 20.447 3.225 3.934 

310.00 1.402 2.739 1.600 22.380 20.342 4.437 5.441 

320.00 1.406 3.267 1.709 22.950 20.139 5.583 6.915 

330.00 1.411 3.791 1.835 23.560 19.913 6.590 8.254 

340.00 1.417 4.308 1.987 24.300 19.800 7.376 9.293 

350.00 1.423 4.819 2.170 25.250 19.919 7.910 9.905 
360.00 1.431 5.322 2.393 26.510 20.414 8.176 9.990 

370.00 1.439 5.817 2.666 28.130 21.374 8.189 9.567 
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Fig. 1 Variation ofA o as a function ofcrystallinity for polyethylene at several temperatures as derived 
from p VT data 

attributed to the lower compressibility ofpoly(1-butene) when compared to poly(4- 
methyl- 1-pentene). 

Table 5 shows the results of calculations for crystalline polyethylene. They show 
a larger change with temperature and the opposite trend than those of 
polytetrafluoroethylene (Table 4). The equilibrium melting temperature of 
polyethylene is much closer to the temperature range of interest (416.4 K). The 
crystalline specific volume of polyethylene calculated from the two-phase model 
[Eqs (5-7)], was similar to that derived directly from X-ray data on crystals ( Vc from 
X-ray data varies between 1.406 x 10- s at 290 K to 1.440 • 10- s m3/mol at 370 K) 
[21], but the thermal expansivity of Table 5 shows a larger increase with 
temperature than the corresponding X-ray results, which change in expansivity 
from 2.752 x 10 -4 to- 3.375 x 10 -4 K -1, respectively. The expansivity of the 
amorphous polyethylene obtained by extrapolations of Va(O, T) from the melt 
showed only a moderate increase over this temperature range and could not be the 
reason for the disagreement (it'changes from 5.068 • 10 4 K ~ at 290 K to 
6.593 x 10 -4 K -1 at 370 K). The high expansivity for crystalline polyethylene 
obtained by extrapolation of p VT data on semicrystalline polyethylene may 
perhaps result from some premelting. The two-phase model would then be 
inadequate if the crystallinity decreases at higher temperatures. In fact, a decrease in 
crystallinity with increasing temperature was already considered as the cause of the 
deviations observed .between calculated and experimental isotherms reported for 
semicrystalline linear polyethylene using the two-phase model [4]. 

Assuming that the two-phase model holds, Ao(new ) was also calculated using the 
experimental C~ data of linear polyethylene at several crystallinities, obtained from 
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our ATHAS data bank. Figure 1 shows the variation of the so-calculated A o as a 
function of crystallinity at several temperatures. At 290 K Ao shows the expected 
slight decrease with increase in crystallinity. This trend reverses at higher 
temperatures and the increase in Ao with an increase in crystallinity can be clearly 
seen at higher crystallinities. Compared to the larger variation of Ao(new ) for 
crystalline polyethylene, Ao(new ) for liquid polyethylene extrapolated from 
measurements above the melting temperature to lower temperatures (290-370 K) 
varied much less (between 3.89x 10 -3 t o  4.14x 10 -3 ( K  mol)/J). These ob- 
servations further support the fact that the large variation in A o with temperature is 
associated with the crystalline regions in polyethylene. 

Finally the Ao(new ) was used for the computation of Cp from Cv obtained from 
the approximate vibrational spectrum using Eq. (4a). Figure 2 shows the results. An 
average and RMS deviation of (1.9 + 3.0) % was obtained over the temperature 
range 4.0 to 410 K by using the new equation [Eq. (4a)] with Ao(new ) of Table 2. 
The old equation [Eq. (1)] with the same A0(new ) gave superficially a slightly better 
fir [average and RMS deviation (1.06 + 2.8)%]. It must be observed, however, that 
the erroneous upturn of Ao(old ) at higher temperatures accidentally fits the 
observed increase in heat capacity due to premelting, discussed above. Both errors 
are within the experimental error limit considered usually to be 4-3% [3]. The 
previously calculated values [22] showed the larger error (1.64-4.9)% for the 
temperature range 4.0 to 450 K with Eq. (1) and an A o of 4.85 x 10-3 (K mol)/J. At 
low temperatures (below 200 K) the difference between Cv and Cp is small and all 
methods appear to be equally good. The erroneous, sharp upturn above the melting 
temperature, for the calculated Cp does not show-up when using Eq. (4a). In 

80 + 

~ 60 

i 
~ 4o 
I 

2O 

0 ~ 
0 200 400 600 800 1000 

Temperature, K 

Fig. 2 Heat capacity Cp of  crystalline polyethylene from C v calculated using the approximate frequency 
spectrum and Eq. (4a) with an average Ao(new ) of  3.18 x 10 +3 (K mol)/J 

J. Thermal Anal. 35, 1989 



964 PAN et al.: ON THE C, TO C~ CONVERSION 

Table 6 Deviation of C p calculate.d for crystalline polyethylene using different Ao(new ) values, from Cp 

experimental 

Temp., CPa CPb Deviation, CPc Deviation, 
K (experimental), (calculated), % (calculated), % 

J/K mol J/K mol J/K mol 

290 21.200 21.206 0.038 21.206 0.03 

300 21.811 21.910 0.45 22.461 2.98 

310 22.380 22.629 1.11 23.904 6.80 

320 22.947 23.347 1.74 25.511 11.17 

330 23564 24.074 2.16 27.272 15.73 

340 24.302 24.813 2.10 29.116 19.80 

350 25.253 25.559 1.21 30.935 22.5 

360 26.508 26.315 - 0.73 32.582 22.91 

370 28.132 27.069 - 3.77 33.917 20.56 

380 30.125 27.820 - 7.65 - -  - -  

390 32.357 28.560 - 11.73 - -  - -  

400 34.485 29.294 - 15.05 

410 35.830 30.026 - 16.20 - -  - -  

~ Recommended experimental Cp, collected in the ATHAS data bank. 

b Cp calculated from C,, using A0(new ) at 290 K. 

c Cp calculated from C,, using Ao(new ) values at the corresponding temperature. 

addition, the computed Cp values remain within the limit of the Dulong Petit rule up 
to 1000 K when using Ao(new). 

The data of Table 5 and Fig. 1 permit one further analysis of the cause of the 
abnormal increase in Ao(new). Assuming that Ao(new ) changes little with 
temperature from 290 K to melting one can calculate a "vibration only" Cp based 
on the detailed analysis of heat capacity at lower temperature. These data are listed 

in column 3 of Table 6 and compared with the varying Ao(new) in column 5. Fit 
between experimental and calculated Cp is now good to 360 K instead to 290 K 
(column 3). Over the final 50 K the experimental Cp is however much larger. We 
expect the solution to these observations to be as follows: 1. The pVT data 
extrapolated from semicrystalline polyethylene contain, as discussed above, 
contributions from premelting, leadi,g thus to erroneously high Cp. 2. The Cp 
(experimental) data were derived directly from close to 100% crystalline polymer 
and seemed to show little to no premelting and can thus not be represented by the 
Ao(new) above 290 K. 3. Making the reasonable assumption that Ao(new ) is 
constant from 290-410 K, there is now a negative error, the calculated Cp is too 
low. This may be a first indication that even 100% crystalline polyethylene shows an 
increase beyond vibrational contributions in its heat capacities before melting. One 
expects this increase to be caused by introduction of defects and large amplitude 
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Table 7 Calculated A 0 for crystalline Polypropylene 

965 

Ao • 103 Ao • 103 
Temp., Vc • 105, ~c x 104, tic • 101~ Cp, C~, 

(new), (old), 
K m3/mol K-1 Pa-I J K - l m o l - J  J K lmo1-1 

K mol J-~ K tool J-~ 

300.00 4.474 2.592 1.I14 68.240 60.147 6.188 7.699 
310.00 4.486 2.745 1.153 70.950 61.861 6.399 7.741 
320.00 4.499 2.896 1.227 73.770 63.925 6.418 7.513 
330.00 4.513 3.045 i.335 76.680 66.333 6.282 7.087 
340.00 4.528 3.192 1.476 79.670 69.044 6.038 6.544 
350.00 4.544 3.337 1.650 82.730 72.000 5.728 5.953 
360.00 4.560 3.479 [.857 85.860 75.[57 5.383 5.360 
370.00 4.578 3.619 2.094 89.040 78.445 5.032 4.800 

conformational motion of the molecules. 4. Recalculation of the error with 
Ao(new ) from 4.0 up to 360 K taken to be constant at its 290 K value of 
2.05 • 10 -3 (K mol)/J leads to errors of (1.5• 1.411)%. 

For crystalline polypropylene Ao(new ) values were obtained over a range of 
temperature (300-370 K) that is again further away from the 460.7 K equilibrium 
melting temperature (Table 7). Variation in A o (both new and old) with 
temperature was less than that observed in crystalline polyethylene. This indicates 
that the contribution of premelting towards increasing the A o is significantly less in 
polypropylene. The data show furthermore that the Ao(new ) varies less than 
Ao(old ) i.e., Eq. (4a) is an improvement over Eq. (1). For semicrystalline 
polypropylene . of 69.6% crystallinity an average Ao(new ) value of 
(5.2 4-0.4) • 10 -3 (K mol)/J was obtained over this temperature range with an Ao 
of liquid polypropylene of (5.7+0.5)• 10 -3 (k mol)/J. 
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Zusaramenfassung - -  Es wurde eine Ab/inderung der Nerns t -Lindemann Gleichung vorgeschlagen, mit 

deren Hilfe fiir feste, lineare Makromolekiile errechnete W/irmekapazitfiten bei konstantem Druck (Cp) 

in W/irmekapazitfiten bei konstantem Volumen (C~,) umgerechnet werden k6nnen. Zur  Ableitung der 

molaren Konstanten  A 0 in dem sich wiederholenden Teil der Gleichung wurde die variable Anzahl der 

erregten Schwinger bei verschiedenen Temperaturen beriicksichtigt. Mit der neuen Gleichung wird es 

m6glich, die Cp fester Polymere ffir einen breiten Temperaturbereich zu errechnen. Die Konstante  wurde 

ffir die festen Polymere au f  Grund des ermittelten thermischen Ausdehnungsverm6gens  und der 

isothermen Kompressibilitfit sowie der der Literatur en tnommenen  W/irmekapazitfi tsangaben 

berechnet. Aus Angaben yon 22 festen Polymeren wurde ffir A0(neu ) ein Durchschnittswert von 

(3,9 :k 2,4) x I0 3 (K mol)/J erhalten. Verfiigt man  zur Berechnung von A o iibe~ keine experimentellen 

Werte fiir Kompressibilit/it und Ausdehnungsverm6gen,  so kann dieser durchscnittswert als universale 

Konstante  angewendet werden. Die verbleibende Temperaturabh/ingigkeit  yon Ao(neu ) wird 

besprochen und Beispielrechnungen ffir Polyiithylen gegeben. Fiir Poly/ithylen wurden im Temperat-  

urbereich 290 bis 410 K Effekte durch Vorschmelzen und Bewegungen mit groBer Amplitude 

testgestellt. 

Pe:~oMe - -  Hpe~tsto:~eHa MO.~II4qbI4KaLIH~ ypaBlteHH:a Hepr~cla JIHHAeMaHHa, ~4cno:qb3yeMoro 2Lqa 

rfpeBpatuenH~ BBIqHCYleHHblX TenYtOeMKOCTe~ npH [IOCTOIIHHOM LtaB~eHHH (Co) B TerlYlOeMKOCTI, I rlpH 
IIOCTOItHHOM o6~eMe (Cv) ~Ian TBep~lblX, YlI4HeHHblX MaKpoMone~cy~3. B ")TOM ypaBHeHnH KOHCTaHTa ,40 

Ha MOJIb nOBTOplttOIIIeFOCll 3Bena BblBe/2eHa C yqeTOM ltepeMeltHOlO qllc,qa Btt6paTOpOB, BO2.6y~jlen- 

a~,~x npn pa3J]14qHblX TeMnepaTypax. C llOMOlllblO HOBOI-O ypaBHe14H~ rtpe,acTaB~q~eTc~ BO3MO~KHblM 
BblqI4CJDtTb Cp,llJIIt TBep~Mx HOYlIIMepOB B 6oJ~ee ttlllpOKOM TeMllepaTypHoM HHTepBaJle. I'(OHCTaHTa A o 

,a.rlll TBep~IblX rlOJlttMepoB Bblql, lCJIeHa, HCXO,~.fl I43 ~qHTepaTypHblX 3HaqeHll.gl KOgqb~I41114eHTOB 

TepMI4qecKoI'o pacmHpeH14~, 143oTepM14qecKoH C)KI, fMaeMOCTI4 It TenJIoeMKOCTII. HCXO~I1 t'13 )].aHHblX ~Jllt 

22 TBep/lblX rIO.aHMepOB, 6blYlO no,ayqeHo cpe.aHee 3HaqeH14e KOHCTaHTbl A 0 (HOBa~) paBHoe 

(3,9:1:2,4)'10 -3 K'MO-~,/II~. Tahoe cpe~lnee 3rta~eI~ne Mo~eT 6t, m ,  ncnom,3oBano B Ka,~ec'rBe 

yHl4BepcaJlbtlO~ KOHCTaHTbl npn BblqttcYleHl, l!4 A 0 B cJ~yqae OTCyTCTBI4~I 3KcHepHMeHTaYlbHblX )laHHblX IIO 

C)KIdMaeMOCTI, I 14 pactu14peH~,iro. 06cy~K,aeHO FI3MeHeH!de HOBO!4 m o OT TeMnepaTypbI,  a pac'aerb~ 

noKa3am,~ Ha nprIMepe rto~rl3TnJieHa. ~.nn rloan3Tmqetla u nHTepBa.ae TeMnepaTyp 290~410 K 
o6napy~e14bl 3~qbeI~Tbl npean.~a~aenua n aO3MO~HOe ~la~lz~elu4e c 6OablUO~ aMIl.rlHTyLlo.q. 
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